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Resumo 
 

 

Os recentes desenvolvimentos na fabricação e design de microssistemas, em conjunção com 

a compreensão da fisiologia e anatomia humana estão na origem de uma vasta gama de 

tratamentos, permitindo, assim, a integração da eletrónica nas áreas de biologia e medicina. 

Com o objetivo de desenvolver implantes bioeletrónicos eficientes, será necessário garantir 

uma alimentação com um consumo mínimo de energia e sem recorrer ao uso de fios. 

Foi desenvolvido um protótipo de um dispositivo médico implantável, para estimulação 

elétrica neuromuscular, diretamente no enxerto que substitui os ligamentos cruzados anterior 

(ACL) e posterior (PCL), alimentado através de um acoplamento indutivo para a transferência 

de dados e potência. O circuito de transmissão foi dimensionado e implementado através do 

uso do Arduino Uno®, responsável por fornecer a informação necessária relativa aos parâmetros 

de estimulação que foram escolhidos e considerados pelo utilizador é, então, responsável pela 

interface entre o utilizador e o implante e, consequentemente, pelo envio desses mesmos dados 

para um circuito externo, que constitui o circuito de transmissão. Foram realizadas diversas 

simulações usando o software Ansys HFSS com o objetivo de perceber os problemas associados 

ao uso de um acoplamento indutivo e concluir qual a frequência responsável por uma maior 

eficiência na transferência de potência. No implante, o estimulador é um dos blocos mais 

importantes. Assim sendo, o circuito associado a este bloco foi dimensionado e implementado 

considerando os parâmetros de estimulação mais importantes, a duração do impulso, o 

intervalo entre fases, o intervalo entre pulsos, o duty cycle e a frequência e intensidade de 

estimulação. O estimulador será então responsável pela geração e entrega do estímulo ao 

enxerto, através de elétrodos “cuff”. No entanto, esta implementação foi apenas realizada a 

nível funcional, ou seja, tamanho, consumo de potência e o uso de componentes discretos, em 

vez de um sistema integrado em chip, não foram considerados.  
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Abstract 
 

 

Recent developments in both microsystem design and fabrication and the enhanced 

understanding of human physiology and anatomy allows addressing a wider range of treatment 

modalities and improving the integration of electronics with biology and medicine. The 

development of useful and effective bioelectronics implants requires them to consume little 

power and be wirelessly powered. 

An IMD prototype, for neuromuscular electrical stimulation (NMES) directly in the graft that 

replaces ACL and PCL, powered through an inductive coupling responsible to data and power 

transfer, is proposed. The transmission circuit was designed and implemented using an Arduino 

Uno® as the external controller, which provides the useful information regarding to the 

stimulation parameters selected by the user. The Arduino Uno® is, therefore, responsible for 

the interface between the user and the IMD and, consequently, for sending the data binary 

message and a 1 MHz clock, to an external circuit, the transmission circuit. Thus, data and 

power are sent through an inductive coupling. Simulations were carried out through Ansys HFSS 

software, to evaluate the problems related to the use of an inductive coupling and to 

accomplish the frequency that provides the higher power efficiency. After reaching the receiver 

side, the stimulator is one of the most important blocks related to this IMD. This block was 

designed and dimensioned taking into account the stimulation parameters, such as phase 

duration, duty cycle, intervals between pulses and phases, stimulation frequency and intensity. 

The stimulator is then responsible for the stimulation on the graph, by the application of cuff 

electrodes. However, the stimulator design and implementation, was only achieved in a 

functional matter. Size, power consumption and the use of discrete components, instead of 

SoC (System on Chip) integrated circuit, were not taken into account. 
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Chapter 1 
 
 

Introduction 
 
 

 
1.1 – Cruciate Ligaments – Injuries, Reconstruction and 
Rehabilitation 

The structure of the human knee comprises several ligaments, being the anterior cruciate 

ligament (ACL), located in front of the knee, and the posterior cruciate ligament (PCL), located 

in the back, the most important ones (Figure 1.1). Both of these ligaments extend from the 

tibial spine to the condyles of the femur [1]. One of the main functions of ACL and PCL is 

providing stability to the knee by preventing excessive translation and controlling its rotation 

[2]. The ACL extends obliquely, from the tibial spine to the inner face of the external femoral 

condyle [1] and it is composed by two bundles, the anteromedial and the posterolateral [3]. It 

is responsible for preventing the anterior displacement of the tibia regarding to the femur [1] 

and its importance is due to its capability to resist to an anterior rotation of the tibia and 

anterior instability [4]. The PCL extends from the back of the tibial spine to the outer face of 

the internal condyle [1] and is also composed by two bundles, the anterolateral and the 

posteromedial [5]. This ligament also prevents the posterior displacement of the tibia [1]. Both 

ligaments are very important for the normal movement of the knee, having a length of 

approximately 22 to 41 mm and a diameter from 9 to around 20 mm [3], [6]. 

An ACL injury is very limiting for a person’s mobility, and can jeopardise athletes career 

[7]. Its rupture may occur, for example, when the knee is forced to go forward or suffer an 

hyperextension, even without the existence of an injuring contact [8]. As for PCL, its rupture 

most probably occurs when the knee is subjected to a backward force [1]. Injuries associated 

with ACL are some of the most common in sports, because the PCL is stronger comparing with 

the ACL [5], occurring more frequently in women than in men [9]. Surgical reconstruction is the 

regular treatment adopted for the athletes [4]. ACL reconstructions are widely performed in 

orthopaedics [3], [10], [11] and, on that way, the main goals of this surgery are providing, 

again, stability and normal function of the knee, preventing joint degeneration, future 

reinjuries and the capability to return to the previous level of sports activity [3], [12].  

 

 



 

 

 

 

 

 

There have been many advances in medicine, more precisely in the surgical field, such as 

the introduction of the arthroscopic surgery, which enable the achievement of a quicker 

rehabilitation with less pain [8] and also a better postoperative range of motion [11] in ACL and 

PCL reconstruction. After the administration of general anaesthesia to the patient, the ACL and 

PCL reconstruction begins. Initially, the chosen graft is harvested that will be discussed further. 

The knee is positioned and prepared correctly, in order to place the graft in an anatomically 

correct way, aiming the maximum stimulation of the original ligament. Then, bone tunnels are 

created in the tibia and femur, where the graft will be pulled and fixed. After a certain time, 

the graft that replaced the original ligament, is incorporated into the bony tunnels [13]. The 

result will be similar to what is shown in Figure 1.2. It takes approximately 12 months for the 

entire maturation of the substitute [13]. 

An ideal graft for ACL and PCL reconstruction does not exists, but there are several 

characteristics that should be considered. The structural properties and geometrical shape 

need to be identical, the grafts have to be easily, safely and rapidly incorporated [14]. 

Therefore, to replace both ligaments replacement it is possible to choose between an autograft 

or an allograft. There are several different choices for autografts, such as bone-patellar tendon-

bone, hamstring or quadriceps tendons. The same happens with allografts, where it is possible 

to use both bone-patellar tendon-bone and hamstring tendon, as well as Achilles and tibialis 

tendons [3], [14]. It is extremely necessary to consider certain characteristics, as graft 

strength, fixation and duration [3]. 

 

ACL 

PCL 

Figure 1.1 - Magnetic Resonance Imaging (MRI) of the knee where is possible to see the ACL and PCL. 
Adapted from [13]. 
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1.2 – Rehabilitation after ACL or PCL Reconstruction 

Over the last decades, different rehabilitation methods, after ACL or PCL reconstruction, 

have emerged, all aiming at making it faster, more efficient and painless. However, the 

required time to return to sports depends on several factors, such as intrinsic factors which 

may include biological, genetic and anatomical reasons and, mainly, the type of injury. It also 

depends on the chosen graft, surgical technique and rehabilitation, which are considered 

extrinsic factors [12]. There are several aspects that must be considered to determine if the 

patient is ready to return to sports, such as muscle strength, thigh circumference and single-

leg lop tests [15]. 

Physiotherapy is acknowledged as the most conventional way for rehabilitation. After ACL 

or PCL reconstruction surgery, a set of specific exercises are chosen with the supervision and 

attendance of a specialized team, in order to recover stability of the knee joint and guarantee 

successful results. However, returning to a normal sporting activity will never be possible in 

less than 6 months [7], [16]. 

The success of the ACL or PCL reconstruction also depends on the healing of the graft to 

the bone. It has been proven [17] that shockwave therapy1 can improve the healing of ACL after 

reconstruction, in rabbits, through the increase of the trabecular bone around the graft. After 

that, improvements were observed in the contact between the bone and the tendon, increasing 

its tensile strength. Due to the successful testing in rabbits, the same therapy was also tested 

in humans [18]. The authors obtained positive results regarding tendon bone healing and it was 

                                                 
1 Shockwave therapy is non-invasive technique meant for the rapid relief of pain and mobility’s renewal. It consists of 
applying high energy acoustic waves to painful spots, promoting medical effects for tissue repair and regeneration, cell 
growth, as well as analgesia and mobility’s restoration [17]. 

Figure 1.2 - Final result of an ACL reconstruction. 



 

 

 

 

also observed a decrease of the tibial tunnel. However, it is not stated that all of these results 

will be responsible for reduction of rehabilitation time [18], [19]. 

All the solutions for this rehabilitation, mentioned above, are reliable techniques. However, 

the growth of functional electrical stimulation (FES) is notable and its applications are 

diversified, as will be seen throughout this chapter. Implantable stimulators for neuromuscular 

control are one example of FES. They are responsible for generating the contraction of muscles 

that do not have the capability of being controlled voluntarily. An injury or a dysfunction in the 

neural paths of the central nervous system can be originated by that incapability. FES is based 

on the electrical principle of information conduction through nerve fibers, from the neuron cell 

body to along the axon, where a series of electrical impulses, named action potentials, are 

transmitted. An action potential is chemically generated in the head of the axon however, it is 

also possible to generate it artificially, through an electrical pulse, responsible for creating 

depolarization of the neuron membrane. A set of electrical pulses will be responsible to 

stimulate the neural structures associated to these muscles, causing its contraction [20].  

The surface electromyographic (sEMG) biofeedback, is a technique which provides motor or 

sensory stimulus to the patient, aiming the improvement of voluntary muscle control. The 

biofeedback is used with several purposes, such as self-regulation capacity development, 

awareness improvement and to increase the voluntary control of physiological processes which, 

in other circumstances, are unfelt and involuntary. This same therapy is used to assist in post-

surgical rehabilitation process, allowing the improvement of strength, flexibility and tolerance 

of the muscles [21]. All of these enhancements are possible through the development of 

consciousness, in order to increase the recruitment of motor units, that are responsible for the 

movement of the muscles [19], [22]. It was proved [23] that sEMG biofeedback is favourable in 

knee extension, through vastus medialis innervation recovery, in the first phase of 

rehabilitation due to an ACL reconstruction. After arthroscopic surgery, this technique is 

responsible for an improvement in maximum isometric strength, range of motion, muscle 

recruitment [24] and to increase quadriceps strength [19]. However, according to [19], results 

will be observed just 6 weeks after surgery and the time necessary for a complete rehabilitation 

to return to sports is not specified. 

The use of NMES has seen a notable growth, during the last decade, for neurologic and 

orthopaedic rehabilitation [25]. This technique is broadly adopted in research and at clinical 

level, as a rehabilitation and/or training method [26], in cases where voluntary muscle 

contractions are inhibited after the occurrence of an injury or a surgery [15], NMES main goal 

is therefore the motor relearning [27]. There are three types of NMES with this purpose, cyclic 

NMES, neuroprosthesis and electromyography/biofeedback-mediated NMES. The first one is 

responsible for the activation of paretic muscles through a pre-defined time and cycle of 

exercises. Concerning the third therapy, it includes neuroprosthesis applications providing FES. 

In order to be accomplished, this technique must be fulfilled in context of functional exercises 

[27]. Regarding to the second therapy, it consists in joining previously described therapy, 

electromyography (EMG) mediated by biofeedback and with NMES. This technique is be 

applicable in patients who can partially activate a paretic muscle, but cannot have the 

capability to contract it, incapacitating the realization of several tasks. The main goals of NMES 

are restoration and improvement of muscles function, namely in patients that were subjected 

to an ACL reconstruction [26]. This method is non-invasive and uses a safe and low frequency. 

In a simple way, NMES consists of the application of periodic stimuli (electrical current) to a 

single muscle or a group of muscles, through the use of electrodes and preprogramed 
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stimulatory units (Figure 2.1), allowing that way, the alteration of the stimulation parameters, 

according to the clinical purpose. This stimulation is performed in order to initiate a series of 

action potentials in intramuscular nerve branches, resulting in a set of muscular contractions 

[26]. At a physiological level, when a voluntary contraction of a certain muscle occurs, smaller 

motor units are recruited, which are type I muscle fibers, also called slow twitch fibers, due to 

their characteristic of being more resistant to fatigue. The recruitment of these motor units is 

not performed at the same time, since some are responsible for the relaxation of the muscle 

and others for its contraction allowing, that way, the stabilization of a constant tension of the 

muscle. NMES is sustained by this physiological principle [25], [28]. However, the order of 

recruitment, when NMES is applied, is contrary to what is observed in voluntary muscle 

contractions. First of all, a selective augmentation of type II muscle fibers is observed, due to 

the higher force, when comparing with type I fibers. The increased recruitment of type II muscle 

fibers will be also responsible for an increasing of the muscle strength, which will result in a 

beter performance of it. If the stimulus amplitude increase, the recruitment of additional motor 

units will occur, which can result in muscle fatigue, due to the repeatedly recruitment of the 

same motor units [25]. Therefore, not only the muscle fatigue, but also the pain and muscle 

torque induced by NMES depends on the wave parameters that are pre-programmed by the 

doctor [29]. 

 

 

 

 

 

 

 

 

 

 

 

 

There are several problems associated to ACL reconstruction, such as postoperative 

weakness, muscle atrophy and defective knee function [30], so NMES is a reliable solution for 

some of these problems. It was proven in [19], [25] and [31] that NMES can improve the 

strengthening of quadriceps or hamstring muscles, by facilitating recruitment of these muscles. 

This technique can also improve the isometric and peak torque and, finally, the isokinetic 

extension strength. It is reported in [25] that there was an increase of mass and power of 

quadriceps muscle nearly one month after ACL reconstruction. It was also proven by the same 

authors, that this technique is safe for knee’s joint biomechanics, due to the non-observation 

of abnormal changes in knee function. Some authors have shown [25], [36] and [37] that NMES 

combined with exercise will improve the results comparing to resorting to only exercising. For 

the first 4 weeks of rehabilitation, NMES allied with exercise will be responsible for an 

improvement of quadriceps strength [30]. Therapies with NMES in patients that undergo a 

stroke are usual, namely with lower-limb NMES. This technique has several benefits that were 

Figure 1.3 - Neuromuscular electrical stimulation applied on quadriceps muscles. Taken from [26]. 



 

 

 

 

proven, such as improvements in walking ability and in maximal isometric contraction of the 

ankle plantarflexors and dorsiflexors [27]. 

NMES is a reliable solution for faster and more efficient rehabilitation of patients subjected 

to a reconstruction of ACL and PCL. It has been proven that strengthening quadriceps through 

this technique will be favourable to avoid inhibition and atrophy of the muscles, proving that 

it is a reliable rehabilitation strategy to return to sports [15]. 

 

 

1.3 – Motivation and Objectives 

From section 1.1 it is understandable that an ACL or PCL injury can be responsible to 

jeopardise athletes’ professional career. Given this problem it is important to prevent that 

situation through surgical intervention and, afterwards, postoperative rehabilitation. There are 

distinct types of rehabilitation for this problem that will be presented in Chapter 2. However, 

they have an identical problem: After an ACL and PCL surgery, how much time is it necessary 

to return to normal sport activity? 

Subsequently patients submitted to ACL and PCL surgery, can do light sport activities after 

2 or 3 months and only after 6 months there is the possibility to return to a normal sports 

activities, in average [7]. Efficient rehabilitation, without pain, need of big devices and wires, 

combined with a decrease of time to return to normal activity is an ideal scenario for athletes 

that were victims of an ACL or PCL rupture and, consequently, a reconstruction surgery. An 

implant for neuromuscular electrical direct stimulation of ACL or PCL graft, placed during the 

surgery, can be a solution for a simple, quicker and more comfortable rehabilitation. 

The main goals of this dissertation are the design and implementation of the interface 

between the user and the IMD and, subsequently, the transmission circuit. The carrier 

frequency responsible for a higher link efficiency, for data and power transfer, taking into 

account particular characteristics of this inductive link and surrounding tissues, was achieved, 

through several simulations performed in Ansys HFSS software. The design and implementation 

of the stimulator circuit was also accomplish, however, only at a functional matter. Crucial 

considerations, regarding to the stimulator, such as size, power consumption and the use of 

discrete components instead of SoC integrated circuit, were not taking into account, however, 

needs to be considered for future implementations. The remaining receiver circuit regarding 

to the full-wave rectifier, regulator, BPSK demodulator and control unit were not designed and 

implemented, however, simulations carried out in Cadence Virtuoso software, were performed 

on the previous work presented in [32]. 

Through section 1.2 it was possible to understand the reliability of NMES for rehabilitation 

after ACL or PCL reconstruction, however none of NMES approaches are made directly in the 

graft. An implantable stimulation, where the electrodes, the lead wires and the pulse generator 

are inside the body, promotes a more independent stimulation, without the need of external 

wires which are uncomfortable and not very practical for the patient. 
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1.4 – Dissertation Structure 

The presented dissertation is composed of six chapters, where in chapter 1 injuries, 

reconstruction and rehabilitation, regarding to cruciate ligaments, introduces the context. 

Motivation and objectives are also mentioned in chapter 1. 

In chapter 2, an overview on considerations that were taken into account when designing 

and implementing the circuit diagram, is approached. Different strategies for electrical 

stimulation and their advantages and disadvantages, stimulation parameters regarding to 

biphasic waveform, as well as the electrical model of the electrode system and the electrodes 

itself were studied, in order to understand which was the most suitable strategy, concerning to 

each topic. Modulation strategy, power amplifier and powering system adopted for the design 

and implementation of this implantable medical device (IMD) prototype are mentioned 

throughout chapter 2. The purposed block diagram is shown in section 2.8. 

Chapter 3 describes the design and implementation of the transmission circuit, which comprises 

the interface between the user and the Arduino Uno®, the BPSK modulator and the power 

amplifier. 

In chapter 4 power and data transfer issues are described, and simulations carried out 

within the Ansys HFSS software tool, taking into account the specificities that characterize this 

work, such as the dimensions and the surrounding tissues in the knee structure, with the 

objective of finding the frequency that provide the higher power efficiency, are presented. The 

efficiency responsible for the higher power efficiency was achieved. 

Chapter 5 is dedicated to the design and implementation of the stimulator, subdivided into 

three main blocks, the digital stimulus generator, the programmable current source and the H-

bridge current drive, responsible to ensure the required stimulation parameters. 

Finally, in chapter 6, work conclusions and suggestions for a future work are presented. 
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Chapter 2 
 
 

Overview on Implantable Medical 
Devices 
 
 

 
2.1 – Introduction 

Implanted medical devices (IMD) can be classified as active IMD or passive IMD. The Active 

Implantable Medical Device (AIMD) Directive 90/385/ECC characterizes an active IMD as an 

“active medical device intended to be totally or partially introduced, surgically or medically, 

into the human body” [33] and “active”, is the characteristics of any medical device which 

depends on a source of power or electrical energy beyond that generated directly by the human 

body or gravity [34]. Cardiac pacemakers, implantable cardiac defibrillators, neuro-stimulators 

and cochlear implants are some examples of active IMDs. In the case of passive IMDs one can 

find orthopaedic implants and joints, screws and stents, but there are also electrical passive 

implants, which are those capable of operating without a power supply voltage. A medical 

device being categorized as IMD is characterized as totally or partly introduced into the human 

body, so there are several requirements which needs to be take into account. Size, 

functionality, position, medical approaches, biocompatibility and power durability are the main 

challenges associated to the development IMD [35] [36]. 

An IMD for ACL and PCL rehabilitation after reconstruction is then categorized as an active 

implantable medical device. 

Several considerations need to be taking into account when designing an IMD. In chapter 2, 

the carried out study, regarding to this specific IMD, is presented. 

 

 

2.2 – Electrical Stimulation 

Electrical stimulation has the potential to change the approach of restauration and 

enhancement of the human body [37]. There are three main components that characterize a 

medical device responsible for stimulating a nerve. A pulse generator is the first one that, as 

the name says, generates a set of pulses that are carried to the stimulation spot through lead 

wire, the second component. Finally, the third one, an electrode, which has the capability of 

delivering that same pulse to the tissue [20]. It is possible to distinguish several types of 



 

 

 

 

electrical stimulation, such as electrical muscle stimulation (EMS), Russian electrical 

stimulation, neuromuscular electrical stimulation (NMES), functional electrical stimulation 

(FES), transcutaneous electrical nerve stimulation (TENS) and interferential current (IFC) 

electrical stimulation [37]. However, besides each one’s different approaches, a basic principle 

is common, the application of electricity to the body, in order to decrease or increase activity 

in the nervous system [37]. 

TENS has as main focus the reduction of the level of pain and inflammation, through the 

application of low intensity electric currents over painful areas [38]. The physiological 

mechanism associated with this technique involves both peripheral and centrals nervous 

system, through the activation of endogenous inhibitory mechanisms of opioid receptors, which 

have their importance on the normal regulation of pain in the central nervous system, as well 

as in the reduction of central neuron sensitivity [39]. It was proven in several studies the 

efficiency of this technique in decreasing pain, for example, neuropathic, cancer and low back 

pain and in patients with spinal cord injury [40]. This approach was also used as a postoperative 

analgesia strategy in patients that were subjected to knee surgery [41]. Its capability to reduce 

the level of pain on patients with total knee arthroplasty described in [39], aiming to aid 

recovery after surgery. 

IFC electrical stimulation is a technique similar to TENS, however more powerful, effective 

and expensive [37]. 

EMS is characterized by the generator and electrodes attached to the skin, in order to send 

electrical impulses to the patient’s muscles, used as rehabilitative medicine [42]. Its main 

purposes are improving muscular ability, its strengthening and recovery [37]. Devices using EMS 

typically are composed of a pair of electrodes, a cathode and an anode, where the current 

travels from the first one to the second. The current crosses a group of selected nerves and 

motor neurons, being responsible for increasing the neuron’s internal voltage. When that same 

voltage exceeds a certain threshold it will activate the motor neurons, which will be responsible 

for causing the muscle fibers contraction [42]. Its principle is similar to TENS however, 

depending on the current amplitude applied, will cause a greater muscle contraction, which 

means that is a valuable technique for muscle recovery, especially for athletes [37] [43]. 

Russian stimulation is similar to EMS, but characterized by sinusoidal stimulation waveforms 

at high frequencies [37]. This type of stimulation is mainly use in order to increase muscle 

force, size, endurance and recovery. However, several studies concluded that the force gains 

were not greater comparing with other types of rehabilitation, such as electrical stimulation 

[44]. 

NMES, as explained in chapter 1, is characterized by the application of electrical current in 

order to generate a muscle contraction [25] with specific purposes. Muscle spasms relaxation, 

muscle atrophy prevention, increased blood circulation and neuromuscular system re-education 

are the main intentions of NMES [37]. 

FES, also explained in chapter 1, is similar to NMES however, its application is mainly 

adopted in neurological rehabilitation, such as spinal cord injury, stroke and neurological 

disorders, due to its purpose of turning muscle contractions into functional movements [37]. 

Surface and transcutaneous stimulation is characterized by the location, outside the body, 

of all the components [20], where transcutaneous electrical neuromuscular stimulation (TENS) 

and transcranial direct current stimulation (tDCS) [29] are two examples. Beyond its post-

surgery recovery, TENS also has several distinct applications, such as a hybrid brace-

transcutaneous neuroprosthesis, which is responsible to provide functional position and has 
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several transcutaneous electrodes, which stimulates certain muscles, in order to coordinate 

closing and opening hand movements. In many cases of hemiplegia, caused by stroke, the TENS 

technique is also used, training with FES, which can help the muscles to recover movement 

through muscle and nerve stimulation. One example of TENS training with FES is peroneal nerve 

stimulation, in order to treat ankle dorsiflexion weakness [27]. This procedure used in 

combination with exercise will promote better results rather than only exercise practicing. In 

[45] it was proven that this same therapy can improve walk capacity and reduce paretic plantar 

flexor spasticity in stroke surviving patients. Therefore, surface and transcutaneous stimulation 

are mostly used to decrease the level of pain and prevent the muscle paralysis and atrophy, to 

be applied, later, functional stimulation [20]. 

Percutaneous stimulation is another category of stimulation where, in this case, the 

electrodes are located inside the body,  however, the lead wires come from the inside to 

outside the body, to connect to the pulse generator [20]. One example is the percutaneous 

tibial nerve stimulation, to treat the overactive bladder syndrome [46]. 

Finally, when the electrodes, the lead wires and the pulse generator are the three inside 

the body, we are in the presence of implantable stimulation [20]. The cochlear implant is an 

example of electric stimulation made through implanted systems. Its main purpose is the 

stimulation of the auditory nerve. Spinal cord stimulators, cardiac pacemakers and bladder 

stimulators are other examples of implanted electrical stimulators. The first one aims at 

reducing the level of pain in patients with spinal cord disorders. Artificial cardiac pacemakers 

are responsible for electrically stimulate the heart to control its rate [29]. The bladder 

neuroprosthesis is implanted with the purpose of restoring bowel control of the blader in 

patients with spinal cord injuries. The system is controlled by the user and pre-programmed by 

the doctor, through an external device and powered by radio transmission. The electrodes are 

surgically implanted on the sacral nerves and connected to a receiver implanted under the skin, 

through subcutaneous wires [47]. Deep brain stimulation also uses electrical stimulation, in 

order to improve several symptoms of Parkinson’s disease, such as walk abilities, stiffness, 

tremor and rigidity [34] along the application in stroke to improve paralysis in certain cases 

[48]. 

The choice for an adequate stimulation technique will depend on its main intention. In this 

case, a neuromuscular electrical stimulation was chosen, due to ACL and PCL post-surgery 

rehabilitation purpose. The re-education of neuromuscular system will be essential, so NMES as 

considered the finest electrical stimulation method. 

 

 

2.3 – Stimulation Parameters 

Regarding to electrical stimulation it is essential to take into account several parameters, 

that characterize the stimulating current waveform, in order to accomplish better results and 

to ensure the safety of the patient, such as frequency, pulse duration, duty cycle and intensity 

of the stimulus [49]. The adjustment of these parameters will be responsible for reducing 

muscle fatigue and for force optimization [50].  

The stimulus waveform is known to have an important role for different stimulation 

purposes, influencing the efficiency, efficacy and safety [51]. A monophasic waveform is 

characterized by a single pulse, while the biphasic one considers both cathodic and anodic 

phases [51]. Biphasic and monophasic waveforms provide the better results, comparing with 



 

 

 

 

polyphasic waveforms, when applied to the quadriceps muscles [50]. The biphasic waveform 

can be symmetrical, where both phases are symmetric and, consequently, cancel each other, 

or asymmetrical, where the balancing phase (negative) shows a different waveform comparing 

with the active phase (positive) [52]. Only Ag-AgCl electrodes are recommended to be used 

with monophasic waveforms, due to the fact of being non-polarized and, consequently, 

reducing the risk of charge accumulation at the electrode-tissue interface [51]. Several studies 

reported that biphasic pulses are less efficient when comparing with monophasic [53], however, 

for long-term stimulation, charge-balanced biphasic pulses are preferred, in order to prevent 

tissue damaging and, consequently, guarantee a safe stimulation. The introduction of 

interphase intervals, which will be explained later in this chapter, shown in Figure 2.1, is an 

alternative when using biphasic pulses, allow producing similar responses to those induced in 

monophasic stimulation waveform [53]. Considering these aspects, a charge balanced biphasic 

symmetrical stimulation waveform, as shown in Figure 2.1, for long-term stimulation, usually 

adopted in order to prevent irreversible corrosion of electrodes and tissue damaging [54], was 

chosen, as adopted here.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The stimulation frequency is defined by the number of pulses per second and for optimal 

results, values from 20 Hz to 50 Hz are required [49] [51] [55] [56]. Higher frequencies will be 

responsible for higher levels of muscle fatigue and, in order to decrease fatigue and discomfort, 

low and constant frequencies are usually applied [50]. Usually frequencies below 16 Hz will not 

be sufficient to engender enough contraction of the quadriceps [57]. The phase duration 

determines the amount of charge delivered to the tissue [58]. Values from 20 µs to 1000 µs are 

discussed [59] [55] [58], however, phase widths from 200 µs to 600 µs are usually adopted [50] 

[58] [60] [55] [29]. Longer phase durations will suggest a higher penetration, essential when 

electrodes are placed on skin, but considering that in our case the stimulation occurs directly 

on the ACL, lower values can be considered. Periods of stimulation alternated with silent 

periods provide greater results in torque and recovery, as well as increased comfort to the 

patient, when compared to continuous stimulation patterns [50]. The stimulation time ratio, 

given by the ratio between “on” time and the total treatment time (the sum of “on” and “off” 

times), is called duty cycle [59], and is responsible for causing significant impact on muscle 

force production [61]. Usually ratios of 30 %, 50 % and 70 % are used [50]. Lower duty cycles, 

Figure 2.1 - Proposed biphasic symmetrical stimulation waveform. 
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in the order of 10 %, will not be enough to cause a motor contraction and higher ones, for 

example 90 %, will be painful, with the possibility of damaging the tissue [59]. The stimulus 

intensity expresses the amplitude of the current applied to the tissue, and is usually given in 

mA [50] [29]. Charge, Q, given in Coulombs [C], is defined as the amount of electric current 

that flows in a specified time, T, in the order of hundred of µs, corresponding to the pulse 

duration. Stimulation current intensities need to be chosen in order to ensure charge densities, 

D, below 50 µC/cm2 [51], given by equation (1.1) [62]. 

 

𝐷 =
𝐼𝑇

𝐴
=  

𝑄

𝐴
 (1.1) 

 

where I is the stimulation current intensity, in Amperes [A] and A is the area of the tissue in 

contact with the electrode, in cm2. Equation (1.1) shows that the charge density is the amount 

of electric charge by surface area. In order to ensure values of charge density below 50 µC/cm2, 

current intensities between 1 mA and 3 mA are chosen.  

The time between phases, called interphase delay, will be responsible for increasing force 

production without causing discomfort [61] [62]. To ensure that the tissue stays hyperpolarized 

or depolarized before the next phase, a interphase delay responsible for charge cancellation is 

introduced, making the stimulation more efficient and safe [51] [54], thereby ensuring a 

biphasic stimulation waveform as efficient as the monophasic stimulation waveform [53]. 

 

 

2.4 – Electrode-Tissue Interface 

The electrical energy responsible for the recruitment of nerve cells (neurons), is injected 

into the tissue through the use of electrodes, establishing the load of the micro-stimulator. The 

availability of a realistic electrical model of the load is required to guarantee a proper and safe 

stimulation and design of the transfer of charge between the electrode and the tissue and an 

efficient stimulation [63]. The electrode-tissue interface (Zif) and the tissue impedance (Ztis) 

are the two main parts to be considered for the design of the electrical model of the electrode-

tissue system, as shown in Figure 2.2. The total load seen by the circuit stimulator (ZL) 

comprises the series of the tissue impedance (Ztis) and the impedance of the two electrode-

tissue interfaces (Zif). Charge accumulation and electrochemical reactions are two interactions 

occurring at the electrode-tissue interface that can be characterized by two different types of 

mechanisms, reversible and irreversible current processes. Reversible currents, modelled with 

a capacitor Cdl are responsible for charge stored at the interface, due to charge accumulation 

and reversible electrochemical reactions. Platinum electrodes, are called polarizable 

electrodes, as a result of injected current through them, making the interface polarized. 

Irreversible currents, called faradaic currents, can be modelled with a charge transfer resistor 

RCT and the electrodes, in this case, are non-polarized, such as Ag/AgCl electrodes. Both values 

for Cdl and RCT depend on different factors, such as material, geometry and size associated with 

the electrodes [51]. Regarding to the equivalent electrical circuit associated with tissue 

impedance, it is important to refer that a current based stimulation is preferred over voltage 

based stimulation, due to the independence on the interface impedance, as will be seen 

forward in this work.  



 

 

 

 

The tissue impedance, Ztis depends also on several factors, such as the electrodes geometry 

and tissue properties. In case of big electrodes the impedance will be low. However, bigger 

electrodes will be responsible for affecting more neurons because of the larger electric field 

created [51].  

The electrodes have generally different arrangements and different modes, such as 

monopolar, bipolar or field stimulation are possible [52] [64]. The monopolar configuration is 

characterized by the use of one electrode, the cathode, which is placed near the target tissue 

being the anode placed at a non-immediate proximity of the targeted tissue. In case of bipolar 

and field stimulation, both electrodes are near and distant, respectively, from the target tissue 

[52]. The efficiency associated with monopolar and bipolar configurations are similar, however, 

in case of field stimulation, the efficiency is lower when comparing with the first two. It is 

important to refer that in the monopolar configuration case the delivered current usually 

crosses also the non-targeted tissues and can be responsible for other stimulations [52]. Bipolar 

configuration is more selective when comparing with monopolar activation [65].  

 

2.4.1- Load Impedance 

It is possible to estimate the electrode-tissue impedance from approximately 200 Ω to 2 kΩ, 

for electrodes in contact with muscle [52] [51]. In order to mimic this important property, a 

resistor of 2.2 kΩ, corresponding to the maximum electrode-tissue impedance, was used. A 

supply voltage (VDD2) of 9 V was adopted to ensure the maximum stimulation intensity of 3 mA, 

attending to the maximum load (2.2 kΩ). 

 

2.4.2- Implanted Electrodes Design 

For nerve stimulation, cuff electrodes, shown in Figure 2.3, are generally used [63]. The 

nerve cuffs are designed in order to provide flexibility in electrode contact, having different 

inner diameters and contact arrangements, such as platinum, platinum/iridium or stainless 

steel [66]. 

Figure 2.2 - Equivalent electrical model of the electrode system, which comprises the electrode-tissue 
interface and the tissue itself. Taken from [51]. 
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The material used in the electrode contacts can be made with different combinations. Four 

principles need to be taken into account when choosing the material for an implanted 

electrode: tissue and allergic responses, electrode-tissue impedance and radiographic visibility 

[67]. For stimulating electrodes several materials can be chosen, such as platinum, platinum-

iridium, gold, tungsten and rhodium [67]. Platinum, gold and iridium, due to their excellent 

corrosion resistance and biocompability properties, are considered the best options [68]. 

Platinum and platinum/iridium electrodes show no corrosion damage, but stainless steel show 

the lowest resistance to corrosion for direct current stimulation [69]. As it is reported in [69], 

tungsten electrodes show decomposition when pulse stimulation is used but not in case of direct 

current stimulation.  

Taking into account all the information provided, a bipolar configuration, with cuff 

electrodes made of platinum, platinum/iridium or gold provides the best option for this 

purpose. As for the application under concern in the present work, considering the dimensions 

of the ACL and PCL, the size of the electrodes should show a diameter from 9 to around 20 mm. 

 

 

2.5 – Powering System 

Every IMD requires a powering system (PS) for its normal operation. Lithium ion batteries 

were one of the first sources used for IMD, for example in pacemakers [70], due to their high 

compact sizes, high volumetric energy density and safety [36]. One of the advantages 

associated with this PS is the fact that it does not require any wire connecting, because will be 

inserted with the IMD, inside the body. However the batteries limited lifetime is an 

disadvantage [70], forcing a surgical intervention for replacement. 

Implantable fuel cell systems are capable of converting endogenous substances, such as 

glucose (a fluid present in human body with one of the highest percentages) into electricity 

[71], through successive electrochemical reactions. In a bio-fuel cell an electrochemical 

oxidation of biomolecular species and an oxygen reduction occur, at the anode and cathode, 

respectively [36], [72]. After the oxidation process, liberated electrons will be transferred from 

the anode to the cathode creating an electrical current. In a reverse direction, simultaneously, 

protons will be conducted to the cathode through a proton-selective exchange membrane [36]. 

The biocompatibility between bio-fuel cell and the human body is one of the main advantages 

associated with this PS. However, the limit power (microwatt level), as well as the difficulty 

to conserve the biocatalyst for a long period, are considered the main disadvantages associated 

Figure 2.3 - Cuff electrodes generally used for nerve stimulation. Different inner diameters and contact 
arrangements (patinum, platinum/iridium or stainless steel) are possible. Taken from [66]. 



 

 

 

 

with implantable fuel cell systems [71], [36] suggesting that is not the best option for this 

work’s purpose. 

In order to solve the issues associated to delivering power problem into an IMD it is possible 

to transfer the power through wireless power transfer (WPT). WPT is the perfect option to 

overcome several problems associated not only with the PS complication previously mentioned, 

but also among others, vibrational energy harvesting and thermoelectricity, aiming to 

producing more energy, providing therefore longer lifetime [73]. Consequently, it was 

considered, in this work’s context, the application of ultrasound power transfer (UPT) and 

inductive power transfer (IPT).  

UPT consists in the transmission of an acoustic wave which, besides of its capability of 

crossing solids, liquids and gases. Acoustic waves present lower speed rates and consequently 

smaller wavelengths in comparison to radio waves. It usually works between the range from 10 

kHz to 10 MHz [74]. Due to this it is possible to have smaller receiving transducers, being an 

excellent advantage by virtue as a result of the limited size of the implant [71]. Furthermore 

owing to the characteristics of the acoustic waves, it will be possible to achieve directional 

transmitters and receivers, which can be accomplished at reasonable frequencies [75]. The 

acoustic wave is usually generated through a piezoelectric ultrasonic transducer [71], [36]. A 

voltage is applied to the source that flows to the transmitter transducer, which will be 

responsible for emitting an acoustic wave that will reach the receiver transducer, crossing the 

tissue. After reaching the receiver the conversion of mechanical energy to electricity will occur, 

generating  a voltage which will be provided to the load [75], as shown in Figure 2.4, where a 

voltage is applied to the source and an acoustic wave is generated, going from the transmitter 

transducer to the receiver transducer, through the tissue. A voltage is provided to the load 

which results from the conversion of mechanical to electrical energy. This process will be 

responsible for harvesting the implantable medical device. 

The acoustic waves generated by the transducer have several advantages when applied in 

human tissue, such as lower attenuation which can lead to deeper penetration, human body’s 

safety, due to their smaller wavelengths, and finally, electromagnetic fields responsibility to 

cause any interference in this waves will cease [71]. As the depth grows and the size of the 

implant decreases, it was proven that UPT will be more efficient comparing with IPT [71]. 

IPT consist in the transfer of power between two inductors, the transmitter coil (Tx) and 

receiver coil (Rx), by a magnetic field induction, based on a mutual inductance between the 

transmitter, placed outside the body, and the receiver, placed inside the body [36], as shown 

in Figure 2.5. Each inductor has an inductance, given in henrys [H], that is defined as the 

property where an inductor opposes to the change of current that flows through the conducting 

wire of the coil [76]. It usually works in the range from 1 kHz to 100 MHz [74]. In the case of 

IMD the carrier frequency will be in the low MHz or kHz range, due to the absorption of power 

by the human tissue, which can be responsible for tissue heating and discomfort for the patient, 

at higher frequencies [36]. A voltage is applied to the source that flows to the transmitter coil 

that will be located outside the body, attached to the skin, providing the conversion of 

electrical energy to electromagnetic energy. The magnetic flux generated by the induced 

current will flow from Tx to Rx. When it reaches the secondary coil, a conversion will occur 

again, but at this time from electromagnetic to electrical energy, generating a voltage which 

will be provided to the load [75]. 
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There are several factors that can influence the inductive link’s efficiency, such as the 

coupling between both coils, affected by the alignment and distance between them. Resonance 

frequency will also be an important factor to be taken into account, because when both coils 

are tuned to their resonance frequency, higher efficiency and voltage gain will be obtained 

[71]. However when the frequency is below 20 MHz, the power losses of power in tissue can be 

ignored [75]. The size of the implant’s antenna, as well as the misalignment and carrier 

frequency are important factors that need to be considered, not only to achieve highest 

efficiency, but also to fit all properties of IMD and ensure the necessary safety of the patient 

[36]. The coil geometry, the number of turns, the size and the material of the wire are also 

important to increase the magnetic flux that will reach the secondary coil and, consequently, 

will be responsible for increasing link’s efficiency. 

In order to choose the greatest WPT’s possibility for this project, many properties have 

been taken into account. In [75] both methods were studied and compared, in terms of power 

transmission efficiency, under the same circumstances. For UPT, the power losses were not 

considered. The power transmission efficiency was determined by the ratio between the power 

in the load resistor and the input power, however, any simulation value of power is provided 

by the authors. The simulation for UPT was performed up to 1 MHz. In the case of IPT, the 

frequency was defined at resonant frequency of 13.56 MHz and the simulations were all 

executed at that frequency. The efficiency was obtained neglecting losses in the tissue, 

assuming an ideal voltage source and an optimized load. Three important parameters were 

identified: the diameter of the receiver, the distance between the transmitter and the receiver 

and operating frequency. In context of this work we analysed their results, shown in Figures 

2.6 and 2.7, to understand which WPT option is the most advantageous. It is possible to 

understand, through the analysis of Figure 2.6, that for longer distances (Figure 2.6 (b)) 

between the transmitter and the receiver, ultrasound power transfer will have better results. 

However, when the transmitter-receiver distance is shorter (Figure 2.6 (a)), the efficiency of 

inductive power transfer will be superior when comparing with UPT. 

Figure 2.4 - Example of an ultrasound power transfer. Taken from [71]. 

Figure 2.5 - Example of an inductive power transfer. Taken from [71]. 



 

 

 

 

  

Through the study of both graphics presented in Figure 2.7 it can be seen that the bigger 

the size of the receiver, the greater is the efficiency. 

Considering all the characteristics mentioned above, Table 2.1 was created for a better 

understanding and to summarize some properties of both WPT. 

It is possible, after all the information mentioned above, to conclude that both inductive 

and ultrasonic power transfers have advantages and disadvantages. However, all the 

applications are different and even after studying this theme, it is impossible to discover the 

most advantageous WPT for this work. However, due to stronger penetrability, higher power 

efficiency and safer performance, the inductive coupling is considered the best choice for 

biomedical applications [73]. Most of the studies are based on simulations, that were not 

approved experimentally and did not take into account the losses in the human tissue, being 

some examples [75], [77], [78], [79], [80]. An IPT approach was considered as powering system 

in this dissertation. 
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Figure 2.6 - Results of efficiency as a function of receiver diameter at 1 cm distance (a) and at 10 cm 
distance (b). Adapted from [75]. 

Figure 2.7 - Results of efficiency as a function of source-receiver distance for a 10 mm receiver (a) and 
for a 5 mm receiver (b). Adapted from [75]. 
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Table 2.1 - Main characteristics related to ultrasound power transfer and inductive power transfer. 
Taken from  [36], [71], [73], [75] . 

Wireless 
Power 

Transfer 

Carrier 
frequencies 

Advantages Disadvantages Properties 

Ultrasound 
Power 

Transfer 
(UPT) 

10 Hz – 10 MHz 

- Deeper 
penetration; 

- Better efficiency 
at larger distances; 
- No interferences 
by electromagnetic 

field. 

- Low output power; 
- Side effects; 

- Worst efficiency at 
smaller distances. 

- Two transducers, 
one outside the 

body and another 
inside the body; 
- Conversion of 

electrical energy 
to mechanical 

energy and vice 
versa. 

Inductive 
Power 

Transfer 
(IPT) 

1 kHz – 100 MHz 
- Better efficiency 

at smaller 
distances. 

- Limited range of 
frequencies, owing to 

tissue heating; 
- Misalignment; 

- Worst efficiency at 
larger distances. 

-Two coils, one 
outside the body 
(transmitter coil) 
and another inside 
the body (receiver 

coil); 
- Conversion of 

electrical energy 
to electromagnetic 

energy and vice 
versa. 

 

 

2.5.1- Driven Inductive Link 

The signal received on the receiving side needs rectification and regulation, in order to 

guarantee a stable D.C. output, to feed the remaining blocks on reception circuit [74]. 

The rectifier acts as A.C./D.C. voltage converter and a full-wave bridge rectifier is 

considered the most suitable technique, in order to avoid power waste and larger transformers, 

as it happens in a half-wave rectification and full-wave rectification, respectively. 

D.C./D.C. voltage converter is generally used after a rectified signal, to guarantee that the 

output current or voltage is indifferent to load variations and coil coupling [74], in order to 

maintain a constant voltage level from another voltage level [73]. It is possible to distinguish 

two types of D.C./D.C. converters, linear regulator and switch-mode D.C./D.C. converter 

regulator [73]. 

Easy to implement, to be integrated into microchips and low noise are the advantages 

related to this technique. However, linear regulator are only capable to decrease and not 

increase the voltage, dissipating the excess of supply they use [74], being also defined by lower 

power conversion efficiency [73]. The switch-mode D.C./D.C. converter is responsible to 

achieve a output voltage through temporary energy storage in an inductor [73]. This strategy is 

characterized by loss-free regulation and higher power conversion efficiency, unlike linear 

regulators [74]. However, the need for an inductor will be responsible to increase the 

implementation area, being a problem due to the circumstances of the IMD. In this case, a 

further study would have to be carried out, in order to understand which regulator would be 

responsible for better results, taking into account crucial aspects, such as size, power 

conversion efficiency and noise. As already mentioned, both rectifier and regulator were not 

designed and implemented, however, for future implementations, are essential for a correct 

operation of the IMD. 

 



 

 

 

 

 

2.6 – Modulation Strategy 

The main purpose of a communication system is to transmit information through the use of 

information bearing signals, due to the separation distance between the transmitter and the 

receiver [81]. When choosing a wireless communication as a powering system, an IMD generally 

consists of two main parts, an external and internal one. The external part, the transmitter, is 

located outside the body and is mainly used to supply power and to transmit data, through an 

inductive coupling link, to the internal part, the receiver, located inside the body. 

Data transmission is ensured through digital modulation techniques that impress the digital 

signal to a carrier signal [82]. Continuous-wave modulation is subdivided into amplitude and 

angle modulation (frequency and phase modulation) [81] and, depending on the purpose of 

which one, different advantages and disadvantages are associated [82] [83], which will be 

explained throughout this chapter. The transmitter side of a communication system consists of 

a modulator and the receiver of a demodulator, as shown in Figure 2.8. Depending on the 

adopted modulation technique, the degradation in receiver performance, due to channel noise, 

will vary [81]. 

 

 

 

 

 

 

 

 

 

The modulation techniques mainly used in biomedical implanted devices are shown in Figure 

2.9. 

 

 

 

 

 

 

 

 

Amplitude shift keying (ASK), frequency shift keying (FSK) and phase shift keying (PSK) 

which is subdivided in binary phase shift keying (BPSK), quadrature phase shift keying (QPSK) 

and eight phase shift keying (8-PSK) are the most common digital modulation techniques used 

in biomedical implanted devices. 

(b) 
(a) 

Figure 2.8 - Basics schematic of the transmitter (a) and receiver (a), constituting the the general blocks 
of a continuous-wave modulation system. Adopted from [81]. 

Figure 2.9 - Modulation tecnhiques mostly used in IMD’s. Taken from [82]. 
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ASK or on/off keying (OOK) are considered the simplest digital modulation strategy for 

biomedical medical devices and are characterized by variations in the amplitude of the carrier 

signal [84]. ASK modulated output wave will result in zero for a low input and the carrier output 

for a high input [85], as shown in Figure 2.10. 

 

 

 

 

 

 
 

The carrier signal is generated and, according with the binary sequence, the switch will 

open or close. High signals will be responsible for closing the switch and the carrier signal will 

appear in ASK modulated output signal. When a low input appears, the switch will open and 

no voltage will flow, resulting in a zero [83] [85], as shown in Figure 2.11.  

 

 

 

 

 

 

 

 

 

ASK strategy is generally used due to its simplicity and low power consumption. However, 

there are several disadvantages associated with this modulation technique, such as of power 

consumption and bandwidth. The carrier wave source is independent of the source responsible 

for generating the baseband signal, which carries the specification of the message, representing 

a waste of power through the transmission of the carrier wave [81]. Its noise susceptibility is 

also considered a disadvantage [82]. 

Regarding to angle modulation, the angle of the carrier wave varies according to the 

baseband signal, which can be subdivided into frequency and phase modulation. One of the 

main advantages associated with this technique, when comparing with amplitude modulation, 

is its lower noise and general interference susceptibility [81]. 

FSK is characterized by frequency variations of the carrier signal according to the digital 

signal changes [82], as shown in Figure 2.12. In case of a high input, the output of a FSK 

modulation is defined as high frequency, called mark frequency. For low inputs, the output is 

represented as a lower frequency, named space frequency [83].  

One of the advantages associated with the use of this type of modulation is its resilience to 

signal-level variations, to noise and general interferences [86] however, due to receiver design 

complexity, usually FSK is not a strategy adopted as a modulation technique [83]. 

 

 

 

Data input 

ASK 

Figure 2.10 - Basic principle of ASK modulation tecnhique. Taken from [82]. 

Figure 2.11 - ASK modulation waveform according to data input. 



 

 

 

 

 

 

 
 

 

 

 

 

 

PSK is defined by phase variations of the carrier in proportion to the message signal [81] 

[83], as shown in Figure 2.13, being the most common digital technique used for biomedical 

data transmission [82].  

 

  

 

 

 

 

 

 

 

Higher data rate transmission and power efficiency, comparing with others modulation 

techniques, are one of the advantages associated with PSK [83]. However, bandwidth 

efficiency, lower signal-to-noise ratio and simpler hardware design are also considered 

advantages when using this type of modulation [87]. 

FSK and PSK are mainly used for IMD that need high data rates, however ASK is more suitable 

for IMD within a short range [82]. In order to transmit the necessary energy to power the 

receiver part, an inductive link can be used to also carry data. In this cases, PSK is the most 

used digital modulation, when the transmission of both data and power between coils, occurs 

at the same carrier frequency [82]. 

As explained earlier in this chapter, an inductive power transfer was adopted as powering 

system. The same carrier frequency was chosen in order to carry power and data and, after 

analysing the disadvantages and advantages associated with different modulation strategies, a 

PSK was adopted. 

 

2.6.1- BPSK, QPSK and 8-PSK Modulation 

After choosing PSK modulation strategy it was necessary to select which of BPSK, QPSK or 

8-PSK is the most suitable. 

BPSK modulation is characterized by phase shifts changes in the output waveform, between 

0º and 180º, representing binary data 0 and 1, respectively, as shown in Figure 2.14. 

BPSK modulation can be achieved through the application of the non-return to zero (NRZ) 

technique. This technique is capable of converting the binary data (1 and 0) to one and negative 

one format (1 and -1) [88][89], representing, respectively, high and low states. Afterwards, 

NRZ data is multiplied with the carrier wave [89] 

Data input 

FSK 

Data input 

PSK 

Figure 2.12 - FSK modulation waveform according to data input. 

Figure 2.13 - PSK modulation waveform according to data input. 
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The use of this technique will be responsible for the carrier wave preservation, where a 

binary one is represented, and for its denial in all other areas, causing 180º phase shifts [89]. 

QPSK modulation enables the transmission of two bits at once – 00, 01, 10 and 11 - through 

the selection of four possible phase shifts with 90º separation between each one – 45º, 135º, 

225º and 315º - as shown in Figure 2.15.  

 

 

 

 

 

 

 

One of the advantages immediately associated with this type of PSK modulation is the 

possibility of sending, at the same frequency, twice the information provided by the others 

mentioned techniques [83]. However, one of the disadvantages is its system complexity [88]. 

8-PSK uses eight different phase-shifts – 0º, 45º, 90º, 135º, 180º, 225º, 270º and 315º - as 

shown in Figure 2.16. This type of modulation is characterized for a higher data rate at the 

same frequency, when comparing with QPSK, due to its higher bits transmission per second 

rate. However, the system complexity associated with this PSK modulation technique is even 

higher, comparing with QPSK. 

Through all the information provided throughout this subsection, is possible to understand 

that a QPSK and 8-PSK will be responsible for better results, due to its bandwidth efficiency 

and higher data rate [88]. However the modulation and demodulation system associated with 

BSPK is easier and more practical, comparing with QPSK and 8-PSK [90].  

Due to system simplicity and being both QPSK and 8-PSK modulations most valuables options 

when a higher data rate is necessary, a BPSK modulation was considered the most adequate 

technique for the purpose of this work. 

 

Figure 2.14 - Constellation diagram of BPSK modulation. 

Figure 2.15 - Constellation diagram of QPSK modulation. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.6.2- BPSK Demodulation 

It is essential a demodulation module in receiver side, in order to extract clock and data 

signals from a modulated signal. Several techniques can be used for carrier recovery, in 

particular for BPSK demodulation, such as squaring loop and Costas loop [91] [92]. A Phase-

Locked Loop (PLL) is composed by three main blocks, a phase detector (PD), a low-pass loop 

filter (LPF) and a voltage-controlled oscillator (VCO), as shown in Figure 2.17. [87] 

 

 

 

 

 

 

 

 

Within the squaring loop, shown in Figure 2.18, the modulated signal s(t) is squared, 

resulting in s2(t). A conventional PLL is then used with the purpose of lock that same frequency. 

The resulting signal, obtained with the PLL, is reduced by a factor of two [87] [92]. 

 

 

 

 

 

 

 

 

Figure 2.16 - Constellation diagram of 8-PSK modulation. 

Figure 2.17 - Block diagram of a PLL. Adopted from [87]. 

Figure 2.18 - Block diagram of squaring loop. Adopted from [87]. 
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One advantage associated with squaring loop technique is its implementation simplicity 

[92]. The frequency divider will be responsible for a phase ambiguity of 180º when compared 

with modulated signal, being a disadvantage related with this strategy. Noise problems, 

associated with squaring loop system, will also increase PLL noise, resulting in phase error 

intensification [87] [92]. 

Costas loop consists of two parallel PLL operating in phase quadrature to each other [88] 

[87]. A basic block diagram of the Costas loop is shown in Figure 2.19.  

 

 

 

 

 

 

 

 

 

 

 

The input signal is sent to the multipliers from two different branches, in-phase and 

quadrature branches. The in-phase branch will be responsible to multiply the input by VCO 

output and, the quadrature branch, to multiply also the input by VCO output, however only 

after 90º phase shifter. Both multiplier outputs pass through low-pass filters, where high 

frequencies are filtered, and then multiplied in order to obtain the error signal, which will be 

applied to the loop filter. The obtained output is the control voltage, responsible for controlling 

the VCO phase and frequency [87] [89] [92]. In case of the digital Costas loop, the modules that 

constitute the block diagram are the Numerically Controlled Oscillator (NCO), LPF, PD and Loop 

Filter, as shown in Figure 2.20. 

 

 

 

 

 

 

 

 

 

 

The Loop Filter is responsible for adjusting the phase error, which is then used to control 

the NCO, generating the carrier frequency. When the carrier frequency generated by NCO, is 

coincident with the receiver carrier frequency, the demodulated signal is obtained from the in-

phase branch [87]. 

Figure 2.19 - Block diagram of Costas loop. Adopted from [87]. 

Figure 2.20 - Block diagram of digital Costas loop. Adopted from [87] 



 

 

 

 

The demodulation technique based on the Costas loop required a low implementation area 

and power consumption, considered well performed and the most adequate, due to its practical 

feasibility [88] [91].  

The BPSK demodulation, on receiver side, was not designed and implemented, however, 

after the provided information throughout this sub-subsection, a BPSK demodulation Costas 

loop is considered the most suitable strategy for BPSK demodulator implementation. 

 

 

2.7 – Power Amplifier 

The power amplifier (PA) is the final component of the transmitter side, located before the 

Tx [93]. It will be responsible for the final amplification of the signal which will be transmitted 

from the Tx to Rx, influencing the output signal quality. Due to this feature, it will be the 

component of the transmission chain which deals with the highest power levels and, 

consequently, with the greatest power consumption [93]. 

It is possible to distinguish two main groups, linear amplifiers (Class A, B, AB, C) and switch-

type amplifiers (Class D, E) [88][93]. The main difference between both groups are the linearity 

and efficiency. Linear amplifiers are not capable to achieve higher efficiencies, when 

comparing with switch-type amplifiers [94]. Switch-type amplifiers are characterized by high 

efficiencies, capable of achieving, in an ideal case, 100% and poor linearity [88][93]. Class D 

and Class E are the most common PA’s used for biomedical applications with inductive links 

[95]. Due to constant amplitude modulation involved ASK, FSK and PSK, responsible for 

biomedical data communication carrier signal, linearity is not important [96]. Therefore, for 

the purpose of this dissertation, we focus on switch-type amplifiers. 

The transistors operating as switches will be responsible for high efficiency that 

characterize the switch-type amplifiers. When the transistor is OFF, no current is flowing 

through it and no power dissipated. When is ON, the voltage is zero and, consequently, no 

power lost. Due to this and if no-loss transistors are guaranteed, it will be possible to achieve 

an efficiency of 100% [97]. However, large parasitic drain-source capacitance of the transistors 

and limited switch performance, for high frequency applications, will influence that high 

efficiency [93]. 

Class D is characterized by two transistors in a push-pull configuration in a way that they 

are alternately fully ON and fully OFF [93], reducing the power losses in the output devices 

[98], as shown in Figure 2.21. Both transistors, performing like switches, form a two-pole switch 

resulting on a rectangular voltage waveform at the output of the transistors, shown in Figure 

2.22 (b). The load circuit includes an ideal filter, then the harmonics of the rectangular voltage 

waveform are removed, generating a sinusoidal waveform with a frequency defined by the 

capacitor and the inductor values at the output [93], as shown in Figure 2.22 (c) and (d). 
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High power capability is the main advantage of Class D PA. However, is not advised using 

Class D alone when good linearity is necessary, due to its strong nonlinear performance [93]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 

Class E is generally characterized by a single supply VDD, an RF choke inductor Lchoke, a switch 

in parallel with capacitor CL, a resonant circuit L0-C0 and a load RL [93] [99], as shown in Figure 

2.23. The switch is alternately ON and OFF at the input frequency. When the switch is ON, the 

current flows through Lchoke and L0-C0 resonates at the input frequency, converting the digital 

input signal into a sinusoidal output. However, when the switch is OFF, CL will be responsible 

to ensuring the drain voltage increase. The output network (L0 and C0) is designed in order to 

guarantee that drain voltage returns to zero, before the switch turns ON, known as zero-voltage 

switching (ZVS), with zero slope, being responsible to minimize switching losses [100] [101]. 

Therefore, the switch is closed when the voltage returns to zero, assuring no switching losses 

[93] [96] [99] [102]. CL is also responsible for preventing this switching losses, through its 

(a) 

(c) 

(b) 

(d) 

Figure 2.21 - Generic schematic associated with Class D PA. Taken from [93]. 

Figure 2.22 - Drain currents (I1, I2) (a) and drain voltage (Vdrain) (b) waveforms regarding to Class D PA. 
Filtered output current (Iout) (c) and voltage (Vout) (d) wavefoms observed at the load. Taken from [93]. 



 

 

 

 

charging and discharging between ON and OFF, not allowing instant variation in the drain 

voltage [103]. 

 

 

 

 

 

 

 

 

 

The theoretical efficiency associated with Class E PA’s is 100%. However, the switch will 

turn off when the current is close to its maximum, which will be responsible for an efficiency 

decrease if the switch is not fast enough [93]. Besides the large input requirement, the need 

of a large inductor Lchoke, to mimic a current source, will be disadvantages associated with this 

PA [88]. Low power capability also characterizes Class E, due to large peak drain voltages and 

currents, as shown in Figure 2.24, which will induce stress in the device more than any other 

PA’s classes [93] [101].  

As explained, it is then possible to distinguish two main type of power losses when adopting 

a switch-type amplifier, conduction and switching losses [100]. Conduction losses are due to 

finite ON resistance of a non-ideal switch, which can be decreased through the using of wide 

transistors. However, wide transistors will imply the use of large capacitors CL, responsible to 

increase switching losses. When occurs a transition between ON and OFF, the energy stored in 

the parasitic capacitor is discharged through the transistor, making the switching losses one of 

the main causes of efficiency for Class E and Class D PA’s [100] [101]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

(a) 

Figure 2.23 - Generic schematic associated with Class E PA. Taken from [93]. 

Figure 2.24 - Drain currents (IDS) (a) and voltage (VDS) (b) waveforms regarding to Class D PA, with the 
typical peak values associated. Taken from [93]. 
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Class D and Class E PA’s are known for their high power output capability and efficiency 

and poor linearity [93]. When operating at high frequencies, Class E PA’s are capable of 

obtaining higher efficiencies, comparing with Class D, because switches turn ON with non-zero 

switch voltage, increasing switching losses. Nevertheless, Class D shows a consistent operation 

at a higher frequency range, when comparing with Class E [104].  Low voltage across each 

transistor and the capability to operate at wide load conditions are advantages associated with 

the use of Class D PA’s [105]. Class E designs are generally used for driving biomedical inductive 

links. However, this type of PA, in order to tolerate link variations, needs to be designed in 

accordance with a certain complexity [104]. In [106], in order to design a wireless power 

transfer for IMD, a Class D PA, operating at 6.78 MHz was used. Another example, for a 

biomedical inductive wireless power transfer, is [104], where a Class D PA was preferred over 

a Class E, operating at the frequency of 5MHz. As a last example, in [107] a Class D PA, operating 

at 13.56 MHz, for data and power transmission across inductive link, with a power efficiency of 

61.8 %, was chosen. In terms of power dissipation, Class D PA, is the most suitable choice, due 

to its less loss in power consumption, because MOSFET are not always ON [108]. Class D also 

offers a wide frequency coverage without being necessary to optimize component by 

component for different frequencies, as happens with Class E PA [109]. 

Due to the disadvantages and advantages associated with Class E and Class D PA’s, taking 

into account all the examples presented and also considering the easier matching network that 

characterizes this switch-type amplifier, a Class D PA was adopted. 

 

 

2.8 – Block Diagram 

As explained throughout chapter 2, when designing an IMD, several considerations need to 

be taken into account. An IMD for NMES directly in the graft that replaces ACL or PCL, powered 

through inductive coupling and an external controller to supply stimulation information and 

power, is proposed. In order to better understand the IMD functionality, a block diagram is 

presented in Figure 2.25. 

Two main blocks characterize the system, the transmitter and receiver sides, placed outside 

and inside the body, respectively. The receiver side requires certain considerations, such as 

small size and low-power consumption.  

The external controller is ensured by the use of the Arduino Uno®, which establishes the 

interface between the use and the IMD. The information, regarding to stimulation parameters, 

such as phase duration, interphase interval, interpulse interval, frequency, duty cycle and 

current intensity, are provided by the user to the Arduino Uno®, which is responsible to send a 

binary data message, according to the instructions presented to the external controller,  and 1 

MHz clock to an external circuit. The external circuit is composed by the BPSK modulator and 

the Class D PA, connected to the Tx coil. Data and power are transferred, from the transmitter 

side to the receiver side, through the use of two coils at the frequency of 1 MHz. Several 

simulations were performed in Ansys HFSS software, explained in chapter 4, in order to achieve 

the carrier frequency that provides the higher power efficiency, concluding that 1 MHz was the 

finest frequency for that same purpose. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

 

 

 

 

 

 

 

After reaching the implantable device, the signal is theoretically split in data signal path or 

power path. The full-wave rectifier acts as A.C./D.C. voltage converter and the regulator is 

designed to automatically regulate a constant D.C. voltage. The BPSK demodulator extracts 

clock and data signals from a BPSK modulated signal, which are sent to the control unit. The 

control unit is responsible to deliver the data, regarding to the stimulation parameters, to the 

stimulator, which comprises the digital stimulus generator, programmable current source and 

H-bridge. The stimulation waveforms, Y1, Y2 and Y3, provided by the digital stimulus generator, 

control the H-bridge and Istim, supported by the programmable current source, determines the 

current intensity of the stimulus. The bipolar cuff electrodes, explained in subsection 2.4.2, 

are located surrounding the graft, placed after surgery.  

The design and implementation of the transmitter and stimulator circuits were achieved in 

this dissertation. However, the remaining receiver circuit regarding to the full-wave rectifier, 

regulator, BPSK demodulator and control unit are not presented. 

The main goals were the design and implementation of the interface between the user and 

the IMD and, subsequently, the transmission circuit. The carrier frequency responsible for a 

higher link efficiency, for data and power transfer, taking into account particular 

characteristics of this inductive link and surrounding tissues, was achieved, through several 

simulations performed in Ansys HFSS software. The design and implementation of the stimulator 

circuit was also accomplished, however, only at a functional matter. Crucial considerations, 

regarding to the stimulator, such as size, power consumption and the use of discrete 

components instead of SoC (System on Chip) integrated circuit, were not taken into account, 

however, needs to be considered for future implementations. 

 

Transmitter side Receiver side 

Figure 2.25 – Block diagram of the implemented IMD. 
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Chapter 3 
 
 

Transmission Circuit – Design and 
Implementation 
 
 

 
3.1 – Introduction 

 

The transmission block is responsible, at the end, for power and data transfer.  

In first place it is crucial to create an interface between the user and the IMD, the external 

controller, which in this work is implemented with an Arduino Uno®. The Arduino Uno® will be 

also responsible to send the required binary message data to an external circuit, which 

comprises the BPSK modulator and the Class D PA. The final stage of the transmission block, 

the Tx, will resonate at the frequency of 1 MHz, aiming to guarantee data and power transfer 

at the desired and most efficient frequency, in agreement with several simulations carried out 

in Ansys HFSS software. 

 

 

3.2 – External Controller 

 

The external controller will be responsible for the interface between the user and the IMD 

and, as explained above, it is essential to be user friendly. Beyond the interface, the Arduino 

Uno® will be in charge of sending the message data and generating a 1 MHz clock to the external 

circuit (eventually with the support of the extra circuit), which will be explained later. In order 

to accomplish all these requirements, a programme was developed (see Appendix A), which 

follows the flow chart shown in Figure 3.1. The interface will start with a decision about the 

phase duration, with the purpose of choosing between 200 µs and 400 µs. Then, if any of these 

values is chosen and, depending on the preferred value, different decisions will appear, as 

shown on the flow chart. All the decisions will therefore appear after the input of the correct 

values are inserted. If the inserted value is different from the ones shown in the decisions, the 

information will not be approved and the program will start from the beginning. After all, it 

will be possible to see the chosen information regarding to phase duration, interpulse interval, 

frequency, duty cycle and current intensity, corresponding to the 5-bit word for the stimulation 



 

 

 

 

waveform. If necessary values read again, and it will be possible to observe the binary data 

message in agreement with the selected information. Each bit will be sent during ten clock 

cycles of the carrier frequency. A final question, asking for permission to transmit the binary 

data message and the clock for an external circuit, will be shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 – External Transmission Circuit 

The external controller will be responsible to generate the binary data message and the 1 

MHz clock after the information, related to stimulation configuration parameters, has been 

inserted. After providing all the information, the Arduino Uno® connects to an external 

No 

No 

No 

Figure 3.1 – Design flow of the interface between the use and the IMD. 
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transmission circuit, which comprises the BPSK modulator, the Class D PA and the Tx for data 

and power transfer. 

 

 

3.2.1- BPSK Modulator 

 

As explained in section 2.6, a PSK technique, more precisely BPSK was chosen as a 

modulation strategy. Figure 3.2 shows the circuit adopted for BPSK modulator. 

The flip-flop D aims to copy the input D to the output D and store it, when the clock is 

active [110]. While the Arduino Uno® is responsible to create the binary data message and the 

1 MHz clock, the D flip-flop synchronizes both. The integrated circuit (IC) CD40175B was chosen 

for this purpose.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Then, a 2-input multiplexer circuit was designed from four NAND gates in order to control 

which input (𝑄 or �̅�) passes to the output. Implemented with a quad NAND HEF4011B IC. The 

truth table of the 2-input multiplexer is shown in Table 3.1. 

 
Table 3.1 - Truth table associated to 2-input multiplexer. Taken from [110]. 

Clock 𝑄 �̅� Output 

0 0 0 0 

0 0 1 0 

0 1 0 1 

0 1 1 1 

1 0 0 0 

1 0 1 1 

1 1 0 0 

1 1 1 1 

 

From Table 3.1 is possible to understand that when clock is low, it shows the input 𝑄 at the 

multiplexer output, while �̅� is blocked. When clock is high 1, shows �̅� instead of 𝑄, which is 

blocked [110]. If the clock remains high, then the output will correspond to the carrier signal, 

and if the clock changes to low at logic 0, the carrier is shifted by a 180º phase. 

Output 

Figure 3.2 - Adopted schematic for BPSK modulator. 



 

 

 

 

The signal granted on the output will be similar to the signal shown in Figure 3.3. 

Considering the data input shown in Figure 3.3, corresponding to a stimulation waveform 

with the parameters, shown in Table 3.2, it is possible to understand how the BPSK modulated 

waveform will behave. As can be seen from Figure 3.3, each bit is sent in every ten cycles of 

the clock. 

 
Table 3.2 - Stimulation parameters related to the binary data message shown in Figure 3.3. 

 
Phase 

Duration 

Interpulse 

Interval 
Frequency 

Duty 

Cycle 

Current 

Intensity 

Binary data message 1 1 0 0 1 

 400 µs 5200 µs 44 Hz 66 % 3 mA 

 

The information provided by the user to the Arduino Uno® shows a stimulation waveform 

with a phase duration of 400 µs, interval between pulses of 5200 µs and current intensity of 3 

mA. A pulse train with a frequency of 44 Hs and duty cycle of 2:3. 

 

 

3.2.2- Class D Power Amplifier 

 

Figure 3.4 shows the schematic of the implanted Class D PA. According to BS170 and BS250 

datasheets [111, 112], regarding to switching characteristics, the turn-ON and turn-OFF times 

can achieve a maximum of 10 ns for BS170 and 20 ns for BS250, which means that, actually, 

they will not operate as ideal switches, making the efficiency drop below 100 % [93]. In order 

to guarantee that both transistors work as much as possible as switches, the triode mode needs 

to be ensured, through equation (3.1). 

 

𝑉𝐷𝑆 ≤ 𝑉𝐺𝑆 − 𝑉𝑡 (3.1) 

 

where VDS corresponds to drain-source voltage, VGS to gate-source voltage and Vt to threshold 

voltage. According to BS170 [111], 𝑉𝐺𝑆 = 5 𝑉 and 𝑉𝑡(max) = 3 𝑉 in DC, meaning that 𝑉𝐷𝑆 ≤ 2 𝑉. 

As the intrinsic resistance of the transistor, Rds(on), is much smaller in comparison to RRX, then 

Figure 3.3 - Example of binary message data and respective BPSK modulated waveform. 
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𝑉𝐷𝑆 ~ 0 𝑉, ensuring that low on power losses can be achieved. The same happens with BS250 

[112], with 𝑉𝐺𝑆 = 5 𝑉 and |𝑉𝑡(max)| = 3.5 𝑉. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As will be explained later, 1 MHz was selected for the carrier frequency with the objective 

of maximizing higher power efficiency. CT was designed taking in consideration of the 

inductance of the Tx coil and this carrier frequency. Equation (3.2) shows the relation between 

these parameters, in order to guarantee that Tx is tuned to the resonant frequency. 

 

𝜔0 =
1

√𝐿1𝐶𝑇

 (3.2) 

 

which will be yield equation (3.3). 
 

𝐶T =
1

(2𝜋𝑓𝑐𝑎𝑟𝑟𝑖𝑒𝑟)2𝐿1

 
(3.3) 

where f corresponds to the carrier frequency of 1 MHz and L1 to the total inductance seen at 

the Tx coil terminals when a coupling with the implant is performed. The self-inductance of  L1 

was measured with a RCL meter at different frequencies, as shown in Figure 3.5. Besides 

frequency changes, the self-inductance L1 has similar values. In case of 1 MHz, L1 = 27.3 µs, as 

it can be noticed by the graphic shown in Figure 3.5. As a result, through equation (3.3), 𝐶𝑇 =

0.927 𝑛𝐹. Through the material available, a CT of 1 nF was used. 

 

Figure 3.4 - Adopted schematic for Class D PA. 
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3.3 – Results 

 

The circuit diagram composed by the BPSK modulator and Class D PA was implemented in 

the breadboard. Due to several non idealities, which characterize the use of the breadboard, 

such as wire lengths, the wire itself, parasitic capacitors and bad contacts, for the obtained 

results are not totally accurate. 

As explained in section 2.2 the information inserted on the serial monitor is assumed and 

sent as a binary message. Figure 3.6 shows the Arduino Uno® serial monitor and an example of 

stimulation parameters input, which will be responsible for the binary data message, shown in 

Figure 3.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As it can be seen in Figure 3.6, a phase duration of 400 µs, with intervals between pulses 

of 5200 µs, frequency and duty cycle of 44 Hz and 1:3, respectively and, finally, a current 

1 MHz; 27,3 µs
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Figure 3.5 - Self-inductance related to Tx coil for different frequencies. 

Figure 3.6 - Arduino Uno® serial monitor. 
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intensity of 3 mA, characterize the stimulation waveform. The corresponding binary message 

is transmitted to an external circuit, as shown in Figure 3.7. 

 

 

 
 
 
 
 
 
 
 
 
 

 

The Arduino Uno®, besides sending the binary message data, is also responsible for sending 

1 MHz clock, as shown in Figure 3.8. Each bit is sent during ten clock cycles, as shown in Figure 

3.9. 

 

 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.10 shows the BPSK modulated waveform obtained at the output of the HEF4011 IC. 

A positive 180º phase shift occurs when binary data message changes from logic 1 to logic 0, as 

expected. As for the changes from logic 0 to logic 1, a negative 180º phase shift is seen. A small 

delay between the BPSK modulated waveform and the binary message data is noted, due to 

Figure 3.7 - Binary data message generated by Arduino Uno®, shown in Figure 3.6. 

Figure 3.8 - Binary data message and clock generated by Arduino Uno®. 

Figure 3.9 - Data message and clock detailing that each data bit lasts ten clock cycles. 



 

 

 

 

natural delays generated by the circuit itself. However, each bit is still ensured to last ten clock 

cycles, as can be seen in Figure 3.10. 

 

 

 
 
 
 
 
 
 
 
 
 
 

In the class D-PA both transistors, working as switches, form a two-pole switch resulting on 

a rectangular voltage waveform Vdrain, typical from Class D PA, as shown in Figure 3.11. A 

resistor RTx of 82 Ω was added in series with the transmitter coil, as can be seen in Figure 3.4, 

aiming to observe the current waveform that will be transmitted, shown in Figure 3.12. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

 

 

 

 

Figure 3.12 shows different amplitudes when a phase shift occurs, due to non-smooth 

transitions when converting from a square to a sinusoidal wave. 

 

Figure 3.10 - Oscilloscope results showing the BPSK modulated waveform according with the binary 
message data. 

Figure 3.11 - Oscilloscope results regarding Vdrain on Class D PA. 

Figure 3.12 - Oscilloscope results showing the current waveform on the transmitter coil. 
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3.4 – Conclusion 

The transmission circuit is composed by four main blocks, the external controller, the 

modulator, the power amplifier and the transmitter coil. The external controller was 

implemented, in this work, with an Arduino Uno®. It is responsible for the interface between 

the user and the IMD and for sending 1 MHz clock and data, in accordance to the user request. 

The binary data message is defined by the user and Arduino Uno® sends each bit every ten clock 

cycles, to an external circuit. The external circuit contains the remaining blocks, deciding to 

opt, as mentioned in chapter 2, for a BPSK modulation and a Class D PA, as modulation strategy 

and power amplifier, respectively. 

The results, regarding to the transmission circuit, shown the expected behaviour, meaning 

that is a suitable strategy for the purposed IMD when using an inductive coupling. 

  



 

 

 

 

  



 

 

41 

 

 

 

 
Chapter 4 
 
 

Inductive Link for Data and Power 
Transfer 
 
 

 
4.1 - Introduction 

Every IMD requires a powering system for a correct operation. However, limited lifetime is 

one of the main issues associated with power approaches used in IMDs [36]. WPT is considered 

a promising technology for low-power electronic devices [113]. As explained in Chapter 2, an 

IPT was considered a suitable option, as powering system, for the purpose IMD. Two coils are 

necessary for power transfer, a transmitter coil (Tx) and a receiver coil (Rx), which have several 

parameters that will influence the power efficiency, such as number of turns, distance and 

alignment between both coils and operation frequency [73]. Considering all the tissues and 

surrounding area related to the ACL and PCL, several simulations were carried out in Ansys HFSS 

software, in order to understand, in this case, which carrier frequency provides the higher 

power efficiency. 

Power transfer efficiency due to strong penetrability and tissues losses, power dissipation, 

sizes of power antennas and the ratio of the output voltage to the input voltage are the main 

issues associated to WPT for IMD [73] [88], which will be discussed throughout this chapter. 

 

 

4.2 – Basic Laws 

In order to better understand how an IPT works, it is essential to review some basic laws 

associated with this type of WPT. 

According to Ampere’s law, shown in equation (4.1), it is possible to understand the relation 

between magnetism, by means of its flux density B, and to the electrical current intensity I 

[114]. 

 

∮ 𝐵. 𝑑𝑙 =  𝜇0𝐼

𝐿

 (4.1) 

 



 

 

 

 

where 𝜇0 represents the magnetic permeability, in vacuum. When a conductor is subjected to 

a current, a magnetic field is generated around it, with radius 𝑥, as can be understood from 

Figure 4.1. The flux density B, given in Tesla [T], is constant [114]. 

 

 

 

 

 

 

 

 

 

 

 

 

Therefore, the integral part in equation (4.1) can be written according to the equation (4.2) 

[114]. 

 

𝐵(𝑥) =
𝜇0𝐼

2𝜋𝑥
 (4.2) 

where 𝑥 corresponds to the distance to the wire. Through this equation it is possible to 

understand the density of the magnetic flux, i.e. the total of magnetic field that passes through 

a certain area, as being proportional to the current that crosses the wire and to magnetic 

permeability. It is also possible to conclude, from equation (4.2), that the magnetic flux density 

is inversely proportional to 𝑥. The magnetic field intensity, given by [H], can be defined by 

equation (4.3) [114]. 

 

𝐻(𝑥) =
𝐵(𝑥)

𝜇0

=  
𝐼

2𝜋𝑥
 . (4.3) 

 

According to equation (4.3), the magnetic field intensity is related to the distance of the 

wire and the current. 

The use of wound wires in coils, with a certain number of turns, is explained by the increase 

of the total field generated by the current for each winding. According to the equation (4.4), 

related to the average flux density calculation (𝐵𝑤) and, consequently, the average magnetic 

field intensity (𝐻𝑤). When the surrounding medium is the air or vacuum, it is possible to 

understand all the properties associated with magnetic field through a coil, such as the number 

of windings, the coil cross section (𝐴𝑐) and winding height (ℎ𝑐) [114]. 

 

𝐵𝑤,𝑎𝑣 = 𝑘
𝜇0𝑁𝐼

ℎ𝑐

 ⇒  𝐻𝑤,𝑎𝑣 =
𝐵𝑤,𝑎𝑣

𝜇0

=  𝑘
𝑁𝐼

ℎc

 (4.4) 

 

Figure 4.1 - A current can generate a magnetic field, through a wire, in clockwise direction in relation 
to the current direction. Adapted from [114]. 
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where 𝑘 represents the coupling factor between the windings and the number of turns 𝑁. 

Subsequently the total flux (𝛷𝑤) calculation, given in [Wb], also related to all the properties 

mentioned above, can be given by equation (4.5) [114], 

 

𝛷𝑤 = 𝐵𝑤𝐴𝑐 = 𝑘
𝜇0𝑁𝐼

ℎ𝑐

𝐴𝑐. (4.5) 

 

According to the equations (4.4) and (4.5) 𝐵𝑤, 𝐻𝑤 and 𝛷𝑤 are proportional to the current 

intensity and the number of turns. 

Due to Ampere’s law, it is easily understandable that a current passing through a conductor 

can create a magnetic field around a closed loop. Both current and magnetic field are 

proportional to each other. This process will explain the procedure in Tx, regarding to the 

conversion of electrical energy to electromagnetic [114].  

Reversibly, a change in the magnetic flux, through a loop, can induce a current in the same 

loop. The equivalent process that occurs in Rx. This phenomenon is described by the Faraday’s 

law of induction, that describes the electromagnetic induction given by equation (4.6) [115]. 

 

𝜀 =
𝑑𝛷

𝑑𝑡
 (4.6) 

 

where 𝜀 represents the induced electromotive force (EMF) and 𝛷 the magnetic flux, in a coil. 

Due to the change, over time, in the magnetic flux, through a surface defined by the loop, will 

be responsible to induce an EMF, which will create current. 

Faraday’s law is responsible to represent the magnitude of the EMF produced by a change 

of magnetic flux, in a certain amount of time. The direction in which the induced current flows 

is given by the Lenz’s law. According to it, the direction of the current will be opposite to the 

variation of the magnetic field that induces such currents. From the link between the last two 

mentioned laws, arises Faraday-Lenz law, given by equation (4.7) [115], 

 

𝜀 = −
𝑑𝛷

𝑑𝑡
 . (4.7) 

 

For a coil with a certain number of turns 𝑁, the induced EMF can be written by the equation 

(4.8) [115], 

 

𝜀 = −𝑁
𝑑𝛷

𝑑𝑡
 . (4.8) 

 

From which it is possible to understand that also EMF is proportional to 𝑁. 

 

 

 

 

 

 



 

 

 

 

4.2.1 – Inductive Link Fundamentals 
 

Concerning all the information provided above it is essential to understand that the 

magnetic flux generated by an induced current in the first coil links to the second one, inducing 

a voltage. This phenomenon is called mutual inductance [76]. Before explaining that same 

phenomenon is necessary to understand the conception associated with inductance. 

Each inductor has an inductance, given in henrys [H], that is defined as the property where 

an inductor opposes to the change of current that flows through the conducting wire of the coil 

[76]. After equation (4.9) [76], 

 

𝑣 = 𝐿
𝑑𝑖

𝑑𝑡
 (4.9) 

 

It is possible to understand the relationship, for an inductor, between current and voltage. 

𝐿 represents inductance, which can be defined through equations (4.8) and (4.9) as equation 

(4.10) [76], 

 

𝐿 = 𝑁
𝑑𝛷

𝑑𝑡
. (4.10) 

 

For a solenoid shape, as shown in Figure 3.7, the inductance can be defined by equation 

(4.11) [76], 

 

𝐿 =
𝑁2𝜇𝐴𝑦

𝑙𝑦

. (4.11) 

 

Equation (4.11) shows that the inductance will increase with an increasing of number of 

turns, cross-sectional area and permeability. However a decrease will occur when increasing 

the length of the coil [76]. 

Consider two coils close to each other, with self-inductances L1 and L2 , number of turns N1 

and N2, for Tx and Rx, respectively, and assuming that there is no current flowing in the second 

inductor. The magnetic flux associated with Tx is given by equation (4.12) [76], 

 

𝛷𝑇𝑥 = 𝛷𝑇𝑥𝑇𝑥𝛷𝑇𝑥𝑅𝑥 (4.12) 

 

where 𝛷𝑇𝑥𝑇𝑥 corresponds to Tx and 𝛷𝑇𝑥𝑅𝑥 to the link between Tx and Rx. The mutual inductance 

of Rx with respect to Tx can be calculated through equation (4.13) [76], 

 

𝑀RxTx = 𝑁2

𝑑𝛷TxRx

𝑑𝑖Tx

 (4.13) 

 

where 𝑀TxRx denotes the induced voltage in Rx to the current in Tx. Therefore, the mutual 

voltage across Rx can be defined by equation (4.14) [76], 
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𝑣Rx = 𝑀RxTx

𝑑𝑖Tx

𝑑𝑡
. (4.14) 

 

In the case of Rx, assuming that there is no current flowing in the first inductor, the 

associated magnetic flux can be calculated by equation (4.15) [76], 

 

𝛷𝑅𝑥 = 𝛷𝑅𝑥𝑇𝑥𝛷𝑅𝑥𝑅𝑥 (4.15) 

 

where 𝛷𝑅𝑥𝑅𝑥 corresponds to Rx and 𝛷𝑅𝑥𝑇𝑥 to the link between Tx and Rx. The mutual inductance 

of Tx in respect to Rx and the mutual voltage across Tx can be defined by equations (4.16) and 

(4.17), respectively [76]. 

 

𝑀TxRx = 𝑁1

𝑑𝛷RxTx

𝑑𝑖Rx

 (4.16) 

 
 

𝑣Tx = 𝑀TxRx

𝑑𝑖Rx

𝑑𝑡
 (4.17) 

 

 

 

𝑀TxRx and 𝑀RxTx are equal, that is 𝑀TxRx =  𝑀RxTx = 𝑀 [76]. 

Considering the circuit schematics shown in Figure 4.2 and applying Kirchoff’s voltage law 

in Tx and Rx, it is possible to obtain equations (4.18) and (4.19), respectively [76]. 

 

𝑣𝑇𝑥 = 𝑖𝑇𝑥𝑅Tx + 𝐿1

𝑑𝑖Tx

𝑑𝑡
+ 𝑀

𝑑𝑖Rx

𝑑𝑡
 ⇔  𝑉𝑇𝑥 = (𝑅𝑇𝑥 + 𝑗𝜔𝐿1)𝐼𝑇𝑥 + 𝑗𝜔𝑀𝐼𝑅𝑥 (4.18) 

 

𝑣𝑅𝑥 = 𝑖𝑅𝑥𝑅Rx + 𝐿2

𝑑𝑖Rx

𝑑𝑡
+ 𝑀

𝑑𝑖Tx

𝑑𝑡
 ⇔  𝑉𝑅𝑥 = 𝑗𝜔𝑀𝐼𝑇𝑥 + (𝑅𝑅𝑥 + 𝑗𝜔𝐿𝑅𝑥)𝐼𝑅𝑥 . (4.19) 

 

The fraction of magnetic flux that flows from Tx to Rx can be quantified by the coupling 

coefficient, k, as shown in equation (4.20) [76], 

 

𝑘 =
𝑀

√𝐿1𝐿2

 , 0 ≤ 𝑘 ≤ 1. (4.20) 

 

The coupling coefficient depends on the distance between both coils, their relative 

orientation, number of turns and type of core [76]. 

The quality factor can be calculated by equations (4.21) and (4.22), for the primary and 

secondary coil, respectively. 

 



 

 

 

 

𝑄𝐿1
=

𝜔𝐿1

𝑅𝑇𝑥

 (4.21) 

 

𝑄𝐿2
=

𝜔𝐿2

𝑅𝑅𝑥

 (4.22) 

 

being ω the operating frequency. 

 

 

 

 

 

 

 

 

 

A common inductive link is usually composed by two resonant circuits, a primary circuit 

(RTx, CT and L1) and a second one (RRx, CR and L2) [88]. In order to tune Tx and Rx to operating 

frequency a capacitor is added, CT and CR, respectively, in parallel or in series. Rload2 is 

commonly used to represent the remote electronics related to the IMD on receiver side [74]. 

The six possible inductive link combinations are shown in Figure 4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

An inductive link with a parallel-resonant primary and parallel-resonant secondary coil was 

assumed. 

For tuning the primary and secondary circuit to the same resonant frequency ω0, equation 

(4.23) needs to be ensured [88]. 

 

𝜔0 =
1

√𝐿1𝐶𝑇

=
1

√𝐿2𝐶𝑅

 (4.23) 

 

Figure 4.3 – Possible inductive link combinations. Taken from [74]. 

Figure 4.2 - Coupled circuit schematics. 
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The maximum ratio Vin/Vout is achieved when k is equal to the critical coupling coefficient 

kc, given by equation (4.24) [88]. 

 

𝑘c =
1

√𝑄𝐿1
𝑄𝐿2

 (4.24) 

 

The proposed system for WPT is shown in Figure 4.4. 

 

 

 

 

 

 

 

 

4.3 - Ansys HFSS Software 

4.3.1 - Knee Model Design 
 

 In order to simulate tissues, ligaments, bones and other structures associated to ACL and 

surrounding area, a model was designed, as can be seen from Figure 4.7 to Figure 4.14. Several 

anatomic models were considered for these design, as Figures 4.5 and 4.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 - Knee’s MRI imaging. 

Figure 4.4 – Designed system for WPT. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As first step it was design the Rx, as can be seen from Figure 4.7. The chosen conducting 

wire is cooper. The coil was inserted in the middle of the model designed. Figure 4.8 shows the 

ACL and PCL structure considered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The femur and the tibia were taken into account for the model. First of all the cancellous 

bone was defined, as shown in Figure 4.9. 

Figure 4.6 - Knee’s anatomic model. 

Figure 4.7 – Knee’s model secondary coil designed in Ansys HFSS. 

Figure 4.8 – Knee’s model ACL designed in Ansys HFSS. 
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After defining the cancellous bone, the cortical bone was also added for each structure, as 

can be seen from Figure 4.10. 

 

 

 

 

 

 

 

 

 

 

The synovial fluid, which is responsible for reducing friction between articular cartilage [1],  

as shown in Figure 4.11, was considered to the design of this model. 

 

 

 

 

 

 

 

 

 

 

The meniscus was also included in the model, by placing it between femur and tibia, as 

shown in Figure 4.12. 

(a) 

(b) 

Figure 4.10 – Knee’s model femur (a) and tibia (b) cortical bone designed in Ansys HFSS. 

(a) 

(b) 

Figure 4.9 – Knee’s model femur (a) and tibia (b) cancellous bone designed in Ansys HFSS. 

Figure 4.11 - Knee’s model synovial fluid designed in Ansys HFSS. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to simulate the blood vessels, that will be responsible for irrigate all the tissues, it 

was defined, as shown in Figure 4.13, two layers. 

 

 

 

 

 

 

 

 

 

 

There are several ligaments and tendons associated to the knee structure, as the lateral 

collateral ligament, the medial collateral ligament and the knee cap tendon [1]. In order to 

simulate all these structures, a thin cylindrical layer, with 5 mm thickness, as shown in Figure 

4.14, was assumed. 

 

  

 

 

 

 

 

 

 

Finally, regarding to the knee model, a skin layer, with 2,5 mm thickness, as can be seen 

in Figure 4.15 was defined. Therefore, the total knee model has a diameter of 110 mm, meaning 

that the distance between Tx and Rx is 56 mm. 

Figure 4.12 – Knee’s model meniscus designed in Ansys HFSS. 

Figure 4.13 - Knee’s model blood vessels designed in Ansys HFSS. 

Figure 4.14 - Knee’s model ligaments layer designed in Ansys HFSS. 
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In order to accomplish the IPT process it was also necessary to include the Tx power 

transmitter which will be placed outside the body, allowing less restriction in terms of size. 

Afterwards, several simulations were carried out, with different frequencies and 

considering the dielectric properties of each layer, for each frequency. 

 

 

4.3.2 – Simulations and Results 

 Several simulations were performed in order to understand which carrier frequency, taking 

into account tissue layers and surrounding area related to the knee, provides the higher power 

frequency. The coils design (Table 4.1), based on [74] [32], were maintained throughout all 

simulations. However, the distance between Tx and Rx was changed through the increasing of 

Tx radius. 

 
Table 4.1 - Design properties of Rx and Tx used for simulations in Ansys HFSS software. 

 Tx Rx 

Wire’s radius (mm) 0.5 0.044 

Coil’s radius (mm) 

10 (Figure 4.16) 

20 (Figure 4.17) 

56 (Figure 4.18) 

2 

Turns 10 26 

 Distance between 

turns (mm) 
2.4 0.225 

Length (mm) 35 7 

 

The first simulations were performed at 13.56 MHz in order to evaluate the influence of 

distance between coils. The dimensions of Rx were maintained, and the Tx radius was 

increased, considering a perfection alignment between both. Distances of 10 mm, 20 mm and 

56 mm between coils were simulated, as shown in Figures 4.16, 4.17 and 4.18, respectively. 

 

 

 

 

 

 

 

Figure 4.15 - Knee’s model skin layer designed in Ansys HFSS. 

Figure 4.16 - Tx and Rx with a distance of 10 mm between both, designed in Ansys HFSS (upper view). 
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A simple circuit was designed in ADS software, shown in Figure 4.19, to evaluate the 

power that feeds the inductive link and the power dissipated in the RLoad. Subsequently, the 

ratio between both is defined as the power efficiency. An optimal RLoad was considered for 

each simulation. The power efficiencies related to simulations shown in Figures 4.16, 4.17 

and 4.18 are presented in Table 4.2. 

 

 

 

 

 

 

 

 

 

Table 4.2 - Power efficiencies obtained by Ansys HFSS software, for distances between coils of 10 mm, 
20 mm and 56 mm. 

Distance between coils (mm) Power Efficiency (%) 

10 14.39 

20 3.389 

56 0.550 

 

The power efficiency decreases when the distance between coils increases, as expected. 

This distance between coils has a direct impact on mutual inductance, coupling factor, 

transmitted power and, subsequently, power efficiency [88]. The tissues and surrounding area, 

related to the ACL and PCL, were not taken into account for the first three simulations (Figures 

Figure 4.19 - Schematic used for link efficiency calculation, design in ADS. 

Figure 4.17 - Tx and Rx with a distance of 20 mm between both, designed in Ansys HFSS (upper view). 

Figure 4.18 - Tx and Rx with a distance of 56 mm between both, designed in Ansys HFSS (upper view). 

20 mm 

Tx 

Rx 

56 mm 

Rx 

Tx 
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4.16, 4.17 and 4.18). Considering a distance between coils of 56 mm and the air being the 

surrounded area, a power efficiency of only 0.550 % was achieved. Thus, it is expected to 

decrease the power efficiency when the knee model designed is applied. 

Afterwards, a second study was carried out at 13.56 MHz, to understand in which layer, 

that composes the knee model, the power loss was higher. The dielectric properties, relative 

permittivity (ε) and conductivity (σ), for the different tissues were considered [116] [117], as 

shown in Table 4.3. For the ACL, meniscus and the more external layer that simulates the 

tendons and ligaments associated with the knee, the same relative permittivity and 

conductivity were considered. The synovial fluid shows the same biochemical composition of 

plasma, being partly composed by water. The relative permittivity and conductivity of water 

was, therefore, adopted to synovial fluid.  

 
Table 4.3 – Relative permittivity and conductivity for each tissue related to the knee model. 

Layers εr (F/m) σ (S/m) 

ACL 96.311 0.415 

Cancellous Bone (CB) 59.304 0.128 

Cortical Bone (CortB) 30.575 0.046 

Synovial Fluid (SF) 81 0.0002 

Meniscus (M) 96.311 0.41548 

Blood (B) 210.64 1.117 

Ligaments (L) 96.311 0.415 

Skin (S) 285.253 0.238 

 

The coils design and properties were maintained, as shown in Table 4.1, and a distance of 

56 mm between both was chosen, attending knee’s size. 

Each layer of the knee model was added and then, the power efficiency was calculated for 

each case. Table 4.4 shows the accomplish power efficiency regarding to each layer.  

 
Table 4.4 - Obtained power efficiency regarding to the simulations performed layer by layer. 

Layers 
Power 

Efficiency (%) 

ACL (i) 0.436 

ACL + CB (ii) 0.336 

ACL + CB + CortB (iii) 0.292 

ACL + CB + CortB + SF (iv) 0.361 

ACL + CB + CortB + SF + M (v) 0.34 

ACL + CB + CortB + SF + M + B (vi) 0.273 

ACL + CB + CortB + SF + M + B + L (vii) 0.21 

ACL + CB + CortB + SF + M + B + L + S (viii) 0.168 

 

The differences between power efficiencies are affected by the dielectric properties 

(relative permittivity and conductivity). As can be seen in Table 4.3, the incorporation of the 

ACL, cancellous bone, cortical bone, meniscus, blood, ligaments and skin are responsible for a 

decrease in power efficiency. However, the synovial fluid will cause an increasing of the studied 



 

 

 

 

parameter. In order to evaluate the increasing or decreasing of power efficiency when adding 

each layer, the equation (4.25) was considered. 

 

𝑃𝑜𝑤𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (%) =  
𝑋2 − 𝑋1

𝑋2

× 100 (4.25) 

 

X2 corresponds to the power efficiency, regarding to the previous tissue and X1 to the power 

efficiency of the evaluated tissue. The tissues responsible for a higher power loss of 23.077 % 

(Table 4.5), through the application of equation (4.25), are the ligaments and tendons related 

to the knee structure (lateral collateral ligament, the medial collateral ligament and the knee 

cap tendon), defined as “Ligaments”. The obtained power efficiencies difference between 

layers are therefore shown in Table 4.5. The first row (Table 4.5) considers the earlier 

mentioned simulation, where the air was the surrounded area, with a power efficiency of 

0.550 %. 

 
Table 4.5 - Power efficiency difference between layers. 

Layers Power efficiency difference (%) 

Air to (i) 20.728 

(i) to (ii) 22.936 

(ii) to (iii) 13.095 

(iii) to (iv) -23.63 

(iv) to (v) 5.818 

(v) to (vi) 19.706 

(vi) to (vii) 23.077 

(vii) to (viii) 20 

 

Afterwards, under the same circumstances (model and coils properties), the carrier 

frequency responsible for the higher power efficiency was studied. The dielectric constants 

were, in this case, taken into account for each frequency. The Industrial, Scientific and Medical 

(ISM) band were considered and several frequencies (300 kHz, 500 kHz, 800 kHz, 1 MHz, 2 MHz, 

4 MHz, 6 MHz, 13.56 MHz, 17 MHz, 27 MHz, 35 MHz, 40.69 MHz, 902 MHz and 2.4 GHz) were 

simulated on the knee model designed.  

Figure 4.20 shows the behaviour of power efficiency with frequency. Attending to Table 

4.4, the power efficiency obtained for the simulation performed at 13.56 MHz was 0.168 %, as 

expected. However, the carrier frequency of 1 MHz (Figure 4.20) provides the highest power 

efficiency. For frequencies below 1 MHz a progressive gradual increase can be seen. However, 

after reaching the highest power efficiency, the model tends to decrease. As explained in 

chapter 3, regarding to Class D PA, CT was achieved through equation (3.2) to guarantee that 

Tx is tuned to the resonant frequency (1 MHz). In relation to resonance, the total impedance 

related to Tx (capacitor and coil impedances) is zero, achieving the highest power transfer. 

When the carrier frequency increases, in comparison with the resonance frequency, the coil 

impedance will also increase. However, with a decrease in frequency, in comparison to the 

resonance frequency, the impedance of the capacitor CT increases. The impedance seen by the 

Class D will increase and therefore, the power transfer will be lower. 
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Through the simulations carried out in Ansys HFSS, it was concluded that both frequencies 

of 40.69 MHz, 902 MHz and 2.4 GHz assumed a capacitor coupling, instead of inductive, which 

were not included in the graphic. 

As explained in subsection 4.2.1, it is possible, through Kirchoff’s voltage law, to compute 

𝐿1, 𝐿2 and 𝑀. Given the Z parameters, provided by the software, it is possible to rewrite both 

equations (4.18) and (4.19), as equations (4.26) and (4.27), respectively. 

 

𝑣𝑇𝑥 = 𝑖𝑇𝑥𝑅Tx + 𝐿1

𝑑𝑖Tx

𝑑𝑡
+ 𝑀

𝑑𝑖Rx

𝑑𝑡
 ⇔  𝑉𝑇𝑥 = (𝑅𝑇𝑥 + 𝑗𝜔𝐿1)𝐼𝑇𝑥 + 𝑗𝜔𝑀𝐼𝑅𝑥 ⇔ 𝑉𝑇𝑥

= (𝑅𝑇𝑥 + 𝑍𝑇𝑥𝑇𝑥)𝐼𝑇𝑥 + 𝑍𝑇𝑥𝑅𝑥𝐼𝑅𝑥 
(4.26) 

 

𝑣𝑅𝑥 = 𝑖𝑅𝑥𝑅Rx + 𝐿2

𝑑𝑖Rx

𝑑𝑡
+ 𝑀

𝑑𝑖Tx

𝑑𝑡
 ⇔  𝑉𝑅𝑥 = 𝑗𝜔𝑀𝐼𝑇𝑥 + (𝑅𝑅𝑥 + 𝑗𝜔𝐿𝑅𝑥)𝐼𝑅𝑥 ⇔  𝑉𝑅𝑥

= 𝑍𝑅𝑥𝑇𝑥𝐼𝑇𝑥 + (𝑅𝑅𝑥 + 𝑍𝑅𝑥𝑅𝑥)𝐼𝑅𝑥 
(4.27) 

 

In order to obtain the values of 𝐿1, 𝐿2 and 𝑀 it is necessary to acquire the Z parameters, 

provided by the simulations shown in Table 4.6. 

 
Table 4.6 - Z parameters provided by Ansys HFSS software at 1 MHz. 

Frequency 𝑍𝑇𝑥𝑇𝑥 𝑍𝑇𝑥𝑅𝑥 𝑍𝑅𝑥𝑇𝑥 𝑍𝑅𝑥𝑅𝑥 

1 MHz 0.157967 + 25.435363i 0.004265 + 0.107710i 0.004265 + 0.107710i 1.823450 + 9.00516i 

 

Table 4.6 shows that 𝑍𝑅𝑥𝑇𝑥 is equal to 𝑍𝑇𝑥𝑅𝑥, as expected. To evaluate 𝐿1, 𝐿2 and 𝑀, shown 

in Tables 4.7, it is necessary the application of both equations (4.26) and (4.27). 

 
Table 4.7 -  𝐿1, 𝐿2 and 𝑀 at 1 MHz. 

Frequency 𝐿1 (𝜇𝐻) 𝐿2 (𝜇𝐻) 𝑀 (𝜇𝐻) 

1 MHz 4.048 1.433 0.017 

 

Figure 4.20 – Power efficiencies behaviour as a function of frequency, simulated in knee model 
designed. 
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After obtaining 𝐿1, 𝐿2 and 𝑀 it was obtained the coupling coefficient, 𝑘, and the quality 

factor of both coils, 𝑄𝐿1
and 𝑄𝐿2

, through equations (4.20), (4.21) and (4.22), respectively, 

shown in Table 4.8. 

 
Table 4.8 - 𝑘, 𝑄𝐿1

and 𝑄𝐿2
 at 1 MHz. 

Frequency 𝑘 𝑄𝐿1
 𝑄𝐿2

 

1 MHz 0.007 161.010 4.938 

 

At resonance frequency and considering the critical coupling coefficient kc, the reflected 

impedance is entirely resistive. The dissipated power in Rx is given by equation (4.28) [88], 

 

𝑃𝑖𝑛 =
𝑉𝑖𝑛

2

𝑅𝑇𝑥 + (𝜔𝑀)2/(𝑅𝑅𝑥 + 𝑅𝐿𝑜𝑎𝑑)
 (4.28) 

 

where 𝑉𝑖𝑛
2  corresponds to the input voltage. The current at Rx is maximal, at resonance, and 

the maximal ration 𝑉𝑜𝑢𝑡/𝑉𝑖𝑛 can be obtained from equation (4.29), 

 

(
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛

)𝑚𝑎𝑥 =
1

2𝑘𝑐

√
𝐿2

𝐿1

=
1

2
√𝑄𝐿1

𝑄𝐿2
√

𝐿2

𝐿1

 (4.29) 

Considering that the power transferred to Rx is equivalent to the amount of power that 

reaches the reflected impedance, the power efficiency 𝜂𝑙𝑖𝑛𝑘 can be achieved by equation 

(4.30). 

 

𝜂𝑙𝑖𝑛𝑘 =
(𝜔𝑀)2/(𝑅𝑅𝑥 + 𝑅𝐿𝑜𝑎𝑑)

𝑅𝑇𝑥 + (𝜔𝑀)2/(𝑅𝑅𝑥 + 𝑅𝐿𝑜𝑎𝑑)
∙

𝑅𝐿𝑜𝑎𝑑

𝑅𝑅𝑥 + 𝑅𝐿𝑜𝑎𝑑
 (4.30) 

 

RLoad can be estimated from approximately 200 Ω to 1 kΩ [88] [64] [118] [119]. Considering 

a RLoad = 200 Ω, considering Tables 4.6, 4.7 and 4.8 and through the application of equations 

(4.28), (4.29) and (4.30), it was accomplished a power efficiency of 0.03499%. However, for 

the simulations, it was considered the optimum RLoad = 11 Ω, responsible for providing the 

highest power efficiency, as shown in Figure 4.21. Thus, a decreasing of power efficiency with 

an increasing of RLoad, is expected. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 - Optimal 𝑅𝑙𝑜𝑎𝑑 at 1 MHz, achieved in ADS software. 
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Implantable coil size restrictions’, distance between both and the circumstances of the 

inductive link, such as tissues and surrounding area, will be responsible for a lower power 

efficiency. Obtaining high efficiencies, using an inductive link, is a challenge due to a weak 

coupling between Tx and Rx [119]. Efficiencies from 5% to 20% are generally expected for an 

inductive coupling in IMD [119] [120]. However, in these studies, several conditions considered 

in this dissertation, such as tissues related to ACL and PCL, were not taken into account. The 

designed model in Ansys HFSS software comprises the essential knee’s tissues, as already 

mentioned. Those will be responsible for transmitter power attenuation, due to a magnetic 

coupling decreasing and for power dissipation [121]. According to [122], a power efficiency of 

58.8% was achieved, where a beef was placed between both coils with a distance from each 

other around 10 mm. However, when considering an approximate distance of 40 mm, the power 

efficiency only reaches values from 4% to 6%. For wirelessly powered capsule endoscopy, 5.2% 

is the highest power efficiency achieved and, in the worst case, can drops to 0.3% [73]. 

Considering 𝑋 = 𝑘2𝑄𝐿1
𝑄𝐿2

 and Table 4.5, 𝑋 = 0.039, according to [74], a link efficiency of 

around 1% will be achieved. 

The power efficiency, under these circumstances, reaches the lowest values. Thus, the 

integration of a ferromagnetic material, inside the implantable coil was simulated, in order to 

evaluate the power efficiency behaviour.  

The use of a material with a high permeability will be responsible for an increasing of 

magnetic flux, without the need to increase the current [114]. In magnetic terms it is possible 

to differentiate four types of materials, non-ferromagnetic, ferromagnetic, paramagnetic and 

diamagnetic. The main difference among these materials is their relative permeability, 𝜇r, 

which, in the case of non-ferromagnetic materials is around 1, for the paramagnetic is above 

1, and smaller than 1 in diamagnetic materials. The same does not apply to ferromagnetic 

materials, where 𝜇r can reach values from 100 until 100 000 [114], due to the alignment  of all 

magnetic dipoles, when an magnetic field is applied. Nickel (Ni), iron (Fe) and cobalt (Co) are 

some examples of ferromagnetic materials. In order to improve the inductive coupling, through 

a decreasing of the reluctance path, magnetic materials are incorporated in both Rx and Tx 

[123]. The differences between using and not using a ferromagnetic material, in terms of flux 

density and magnetic field intensity, are shown in Figure 4.22. From this figure is possible to 

understand how the use of a ferromagnetic material will be responsible to increase the 

efficiency of an inductive link, through an increasing of the relative permeability, 𝜇r. 

 

Figure 4.22 - Relation between magnetic field intensity 𝐻𝑤 and flux density 𝐵𝑤 with and without the 
incorporation of a ferromagnetic material. Taken from [114]. 



 

 

 

 

An increasing in flux and flux density will occur when a ferromagnetic core is integrated 

intoEM Rx. According to Hopkinson’s law it is possible to understand why that increasing will 

occur. First of all by equation (4.31) [114], 

 

Ƒ𝑚 = 𝑁𝐼 (4.31) 

 

where Ƒ𝑚 represents the magnetomotive force. The reluctance can be 

determined, in this condition, by equation (4.32) 

[114], 

 

ℛ =
𝑙𝑦

𝜇0𝜇𝑟𝐴𝑦

 (4.32) 

 

where ℛ represents the magnetic reluctance, 𝑙𝑦 the length of the coil and, 𝐴𝑦 the cross section 

of the flux pathway inside the coil, as shown in Figure 4.23. 

In this case, the flux in the core, 𝛷𝑐, will be equal to the flux in the coil, 𝛷𝑤, as shown in 

equation (4.33) [114], 

 

𝛷𝑐 = 𝛷𝑤 =  
Ƒ𝑚

ℛ
=  

𝜇0𝜇𝑟𝐴𝑦𝑁𝐼

𝑙𝑦

. (4.33) 

 

Due to the application of the ferromagnetic core instead of an air core, both equations 

regarding to flux density and magnetic field intensity will be different, as shown in equation 

(4.34) and (4.35), respectively [114]. 

 

B𝑤 =
𝛷𝑐

𝐴𝑦

=  
𝜇0𝜇𝑟𝑁𝐼

𝑙𝑦

 (4.34) 

 

H𝑤 =
B𝑤

𝜇0𝜇𝑟

=  
𝑁𝐼

𝑙𝑦

. (4.35) 

 

 

 

 

Figure 4.23 - Magnetic flux generated by a solenoid coil with a ferromagnetic material inside, through 
an induced current source. 
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Therefore, the integration of a ferromagnetic core inside the receiver coil will be 

responsible for an increased flux, as shown in equation (4.33) and, consequently, for the 

increase of magnetic flux density and magnetic field intensity, as shown in equations (4.34) and 

(4.35), respectively. Then, that same increasing will also increase the EMF, as can be observed 

by equation (4.6). It is now possible to understand how to increase the magnetic flux without 

the need of increasing the current. 

 

4.4 - Comparison of Results 

Several simulations were performed with the integration of a ferrite rod with a volume of 

58.019 mm3, inside Rx, also considering the tissues and surrounding area related to the ACL and 

PCL. Figure 4.24 shows the power efficiency comparisons between inductive couplings with and 

without the incorporation of a ferrite rod. 

 

As can be seen from Figure 4.24, the integration of a ferrite rod inside Rx, will provides 

higher power efficiencies. The highest power efficiency was accomplished at 2 MHz, instead of 

1 MHz. Table 4.9 shows the increasing factor through the application of equation (4.36). 

 

𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 =  
𝑋2 − 𝑋1

𝑋2

× 100 (4.36) 

 

being X2 the power efficiency related to the integration of a ferrite rod and X1 the power 

efficiency not considering the ferromagnetic material. 
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Figure 4.24 - Power efficiencies comparison with (green) and without (blue) the use of ferrite inside 
Rx. 



 

 

 

 

Table 4.9 - Increasing factor comparing the power efficiency with and without the integration of a 
ferrite rod inside the Rx. 

Frequency (kHz) X2 (%) X1 (%) Increasing Factor (%) 

300 0,922 0,15 83,73 

500 1,167 0,224 80,81 

800 1,323 0,289 78,16 

1000 1,399 0,333 76,20 

2000 1,437 0,298 79,26 

4000 1,153 0,254 77,97 

6000 0,831 0,246 70,40 

13560 0,26 0,168 35,38 

17000 0,166 0,121 27,11 

27000 0,058 0,05 13,79 

35000 0,03 0,027 10 

 

Table 4.9 shows a significant increasing factor, regarding to the integration of a 

ferromagnetic material. However, the power efficiency remains low. 

One of the main problems related to ferromagnetic materials, when placed inside the 

human body, are the magnetic resonance imaging (MRI) interferences. 

MRI is an important medical imaging system with a significant role in radiology field due to 

its soft-tissue contrast [20], non-use of ionizing radiation and its capability to provide high 

quality images [124]. There are three types of MRI scanners, based on the magnetic field 

strength, such as low-field MRI scanners, which have a range from 0.23 T to 0.3 T, high-field 

MRI scanners, from 1.5 T to 3.0 T and, finally, ultra-high field scanners, from 7.0 T to 10 T 

[125]. However, the typical field strengths used for imaging are between 0.2 T and 1.5 T [20], 

scanners at 3.0 T are used to visualize some structures meticulously [125]. The principle 

function associated with MRI is based on component magnetization of the human body, such as 

hydrogen. The nuclear magnetic moments of which proton or neutron, in materials that does 

not have magnetic properties, are randomly oriented. However, they will align when subjected 

to a magnetic field. The same does not happen with materials that has magnetic properties 

[20], [124]. 

There are several properties that need to be considered when a patient, with an IMD 

containing a ferromagnetic material, is subjected to a MRI, to a safe and less uncomfortable 

medical exam. Displacement force, torque, image artifacts and radio-frequency (RF) heating 

are the topics that must be evaluated in an IMD, when submitted to a MRI. The evaluation of 

all the properties mentioned above will be responsible to consider the implant as MR safe, MR 

conditional or MR unsafe [126]. A displacement force might occur when a ferromagnetic object 

is exposed to the intense magnetic field of the MR system, being able to occur the displacement 

of the object, in this case, of the IMD. When an object, with ferromagnetic properties, is 

subjected into a magnetic field, such as the MRI’s, a torque is generated. This means the object 

will be forced to align with the magnetic field lines. Regarding to the image artifacts, it does 

not affect the IMD safety inside human body. However, in the surrounding area where the 

ferromagnetic material is placed, there is a possibility of having some image distortion. Finally, 

concerning to RF heating, ferromagnetic materials can also generate problems. When the 

patient is subjected to a MRI, RF excitation pulses are applied inducing current in the human 

body, which is responsible to heat it. Through specific rate absorption (SAR), defined as the RF 
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power absorbed per unit of mass, RF energy placed in the tissue can be quantified, being given 

by watts per kilogram (W/kg) [125], [126]. 

Computed tomography (CT) evolution, over the last years, is notable. Through CT is possible 

to acquire tomographic images, with high quality, obtained by several measurements of x-ray 

transmission, of body’s internal structures [20]. For patients with older types of cardiac 

pacemakers, metal implants and tattoos, MRI is not a good option due to all problems 

mentioned above. Therefore, is these cases, doctors choose CT instead of MRI. Without the 

presence of a magnetic field, displacement force, torque, image artifact and RF heating there 

will not be any problem. 

The incorporation of a ferrite rod inside the Rx will be responsible for power efficiency 

increment. However, there are a few disadvantages, as already mentioned, that need to be 

taken into account, to consider ferrite as a suitable choice. 

A microbattery integration, to power the IMD, instead of a wireless power transfer, could 

be an alternative idea for this specific purpose. The typical power requirements for neuro-

stimulator are from 30 µW to a several mW, delivering mA pulses [127]. The Quallion© battery 

is an example of a rechargeable lithium-ion battery, with a diameter of 2.9 mm, 11.8 mm 

length and a weight of 0.3 gr. The battery need to be charged every 3 days for a few hours, 

being capable of 3 mAh [128] [129]. Another example of a lithium-ion microbattery is the Eagle 

Pitcher©, characterized by a height and diameter of 6.73 mm and 2.3 mm, respectively, having 

the capability of 2.7 mAh and a weight of 0.09 gr [130]. Both batteries can be charged by 

inductive coupling, being not necessary to remove [127]. The use of a rechargeable 

microbattery could be, therefore, a suitable idea. 

 

 

4.5 - Conclusion 

Initially, an inductive powering system was considered the most suitable choice for data 

and power transfer. Several simulations were performed in Ansys HFSS software, to achieve the 

frequency that provides the highest power efficiency. For a carrier frequency of 1 MHz, an 

efficiency of only 0.33 % was achieved. Implantable coil’s size restrictions, distance between 

coils, tissue and surrounding area, the low power efficiency achieved was understandable. 

However, an experimental study, instead of a simulated study, needs to be carried out as a 

future work, in order to validate the results and conclusions obtained by Ansys HFSS software. 

Thus, the incorporation of a ferromagnetic material, a ferrite rod, inside Rx, was attempted. 

Higher power efficiencies were accomplished, however, when a ferromagnetic material is 

placed inside the human body, can cause several MRI interferences responsible for several 

disadvantages, such as displacement force, torque, image artifact and RF heating. Power 

efficiency’s differences between both cases, with and without ferrite’s integration, were 

significant. However, the values remained low. Taking into account all the information provided 

throughout this chapter and the circumstances related to this specific IMD, this inductive 

coupling for data and power transfer will not be the most suitable option. Coil’s parameters 

optimization needs to be evaluated in order to try to achieve higher power efficiencies. 

However, as earlier explained, such high efficiencies will not be expected. The use of a 

microbattery could be a suitable alternative. 
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Chapter 5 
 
 

Stimulator – Design and Implementation 
 
 

 
5.1 – Introduction 

The transmission circuit, as explained in Chapter 3, was the main goal of BPSK modulation 

and power amplifier for data and power transfer, explained in Chapter 4. The receiver side 

could be composed by a rectifier, regulator, BPSK demodulator, control unit and stimulator. As 

explained in chapter 2, several approaches concerning to rectifier, regulator and BPSK 

demodulator are possible. The control unit will be responsible to deliver the data, regarding to 

stimulation parameters, to the stimulator. The stimulator was the only block, at the receiver 

side, that was designed and implemented, in a functional matter. Thus, size, power 

consumption and the use of discrete components, instead of SoC integrated circuit, were not 

considered when designing this stage. 

 

 

5.2 – Stimulator 

The stimulator comprises three main blocks, the digital stimulus generator, the 

programmable current source and the H-bridge. The digital stimulus generator is subdivided in 

interpulse interval, interphase interval and phase duration generator, responsible for 

stimulation waveforms’ Y1 and Y2 generation, and frequency and duty cycle generator, which  

has as main purpose the generation of the third stimulation waveform, Y3. The programmable 

current source, aims to define stimulation’s current intensity. The use of a biphasic stimulation 

waveform implies a bidirectional stimulation generation, the H-bridge, which composes the 

final block of the stimulator. 

 

5.2.1- Digital Stimulus Generator 

The stimulus, ensured by a 5-bit word through the use of the Arduino Uno®, as shown in 

Figure 5.1, will be generated by Y1, Y2 and Y3 stimulations waveforms. Y1 and Y2 will guarantee 

the desired phase duration, interphase and interpulse interval, according with the information 

provided to the Arduino Uno®, on transmission side. Regarding to Y3, it is responsible to assure 

the frequency and duty cycle, also provided by the Arduino Uno®. The development of the 



 

 

 

 

digital stimulus generator had, therefore, as main purposes the definition of the chosen 

interpulse and interphase intervals, phase duration, frequency and duty cycle. 

 

 

 

 

 

 

5.2.1.1 - Interpulse Delay, Interphase Interval and Phase Duration Generator 

The circuit diagram shown in Figure 5.2 was adopted to generate the different values of 

phase durations, interphase and interpulse intervals. The NE555 is used as an oscillator to 

produce, in this case, square waves with phase durations of 200 µs and 400 µs, at frequencies 

of 2,5 kHz and 1,25 kHz, respectively. 

In order to calculate the R1, R2, C1 and C2 values, necessary to achieve the desired phases 

widths and frequencies, equations (5.1) and (5.2) are used [131]. 

 

𝑡𝐻 = 0,693(𝑅2)𝐶1 (5.1) 

𝑡𝐻 = 0,693(𝑅1 + 𝑅2)𝐶1 
(5.2) 

 

Figure 5.2 - Circuit diagram regarding to interphase interval, interpulse interval and phase duration 
generator. 

Figure 5.1 - 5-bit word regarding to stimulation parameters, provided by the Arduino Uno®. 



 

 

65 

 

where tH, corresponds to output high-level duration and tL to low-level duration, as shown in 

Figure 5.3. 

 

 

 

 

 

 

 

 

 

In this case, square waves with tH = tL were achieved. Through the application of both 

equations (5.1) and (5.2), with R1 = 220 Ω, R2 = 3.3 and C1 = 82 nF, tH and tL values of 200 µs 

were accomplished. 

To produce a phase duration of 400 µs, C2 82 nF was placed in parallel with C1, in order to 

ensure tH and tL values of 400 µs, as desired. Thus, another capacitor of 82 nF was selected, 

shown in Figure 5.2. 

Flip-flops D were used as frequency dividers, as shown in Figure 5.4. 

 

 

 

 

 

In order to better understand the interpulse and interphase intervals and phase duration 

generator, Figure 5.5 shows the expected A, B, C, D, E, F and G waveforms, generated in 

order to accomplish stimulation waveforms Y1 and Y2.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 - Square waveform and respective tH ad tL. 

Figure 5.4 - Flip-Flops D working as frequency dividers. 

Figure 5.5 - Expected A, B, C, D, E, F and G waveforms related to the circuit diagram shown in Figure 
5.2. 



 

 

 

 

The phase duration is controlled by W1, responsible for changing A, B, C and D 

frequencies, through the use of D Flip-Flops. E, F and G waveforms are guaranteed by AND 

gates, shown in Figure 5.2. Waveform A will have a phase duration of 200 µs or 400 µs, as 

determined by W1. 

The interpulse interval determined by W2 also controls the delay between both stimulation 

waveforms Y1 and Y2 (Figure 5.6). 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

However, for 400 µs, different stimulation waveforms will be obtained, as shown in Figure 

5.7. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
5.2.1.2 - Frequency and Duty Cycle Generator 

The circuit shown in Figure 5.8 was designed to generate a third stimulation waveform, Y3. 

Y3 will be responsible to provide the intended frequency (22 or 44 Hz) and duty cycle (1:3 or 

2:3). The frequency generation was, once again, guaranteed by the use of a NE555 IC, in order 

400 µs 

5200 µs 

2000 µs 

400 µs 

200 µs 

1000 µs 

2600 µs 

200 µs 

Figure 5.6 - Possible interphase intervals related to the stimulation waveforms Y1 and Y2, for a phase 
duration of 200 µs. 

Figure 5.7 - Possible interphase intervals related to the stimulation waveforms Y1 and Y2, for a phase 
duration of 400 µs. 
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to produce accurate oscillation. Duty cycles of 2:3 were ensured by the NE555, however, duty 

cyles of 1:3 were accomplished through a XOR gate, as will be explained later in this subsection. 

The values of R1, R2, C1 and C2 were calculated in order to guarantee frequencies of 22 Hz and 

44 Hz and duty cycles of 2:3, through equations (5.1) and (5.2) and (5.3). 

 

𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ≃
1,44

(𝑅1 + 2𝑅2)𝐶1

. (5.3) 

  

With equations (5.1) and (5.2), in order to guarantee a duty cycle of 2:3, it is possible to 

see that tH = 2tL requires R1 to be equal to R2. Being R1 = R2 = 33kΩ, then over equation (5.3), 

is possible to obtain C1 for a frequency of 44 Hz. 

 

44 ≃
1,44

(33000 + 66000)𝐶1

⇔ 

⇔ 𝐶1  ≃
1,44

(33000 + 66000) × 44
⇔ 

 

⇔ 𝐶1  ≃ 3,30 × 10−7. 

 

To obtain a frequency of 22 Hz, i.e., half of the previous one, then a capacitor C2 of 330 nF 

is placed in parallel with C1, shown in Figure 5.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As explained earlier in this subsection, duty cycles of 2:3 are ensured through NE555 a duty 

cycles of 1:3 by XOR gate. Therefore, the XOR gate allows selecting between both duty cycles, 

according to controller bit (W4), through inversion of the waveform generated by the NE555, 

i.e. the duty cycle of the waveform seen at out is interchanged between 1:3 and 2:3, shown in 

Figure 5.9. 

Figure 5.8 - Circuit diagram regarding to frequency and duty cycle generator. 



 

 

 

 

 

 

 

 

 

 

 

Depending on the frequency, 22 Hz and 44 Hz, Y3 appears as shown in Figure 5.10, with a 

duty cycle of 1:3 or 2:3. 

 

 

 

 

 

 

 

 

 

 

 

Concluding, it is possible to generate duty cycles of 2:3 or 1:3 at frequencies of 22 Hz or 44 

Hz depending on the logic values of W3 and W4, respectively, in order to obtain the stimulation 

waveform Y3. 

 

 

5.2.2 – Programmable Current Source 

The stimulator is generally based on a current controlled (CC) or voltage controlled (VC) 

design, concerning to the stimulus intensity Istim. For CC stimulators 𝑉𝑡𝑖𝑠 = 𝐼𝑠𝑡𝑖𝑚𝑍𝑡𝑖𝑠 is 

independent of Zif [51], the shape of the current pulse is defined and the output voltage will 

depend on electrode-tissue impedance. However, for VC stimulators 𝑉𝑡𝑖𝑠 = 𝑉𝑠𝑡𝑖𝑚 − 𝑉𝑖𝑓, being Vif 

the voltage over Zif [51], therefore, the output will be voltage regulated and changes on 

electrode-tissue impedance will directly influence the intensity of the stimulus in the tissue. In 

cases where the electrode-tissue properties change over time and a VC strategy is adopted, the 

stimulation performance will vary [132]. Voltage controlled stimulators, in case of non-invasive 

applications, such as transcutaneous stimulation, are considered safer, when comparing to 

current controlled stimulators, due to the fact of the electrodes not leading with dangerous 

current densities [133] [134]. A motor recruitment is more reliable when adopting a CC 

strategy, due to the independence on electrode-tissue impedance [132] [133] [135]. 

A programmable current source with the purpose of generating intensities of 1 mA or 3 mA, 

depending on the controller bit (W5) was chosen, as shown in Figure 5.11. 

 

(a) 

(b) 

Figure 5.9 - XOR gate operation to ensure duty cycles of 2:3 or 1:3. 

Figure 5.10 - Duty cycles of 1:3 (a) and 2:3 (b) associated with the stimulation waveform Y3. 
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A reference voltage, Vref, of 3,3 V was defined and an operational amplifier, LM741, was 

used as voltage-current converter, therefore, a bipolar NPN transistor or a N-channel transistor 

was needed, deciding to choose C547C. A current mirror is responsible to reflect a copy of the 

current, flowing into an input terminal, by replicating the current in an output terminal. As can 

be seen from Figure 5.11, two PNP transistors, BS557B, were used in order to accomplish that 

purpose. Since the current mirror is characterized by its high output resistance, it is responsible 

to keep the output current constant, disregarding ZL. In order to achieve current intensities of 

1 mA and 3 mA, R2 and R3 are dimensioned according to it, in equations (5.5), (5.6) and (5.7). 

 

R2 =
Vref

1 mA
 (5.5) 

 

R// =
Vref

3 mA
 (5.6) 

 

R// =
R2R3

R2 + R3

 (5.7) 

 

According with both equations (5.5), (5.6) and (5.7), for current intensities of 1 mA and 3 

mA, R2 and R3 need to be equal to 3.3 kΩ and 1.650 kΩ, respectively. However, due to the 

material available, instead of a R3 = 1.650 kΩ, a resistor of 1.8 kΩ was used. 

The intensity of the stimulation current (Istim) will depend on R2 and R3, according with 

controller bit W5. However, it is important to refer that will behave as a current source to a 

maximum ZL of approximately 2,8 kΩ. 

The total charge (Q) applied to the nerves can be calculated through the current intensity 

(I) and its duration (t), equation (5.8), 

 

Figure 5.11 - Circuit diagram regarding to programmable current source. 



 

 

 

 

𝑄 = 𝐼 × 𝑡 (5.8) 

 

 

5.2.3 – Bidirectional Stimulation Generation 

The use of a biphasic stimulation waveform implies a bidirectional stimulation generation 

and two strategies are possible. The first approach uses two separate supplies, one for each 

stimulation phase, the second one, an H-bridge strategy, uses a single current source [51], as 

shown in Figure 5.12. 

 

 

 
 

 

 
 

 

Due to the fact of using only a single current source, an H-bridge strategy was chosen and 

implemented according to the diagram circuit shown in Figure 5.13. 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Regarding H-bridge operation, there are two possible situations: when no stimulation 

occurs, in “off” periods and when stimulation occurs, in “on” periods.  

Figure 5.12 - Two possible strategies for bidirectional stimulation generation. Taken from [51]. 

Figure 5.13 - Circuit diagram regarding to H-bridge. 
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When “off” time is ensured, tissue’s discharge is considered important to guarantee a safe 

stimulation. The adopted strategy focused on maintaining both N1 and N2 closed, at the same 

time that P1 and P2 are open. In order to accomplish this approach, X4 and X5, when no 

stimulation occurs, need to reach VDD, ensuring N1 and N2 closure, respectively. Regarding to P1 

and P2, X6 and X7 waveforms, under the same circumstances, must also achieve VDD, since PMOS 

transistors activation occurs in the transition from high to low. 

The H-bridge conventional operation occurs during “on” periods on Y3, through the 

alternating activation of the 1st and 2nd branches. The 1st branch, regarding to stimulation 

waveform Y1, is ensured when both N1 and P1 are closed and N2 and P2 open. The opposite 

occurs for the 2nd branch, concerning to stimulation waveform Y2. Summing up, when the first 

stimulation phase occurs, N1 and P1 (1
st Branch) are activated and, during the second phase, N2 

and P2 (2
nd Branch) are also activated. As already explained, PMOS transistor activation occurs 

in the transition from high to low. However, in relation to NMOS transistor, its activation occurs 

during the transition from low to high. X4 and X6 waveforms needs to reach VDD and zero, 

respectively, in periods “on” in order to ensure 1st branch activation. The same happen for the 

2nd branch, however concerning to X5 and X7. 

Two NMOS and two PMOS transistors, ZVN2110A and ZVP2110A were respectively chosen. 

Resistors (R3 and R4) of 1 kΩ were used to assure that the PMOS transistors operate in triode 

mode, which was not ensured, due to the gate voltage being different from the source voltage. 

Figure 5.14 shows the expected X1, X2, X3, X4, X5, X6 and X7 waveforms, obtained through 

the diagram circuit shown in Figure 5.13. Considering the stimulation waveforms Y1 and Y2 and 

supposing a duty cycle represented by Y3, the expected waveforms are shown in Figure 5.14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to better understand the H-bridge operation in periods of stimulation “on” and 

stimulation “off”, Figure 5.15 shows the behaviour of both 1st and 2nd branches when stimulation 

occurs, as well as, the activation and inactivation of NMOS and PMOS transistors, respectively, 

responsible to discharge the tissue when no stimulation occurs. 

 

Figure 5.14 - Expected X1, X2, X3, X4, X5, X6 and X7 waveforms associated with the circuit diagram shown 
in Figure 5.13. 



 

 

 

 

 

5.3 – Results 

Several tests were carried with a circuit implemented in a breadboard to validate the 

designed circuit. The disadvantages associated with the use of the breadboard can be 

responsible, once again, for approximated and not accurate values. 

 

5.3.1- Digital Stimulus Generator 

5.3.1.1 - Interpulse Delay, Interphase Interval and Phase Duration Generator 

As explained in Chapter 4, Subsection 4.2.1, and taking into account Figure 5.2, a circuit 

was developed to generate phase durations of 200 µs and 400 µs, pulse A in Figure 6.1. This 

property will depend on controller bit W1, at frequencies of 2,5 kHz and 1,25 kHz and interphase 

delays of 200 µs and 400 µs, respectively, through the use of a NE555, as shown in Figure 5.16. 

 

 

 

 

 

D type flip-flops behave as frequency dividers, generating different frequencies (B, C and 

D) according with W1, as can be seen, in case of 200 µs phase duration, in Figure 5.17. 

 

 

(b) 

A A 

(a) 

Figure 5.16 – Oscilloscope results regarding to phase durations of 200 µs (a) and 400 µs (b). 2V/division 
are represented. 

Figure 5.15 - H-bridge operation in accordance to stimulation waveform Y3, regarding to duty cycle. 
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For phase durations of 400 µs, as supposed, different frequencies will correspond to B, C 

and D, as shown in Figure 5.18. The frequency of the D wave is half of the previous obtained 

wave (C), which is also half of the frequency of B wave. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to obtain interphase delays of 200 µs and 400 µs, for phase durations of 200 µs and 

400 µs, respectively, E and F were generated, through the use of an AND gate, shown in Figure 

5.19. 

B C 

D 

(a) (b) 
(a) (b) 

(c) 

Figure 5.17 - Oscilloscope results regarding to D flip-flops working as frequency divider, showing 
waveforms B (a), C (c) and D (c), for phase durations of 200 µs. 2V/division are represented. 

Figure 5.18 - Oscilloscope results regarding to D flip-flops working as frequency divider, showing 
waveforms B (a), C (c) and D (c), for phase durations of 400 µs. 2V/division are represented. 
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As can be seen in Figure 5.19, interphase delays of 200 µs (Figure 5.19 (a)) and 400 µs 

(Figure 5.19 (b)) were generated. 

In order to define the interpulse delay, C, shown in Figures 5.17 and 5.18 and G, shown in 

Figure 5.20, were taken into account. 

As supposed, periods of approximately 3200 µs (Figure 5.20 (a)) and 6400 µs (Figure 5.20 

(b)) define waveform G. In case of an interpulse delay of 1000 µs and 2000 µs, for phase 

durations of 200 µs and 400 µs, respectively, waveform C is taken into account. However, for 

interpulse delays of 2600 µs and 5200 µs, is necessary to consider G. 

After defining phase duration, interphase delay and interpulse delay, stimulation 

waveforms Y1 and Y2 were generated. In case of choosing a phase duration of 200 µs an 

interphase delay of also 200 µs is automatically associated. However, it will be possible to adopt 

an interpulse delay of 1000 µs or 2600 µs, shown in Figure 5.21 (a) and (b), respectively. 

 

 

 
 
 
 
 
 

 

 

 

 

 

 

 

For a phase duration of 400 µs, an interphase delay of 400 µs will be guaranteed, and it will 

be also possible to select an interpulse delay of 2000 µs or 5200 µs, as can be seen from Figure 

5.22 (a) and (b), respectively. 

 

 

 

 

 

 

 

Figure 5.20 - Oscilloscope results regarding to G wave and respective periods, for phase durations of 200 
µs (a) and 400 µs (b). 2V/division are represented. 

E 

F F 

E 

(a) (b) 

Figure 5.19 - Oscilloscope results regarding to E and F waves, for phase durations of 200 µs (a) and 400 
µs (b). 2V/division are represented. 
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Figure 5.21 - Oscilloscope results regarding to interpulse interval of 1000 µs (a) and 2600 µs (b) for phase 
durations of 200 µs. 2V/division are represented. 

(b) 

Figure 5.22 - Oscilloscope results regarding to interpulse interval of 2000 µs (a) and 5200 µs (b) for phase 
durations of 400 µs. 2V/division are represented. 
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5.3.1.2- Frequency and Duty Cycle Generator 

In order to generate the third stimulation waveform, Y3, associated with generated 

frequencies and duty cycles, the schematic, shown in Figure 5.8, from Chapter 5, subsection 

5.1, was taken into account. Four different responses for Y3 are possible, which means duty 

cycles of 1:3 or 2:3 at frequencies of 44 Hz or 22 Hz. Both frequencies are guaranteed through 

the use of NE555, according to the controller bit W3. A XOR gate was adopted to ensure the 

chosen duty cycle, according with controller bit W4. From Figure 5.23 is possible to evaluate 

the generated frequencies, 44 Hz and 22 Hz, as expected. 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

 

As can be seen from Figure 5.23, the duty cycle of 2:3 is also ensured by NE555. The ratio 

of time between the “on” time and the total time, given by the sum of “on” and “off” is 

approximately 66%, as expected. 

Duty cycles of 1:3, given by the use of a XOR gate, at frequencies of 44 Hz or 22 Hz will be 

obtained, as shown in Figure 5.24. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.23 - Oscilloscope results regarding to duty cycles of 2:3 at frequencies of 22 Hz (a) and 44 Hz 
(b). 2V/division are represented. 

(b) 

(a) 

(b) 

(a) 

Figure 5.24 - Oscilloscope results regarding to duty cycles of 1:3 at frequencies of 22 Hz (a) and 44 Hz 
(b). 2V/division are represented. 
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According with Figure 5.24, the rate between the time “on” and the total time, for both 

frequencies, is approximately 33%, as supposed. 

 

5.3.2- Bidirectional Stimulation Generation 

As earlier explained in this chapter, specifically in subsection 5.2.3, regarding to H-bridge, 

two situations are possible. When stimulation occurs, during “on” periods, the 1st and 2nd 

branches are alternately activated, in order to ensure stimulation waveforms Y1 and Y2, 

respectively. Figure 5.25 shows the behaviour of X4 and X6 waveforms, for 1st branch activation, 

in accordance to Y1. 

 

 

 

 
 
 

 

 

 

 

 

 

 
 
 

 

 

As expected, Figure 5.25 shows X4 reaching VDD, ensuring N1 activation. The same happens 

to X6, however, P1 closing occurs in transition from high to low and, as can be seen in Figure 

5.25, X6 reaches zero in accordance to stimulation waveform Y1. The 1st branch is then ensured. 

Regarding to 2nd branch, is possible to understand its operation in Figure 5.26. 
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Y1 

X7 

X5 

Y2 

Figure 5.25 - X4 and X6 waveforms behaviour, regarding to 1st branch, in accordance to Y1. 5V and 2V per 
division for X6 and X4, respectively. However, 100mV/division for Y1 are represented. 

Figure 5.26 - X5 and X7 waveforms behaviour, regarding to 2nd branch, in accordance to Y2. 5V and 2V per 
division for X7 and X5, respectively. However, 100mV/division for Y1 are represented. 



 

 

 

 

The 2nd branch occurs when both N2 and P2 are close, achieved through X5 and X7 waveforms, 

respectively. Figure 5.26 shows X5 reaching VDD and X7 zero in accordance to stimulation 

waveform Y2, as expected. H-bridge operation in periods “on” is then ensured. 

Periods “off”, represented in Y3, correspond to a non-occurrence of stimulation. In these 

periods is essential to guarantee the discharge of the tissues. When N1 and N2 are closed, at the 

same time that P1 and P2 are open, the discharge occurs. Waveforms X4 and X5, regarding to N1 

and N2, respectively, need to reach VDD in periods “on”, such as X6 and X7 waveforms, in order 

to ensure P1 and P2 inactivation, as shown in Figure 5.27 and 5.28. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The stimulus intensity will be ensured by the programmable current source and, depending 

on the current intensity, 1 mA or 3 mA, different amplitudes will be observed, as shown in 

Figure 5.29. Both Y1 and Y2 waveforms presented in Figures 5.29 were acquired on N1 and N2 

sources, respectively. Under the influence of R1 and R2 and considering Istim, equals to 1 mA or 

3 mA, voltages of 100 mV and 300 mV are expected, as shown in Figure 5.29. 

As can be seen from Figure 5.29, regarding to a period of stimulation “on”, when Y1 occurs, 

both N1 and P1 (1
st

 branch) are close. Concerning to 2nd branch, in order to ensure Y2, both N2 

X7 

Y3 

X5 

Y3 

X4 

X6 

Figure 5.27 - X5 and X7 waveforms behaviour, regarding to N2 and P2 gates, respectively, in periods “off” 
of Y3. 5V/division for X7, however, 2V/division for X5 and Y3 are represented. 

Figure 5.28 - X4 and X6 waveforms behaviour, regarding to N1 and P1 gates, respectively, in periods “off” 
of Y3. 5V/division for X6, however, 2V/division for X4 and Y3 are represented. 
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and P2 need to be equally close, as shown in Figure 5.29. Figure 5.30 shows therefore, 

transistor’s drains behaviour in accordance to Y3, where no stimulation occurs in Zload. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The obtained results met the expectancies, then the circuit diagrams related to the 

stimulator where designed in Printed Circuit Diagram (PCB), as shown in Figures B.1 and B.2. 
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Figure 5.29 - Drains behaviour, regarding to 1st and 2nd branches, in accordance to stimulation waveforms 
Y1 and Y2, showing stimulation intensities of 1 mA (a) and 3 mA (b). 

Figure 5.30 - Drains behaviour in accordance to stimulation waveform Y3, where no stimulation appears 
on Zload in periods “off”. 



 

 

 

 

5.4 – Conclusion 

Phase duration, interphase interval, interpulse interval, frequency, duty cycle and current 

intensity are considered the most important stimulation parameters, which need to be 

considered for the design and implementation of an IMD stimulator. The designed stimulator is 

divided into three main blocks, digital stimulus generator, programmable current source and 

H-bridge. The digital stimulus generator is responsible to generate the stimulation waveforms 

Y1, Y2 and Y3, in accordance to controller bits W1, W2, W3 and W4. Regarding to programmable 

current source, responsible to ensure stimulation intensities of 1 mA and 3 mA, according to 

controller bit W5, a Zload of 2.2 kΩ was considered. To assure that both intensities were 

achieved, a supply voltage of 9 V was used. The use of a biphasic stimulation waveform implies 

a bidirectional stimulation generation and a H-bridge strategy was adopted. When no 

stimulation occurs both N1 and N2 are closed, at the same time that P1 and P2 are open, ensuring 

the discharge of the tissue. However, when stimulation times “on” are guaranteed by Y3, 1
st 

branch (N1 and P1) and 2nd branch (N2 and P2) are alternately activated. 

The stimulator results, shown the expected behaviour, meaning that the circuit diagrams 

are, in a functional matter, well succeed. 
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Chapter 6 
 
 

Conclusion and Future Work 
 
 

 
This chapter considers all the conclusions that were achieved throughout this dissertation, 

which were divided into three main parts. Transmission’s and stimulator’s circuit design and 

implementation, and finally the simulations carried out in Ansys HFSS software that aims, not 

only to study the inductive coupling as a powering system but also to accomplish the carrier 

frequency responsible for the higher power efficiency. Several suggestions for future work are 

subsequently provided. 

 

 

6.1 - Conclusion 

An analysis encompassing several factors that needed to be taken into account before the 

design and implementation of this specific IMD was initially carried out. A NMES strategy was 

considered the most suitable electrical stimulation method, for the ACL and PCL post-surgery 

rehabilitation purpose, due to a neuromuscular system’s re-education requirement. A charge 

balanced biphasic symmetrical stimulation waveform, with important stimulation parameters, 

such as phase duration (200 μs or 400 μs), interphase interval (200 μs or 400 μs), interpulse 

interval (1000 μs and 2600 μs or 2000 μs and 5200 μs), frequency (22 Hz or 44 Hz), duty cycle 

(1:3 or 2:3) and stimulation intensity (1 mA or 3 mA), was accomplished, and delivered to the 

tissue by using bipolar cuff electrodes. Regarding data and power transfer, an inductive link 

was considered, after a first study, the most suitable powering system for the application. In 

relation to the transmission circuit, a BPSK modulation due to its simplicity and application of 

the same carrier frequency for power and data transfer and a Class D PA, were chosen as a 

modulation strategy and power amplifier, respectively. 

Considering this specific IMD, several simulations were carried out in Ansys HFSS software 

in order to achieve a carrier frequency capable of producing a higher power efficiency and 

understand the issues related to the inductive coupling. Coils’ design and distance between 

both needed to be optimized taking into account, not only the objective previously stated, but 

also the size restriction of the implantable one. These were important considerations as a result 

of the direct impact on mutual inductance, coupling factor and transmitted power, which could 

highly decrease the power efficiency. Knee’s tissues and surrounding areas were also 



 

 

 

 

considered for the simulations, which attenuate the transmitted power, due to magnetic 

coupling decrease and power dissipation, responsible for diminishing even more the power 

efficiency. 

The highest power efficiency (0.33%) was then achieved at the carrier frequency of 1 MHz. 

It was decided to try the integration of a ferrite rod inside the implantable coil, in order to 

evaluate and compare the differences related to the use of a ferromagnetic material. An 

increase of approximately 10 % to 83 % was achieved, however, there are several properties 

that need to be considered when a patient, with an IMD containing any type of a ferromagnetic 

material, is subjected to a MRI. The ferromagnetic material can be responsible for displacement 

force, torque, image artifact and RF heating, which are parameters that need to be evaluated 

before the integration of this material type inside the human body. A maximum power 

efficiency of 1.437 % (with ferrite) was accomplished, however it remained lower. Due to the 

efficiency achieved and to all the disadvantages related to the use of a ferrite rod, the 

integration of this ferromagnetic material, inside the implantable coil, is not an appealing 

alternative choice. The growth of the microbatteries’ production is notable for IMDs, making it 

an efficient alternative as powering system. However, a more detailed evaluation need to be 

carried out, in order to accomplish the most suitable strategy for the powering system. 

The designed and implementation of the transmission circuit was performed taken into 

account an inductive coupling for power and data transfer. The Arduino Uno® is not only 

responsible for the interface between the user and the IMD, but also to send data and 1 MHz 

clock. The user will choose the stimulation parameters (phase duration, interpulse interval, 

frequency, duty cycle and current intensity) and, in accordance to the data input, the Arduino 

Uno® sends a binary message data together with a 1 MHz clock, to an external circuit. The 

external circuit comprises the BPSK modulator, the Class D PA and the Tx, tuned to the 

resonance frequency of 1 MHz. The dimensioned diagram circuit was considered as a suitable 

strategy for the transmission circuit, when adopting an inductive link for power transfer. A 

modulation strategy is essential for this purpose, however, if a microbattery is adopted as 

powering system, a data transfer through the use of an antenna system for RF transmission, 

will be more beneficial and the power amplifier will need to be reconsidered in linearity terms. 

The stimulator comprises three main blocks, the digital stimulus generator, the 

programmable current source and the H-bridge. The goal was to evaluate, in a functional 

matter, the dimensioned diagram circuits for the stimulator, meaning that crucial 

considerations, such as power consumption, size and used components, were not taken into 

account. The digital stimulus generator is responsible to ensure the phase durations, interphase 

intervals, interpulse intervals, frequency and duty cycle, in accordance to controller bits W1, 

W2, W3 and W4. The stimulation intensity is assured by the programmable current source, 

according to controller bit W5. The bidirectional stimulation generation is then guaranteed by 

an H-bridge topology, in accordance with the selected values for the stimulation parameters, 

provided from the external controller to the stimulator. The achieved results were in 

accordance with the expected, however, a fully correct implementation can be achieved when 

considering all the essential topics already mentioned. 
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6.2 – Future Work 
 

The main goals of this dissertation were the design and implementation of the transmission 

and stimulator circuits. The transmission circuit does not have that many restrictions, in terms 

of size and power consumption, in comparison with the stimulator, placed on the implantable 

side. For a future implementation it will be necessary to take into account size, power 

consumption and the use SoC integrated circuit, instead of discrete components, in order to 

get closer to the reality. The powering system also needs to be reconsidered, due to the 

achievement of lower power efficiencies. Experimental studies, regarding to the IPT is a 

suggested idea for future work, in order to validate the results and conclusions obtained through 

the simulations performed in Ansys HFSS software. The application of a microbattery is an 

alternative. However, a more detailed study needs to be carried out. The BPSK demodulator 

and the control unit were not designed and implemented in this dissertation. Nevertheless, it 

is essential to demonstrate the reliability of these two blocks. PCB is an example, where the 

demodulator and the control unit must be accomplished before design chip’s layout. As 

mentioned, the layout design of the implantable chip is also a step that must be taken, to carry 

out in-vitro tests. In the future, after testing the reliability, safety and efficiency in term of 

rehabilitation, in-vivo tests can be considered. 
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Appendix A 
 
 
 

 #include "digitalwritefast.h" 

const int clk = 11; 

 

const int data0 = 2; 

int i = 0; 

 

uint8_t temp; 

uint16_t PD = 0; 

uint16_t II = 0; 

uint16_t F = 0; 

uint16_t DC = 0; 

uint16_t CI = 0; 

uint16_t Transmission = 0; 

int data [5]; 

 

void setup() { 

 

    Serial.begin (9600); 

    pinMode (clk, OUTPUT); // 1 MHz clock as output in Pin 11 

    pinModeFast (data0, OUTPUT); // binary data message as output in Pin 2 

 

 } 

 

void loop() { 

 

    Serial.print (F("Phase Duration (in us): 200 or 400? ")); // Serial Monitor shows Phase Duration values available 

     

      while (Serial.available() != 3); // Value saved 

        temp = Serial.read(); 

        PD = (temp - '0')*100; 

        temp = Serial.read(); 

        PD += (temp - '0')*10; 

        temp = Serial.read(); 

        PD += (temp - '0'); 



 

 

 

 

 

    Serial.println (PD, DEC); // Serial Monitor shows the chosen value for Phase Duration 

 

          if (PD == 200){ 

            Serial.print (F("Interpulse Interval (in us): 1000 or 2600? "));} // Interpulse Interval values available when 

choosing Phase Duration of 200 us  

             

          if (PD == 400){ 

            Serial.print (F("Interpulse Interval (in us): 2000 or 5200? "));} // Interpulse Interval values available when 

choosing Phase Duration of 400 us 

             

               while (Serial.available () != 4); // Value saved 

                 temp = Serial.read (); 

                 II = (temp - '0')*1000; 

                 temp = Serial.read (); 

                 II += (temp - '0')*100; 

                 temp = Serial.read (); 

                 II += (temp - '0')*10; 

                 temp = Serial.read (); 

                 II += (temp - '0'); 

 

              Serial.println (II, DEC); // Serial Monitor shows the chosen value for Interpulse Interval 

               

                if (II == 2000 || II == 5200 || II == 1000 || II == 2600){ // If the input value are in accordance to the available 

ones 

                Serial.print (F("Frequency (Hz): 22 or 44? "));} // Serial Monitor shows the frequency values available 

 

                    while (Serial.available () !=2); // Value saved 

                    temp = Serial.read (); 

                    F = (temp - '0')*10; 

                    temp = Serial.read (); 

                    F += (temp - '0'); 

 

               Serial.println (F, DEC); // Serial Monitor shows the chosen value for Frequency 

 

                  if (F == 22 || F == 44){ // If the input value are in accordance to the available ones 

                  Serial.print (F("Duty cycle (in %): 33 or 66? "));} // Serial Monitor shows the Duty Cycle values available 

 

                      while (Serial.available () != 2); // Value saved 

                      temp = Serial.read (); 

                      DC = (temp - '0')*10; 

                      temp = Serial.read (); 

                      DC += (temp - '0'); 

 

                Serial.println (DC, DEC); // Serial Monitor shows the chosen value for Duty Cycle 
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                    if (DC == 33 || DC == 66){ // If the input value are in accordance to the available ones 

                    Serial.print (F("Current Intensity (in mA): 1 or 3? " ));} // Serial Monitor shows the Current Intensity values 

available 

 

                       while (Serial.available () != 1); // Value saved 

                       temp = Serial.read (); 

                       CI = (temp - '0'); 

                        

                Serial.println (CI, DEC); // Serial Monitor shows the chosen value for Current Intensity 

 

 

   if (PD == 200 && II == 1000 && F == 22 && DC == 33 && CI == 1){ // Chosen values for stimulation parameters 

   data [0] = 0, data [1] = 1, data [2] = 1, data [3] = 1, data [4] = 0; // Binary data message in accordance to the chosen 

values 

     Serial.println ("Data: ");  

     for(int i = 0; i<5 ; i++) 

     Serial.println (data [i]); // Serial Monitor shows the binary data message 

     Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); // Serial Monitor shows a message asking for 

permission for data and clock transmission 

             

         while (Serial.available () != 1); // Value saved 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ // Transmission authorized  

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); // 1 MHz clock is sent to Pin 11 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); // Binary data message is sent in accordance to the chosen values to Pin 2 

     delayMicroseconds (11); // Each bit is sent every ten clock cycles 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); // Transmission not authorized. Programme ends 

         while(1);} 

   } 



 

 

 

 

                                              

   if (PD == 200 && II == 2600 && F == 22 && DC == 33 && CI == 1){ // Code is repeated for each binary message data 

combination 

    data [0] = 0, data [1] = 0, data [2] = 1, data [3] = 1, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      }                

 

   if (PD == 200 && II == 1000 && F == 44 && DC == 33 && CI == 1){ 

    data [0] = 0, data [1] = 1, data [2] = 0, data [3] = 1, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 



 

 

89 

 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);}      

} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

   if (PD == 200 && II == 2600 && F == 44 && DC == 33 && CI == 1){ 

    data [0] = 0, data [1] = 0, data [2] = 0, data [3] = 1, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 



 

 

 

 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);}     

} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

   if (PD == 200 && II == 1000 && F == 22 && DC == 66 && CI == 1){ 

    data [0] = 0, data [1] = 1, data [2] = 1, data [3] = 0, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);}    

} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 
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   if (PD == 200 && II == 2600 && F == 22 && DC == 66 && CI == 1){ 

    data [0] = 0, data [1] = 0, data [2] = 1, data [3] = 0, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);}      

} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

   if (PD == 200 && II == 1000 && F == 44 && DC == 66 && CI == 1){ 

    data [0] = 0, data [1] = 1, data [2] = 0, data [3] = 0, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 



 

 

 

 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);}     

} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

   if (PD == 200 && II == 2600 && F == 44 && DC == 66 && CI == 1){ 

    data [0] = 0, data [1] = 0, data [2] = 0, data [3] = 0, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 
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     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);}      

} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

   if (PD == 200 && II == 1000 && F == 22 && DC == 33 && CI == 3){ 

    data [0] = 0, data [1] = 1, data [2] = 1, data [3] = 1, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);}      

} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 200 && II == 2600 && F == 22 && DC == 33 && CI == 3){ 

    data [0] = 0, data [1] = 0, data [2] = 1, data [3] = 1, data [4] = 1; 



 

 

 

 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);}      

} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 200 && II == 1000 && F == 44 && DC == 33 && CI == 3){ 

    data [0] = 0, data [1] = 1, data [2] = 0, data [3] = 1, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 
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          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);}     

} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 200 && II == 2600 && F == 44 && DC == 33 && CI == 3){ 

    data [0] = 0, data [1] = 0, data [2] = 0, data [3] = 1, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 



 

 

 

 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);}      

} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 200 && II == 1000 && F == 22 && DC == 66 && CI == 3){ 

    data [0] = 0, data [1] = 1, data [2] = 1, data [3] = 0, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 200 && II == 2600 && F == 22 && DC == 66 && CI == 3){ 

    data [0] = 0, data [1] = 0, data [2] = 1, data [3] = 0, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 
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      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);}      

} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 200 && II == 1000 && F == 44 && DC == 66 && CI == 3){ 

    data [0] = 0, data [1] = 1, data [2] = 0, data [3] = 0, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 



 

 

 

 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);}      

} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 200 && II == 2600 && F == 44 && DC == 66 && CI == 3){ 

    data [0] = 0, data [1] = 0, data [2] = 0, data [3] = 0, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);}      
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} 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

 

 

    if (PD == 400 && II == 2000 && F == 22 && DC == 33 && CI == 1){ 

    data [0] = 1, data [1] = 1, data [2] = 1, data [3] = 1, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

                                        

   if (PD == 400 && II == 5200 && F == 22 && DC == 33 && CI == 1){ 

    data [0] = 1, data [1] = 0, data [2] = 1, data [3] = 1, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 



 

 

 

 

      Serial.println (data [i]); 

        Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

         }                

 

   if (PD == 400 && II == 2000 && F == 44 && DC == 33 && CI == 1){ 

    data [0] = 1, data [1] = 1, data [2] = 0, data [3] = 1, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 
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          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

   if (PD == 400 && II == 5200 && F == 44 && DC == 33 && CI == 1){ 

    data [0] = 1, data [1] = 0, data [2] = 0, data [3] = 1, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);} 



 

 

 

 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

   if (PD == 400 && II == 2000 && F == 22 && DC == 66 && CI == 1){ 

    data [0] = 1, data [1] = 1, data [2] = 1, data [3] = 0, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);} 

    } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

   if (PD == 400 && II == 5200 && F == 22 && DC == 66 && CI == 1){ 

    data [0] = 1, data [1] = 0, data [2] = 1, data [3] = 0, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 
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         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

   if (PD == 400 && II == 2000 && F == 44 && DC == 66 && CI == 1){ 

    data [0] = 1, data [1] = 1, data [2] = 0, data [3] = 0, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 



 

 

 

 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

   if (PD == 400 && II == 5200 && F == 44 && DC == 66 && CI == 1){ 

    data [0] = 1, data [1] = 0, data [2] = 0, data [3] = 0, data [4] = 0; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11);} 

     } 

     else{ 
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         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

   if (PD == 400 && II == 2000 && F == 22 && DC == 33 && CI == 3){ 

    data [0] = 1, data [1] = 1, data [2] = 1, data [3] = 1, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 400 && II == 5200 && F == 22 && DC == 33 && CI == 3){ 

    data [0] = 1, data [1] = 0, data [2] = 1, data [3] = 1, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 



 

 

 

 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 400 && II == 2000 && F == 44 && DC == 33 && CI == 3){ 

    data [0] = 1, data [1] = 1, data [2] = 0, data [3] = 1, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 
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     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 400 && II == 5200 && F == 44 && DC == 33 && CI == 3){ 

    data [0] = 1, data [1] = 0, data [2] = 0, data [3] = 1, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 



 

 

 

 

 

    if (PD == 400 && II == 2000 && F == 22 && DC == 66 && CI == 3){ 

    data [0] = 1, data [1] = 1, data [2] = 1, data [3] = 0, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 400 && II == 5200 && F == 22 && DC == 66 && CI == 3){ 

    data [0] = 1, data [1] = 0, data [2] = 1, data [3] = 0, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

       Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 
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         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);} 

    } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 400 && II == 2000 && F == 44 && DC == 66 && CI == 3){ 

    data [0] = 1, data [1] = 1, data [2] = 0, data [3] = 0, data [4] = 1; 

      Serial.println ("Data: "); 

      for(int i = 0; i<5 ; i++) 

      Serial.println (data [i]); 

           Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

     while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 



 

 

 

 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial.println ("Your data will not be transmitted."); 

         while(1);} 

      } 

 

    if (PD == 400 && II == 5200 && F == 44 && DC == 66 && CI == 3){ 

    data [0] = 1, data [1] = 0, data [2] = 0, data [3] = 0, data [4] = 1; 

       Serial.println ("Data: "); 

       for(int i = 0; i<5 ; i++) 

       Serial.println (data [i]); 

        Serial.println (F("Proceed to the transmission? 1 for YES, 0 for NO.  ")); 

             

         while (Serial.available () != 1); 

         temp = Serial.read (); 

         Transmission = (temp - '0'); 

 

         Serial.println (Transmission, DEC); 

         if (Transmission == 1){ 

          TCCR2A = ((1 << WGM21) | (1 << COM2A0)); 

          TCCR2B = (1 << CS20); 

          TIMSK2 = 0; 

          OCR2A = 7; 

          while (1){ 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, LOW); 

     delayMicroseconds (11); 

     digitalWriteFast (data0, HIGH); 

     delayMicroseconds (11);} 

     } 

     else{ 

         Serial. println ("Your data will not be transmitted."); 

         while(1);} 

       } 

 

} 
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Appendix B 
 
 
 

 
 
 
 

Figure B.1 – PCB layout designed related to the stimulator. 



 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.2 – PCB designed related to the stimulator. 
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