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Abstract 

The coming years may see the advent of distributed implantable devices to support 

bioelectronic medicinal treatments. Such treatments could be complementary and, in 

some cases, may even prove superior to pharmaceutical treatments for certain chronic 

disease conditions. Therefore, a significant research effort is being undertaken in the 

bioelectronics domain. Target conditions include diabetes, inflammatory bowel disease, 

lupus, and arthritis. 

Modern active medical implantable devices require communications to transmit 

information to the outside world or other implantable sub-systems. This can include 

physiological data, diagnostics, and parameters to optimise the therapeutic protocol. 

However, the communication scheme can be very challenging especially for deeper 

devices. Challenges include absorption and scattering by tissue, and the need to ensure 

there are no undesirable heating effects. Wired connectivity is undesirable and tissue 

absorption of traditional radio frequency and optical methods mean that ultrasound 

communications have significant potential in this niche. 

In this thesis, a reliable and efficient ultrasonic communication telemetry is presented.  

An omnidirectional transducer has been employed to implement intra body 

communication inside a model of the human body. A prototype has been implemented 

to evaluate the system performance in saline and up to 30 𝑐𝑚 distance between the 

transmitter and receiver. Short pulses sequences with guard intervals have been 

employed to minimise the multipath effect that leads to an increase in the bit and thus 

packet error rates with distance. Error detection and correction code have been 

employed to improve communication at a low signal to noise ratio. The data rate is 

limited to 0.6 𝑘𝑏𝑝𝑠 due to the necessary guard intervals. Energy per bit and current 

consumption for the transmitter and receiver main parts are presented and discussed 

in terms of battery life. Transmission can be achieved at an energy cost of 642 𝑛𝐽 per 

bit data packet using on/off power cycling in the electronics. 
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Chapter 1. Introduction 

1.1 Introduction 

Bioelectronic medicine is potentially a significant new therapeutic contribution to the 

treatment of chronic disease. The basic concept (also sometimes referred to as 

electroceuticals) is to stimulate the body’s organs via the autonomic nervous system to 

modulate the body’s biochemistry and thus treat diseases. If the modulation can be 

closer to the required biochemistry and better match the body’s rhythms, then it might 

prove superior to pharmaceutical treatments for certain chronic disease conditions [1]. 

Therefore, a significant research effort is being undertaken in the bioelectronics domain. 

The key target is for those with chronic conditions such as diabetes [2], inflammatory 

bowel disease [3], lupus [4] and arthritis [5] and other age-related conditions. In the 

longer term, bioelectronic therapies may help with healthy ageing, even in relatively 

athletically active individuals [6]. 

The vagus (or 10𝑡ℎ cranial) nerve has been proposed as the primary stimulus point for 

bioelectronic medicine. The vagus nerve controls a significant proportion of the 

parasympathetic nervous system. Stimulation of this nerve can, therefore, result in 

modulating the activity of downstream organs to achieve therapy. However, an 

important development is to progress from open-loop, pacemaker type, stimuli to 

closed-loop control methodologies which modify therapeutic stimuli according to need. 

Such systems will therefore also need sensors from perhaps downstream organs which 

can provide physiological information. Examples include blood oxygen and glucose 

levels, heart rate, chemical sensing, mechanical motion, and bioelectronic activity [7, 8]. 

Short term percutaneous power and data cabling can be acceptable for implantable 

systems that are utilised for days or perhaps a few weeks. However, a break in the skin 

barrier for longer than that presents an infection risk. As such, the most common form 

of transcutaneous communication—i.e., between outside and inside the body is via 

radio frequency (𝑅𝐹) methods. Such communication must adhere to 

MedRadio/Industrial Scientific and Medical (ISM) bands such as (402– 405 𝑀𝐻𝑧), 

(902–928 𝑀𝐻𝑧) and 2.4 𝐺𝐻𝑧. However, the body’s absorption of radio waves 

increases with frequency [9, 10]. At lower frequencies in the 𝑘𝐻𝑧 range, such as that 
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used in sacral stimulators, deep penetration can be used. However, efficient antennae 

scale inversely with frequency and can be very large in the cm-scale in the 𝑘𝐻𝑧 range 

[11]. This is not desirable for long term mm size bioelectronic implants. Furthermore, 

for an arrangement as per Figure 1-1 (c), intrabody communication is required between 

a master system and bioelectronics nodes. Transmission distances between these 

devices can be in the tens of centimetres, making optical and near field 𝑅𝐹 methods 

unsuitable. 

1.2 Motivation and Challenges 

The main Bioelectronic therapies would need to comprise an Active Implantable Medical 

Device (𝐴𝐼𝑀𝐷) which can gather information, perform processing, and determine 

stimulus. The architecture of 𝐴𝐼𝑀𝐷𝑠 typically consists of a hermetic implantable pulse 

generator (𝐼𝑃𝐺) unit with leads to a neural stimulator (or recorder) that is implanted 

into the target tissue. The configurations vary according to the application.  

The concept of bioelectronic medicine is, therefore, to apply therapeutic protocols to 

the peripheral nervous system to bring the body back to an ideal state. In its simplest 

form, this involves an implant similar to the 𝐼𝑃𝐺 described above with electrodes 

stimulating the vagus nerve. However, to tune such systems, it can be desirable to 

monitor the effects on downstream organs and the body's chemistry. An architectural 

variation could, therefore, be to have a distributed system of devices communicating 

with a central host. In such a scenario, it would be undesirable to have internal wiring 

across the body. Therefore, it can be envisaged that such systems could communicate 

over an intrabody network. 

The different approaches to 𝐴𝐼𝑀𝐷 communications can be seen in Figure 1-1. In the 

first instance (a) some systems may have subcutaneous, or sub-muscular transducers 

which allow for per-cutaneous communications between the implant and external 

devices. Examples include retinal prosthetics where an antenna is typically placed in a 

thin subcutaneous region behind the ear or pacemaker 𝐼𝑃𝐺𝑠 which are implanted in the 

chest. The second instance (b) is similar to the first, but the device may be much deeper. 

Examples include spinal stimulators for pain relief and bladder incontinence implants. 

The last case (c) is still conceptual. However, in this case, implants in one part of the 
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body may periodically transmit data to a central device that collates data and 

determines therapeutic intervention. 

 

Figure 1-1: Per-cutaneous and intra-body communications. (a) Shallow sub-
cutaneous and sub-muscular communications. (b) Deep communications to in body 
implants. (c) intra-body communications between implantable nodes  [12]. 

 

In the literature, 27 devices used in tissue phantom experimental setup were explored 

since 2010, those devices are implemented as a benchtop or Printed Circuit Board 

(𝑃𝐶𝐵) or Application Specific Integrated Circuit Chip (𝐴𝑆𝐼𝐶). There are further analysis 

and graphical comparison for those devices in the next chapter. Most of the reported 

devices, however, did not consider the following points and challenges: 

1. From these past efforts, directional piezoelectric transducers (i.e. plate and disc 

shapes) are more efficient for point to point data communication over short 

distances. However, over longer distances, if the plates become directionally 

misaligned, then the communication would become problematic especially for 

intra body communication scenario (see Figure 1-1 (c)). In such instances, non-
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directional transmitters and receivers would be a more efficient method to 

achieve error-free data. 

2. Most of the researchers used transducers that operate at 𝑀𝐻𝑧 range operating 

frequency (i.e.1 𝑀𝐻𝑧 operating frequency). Hence, the high operating frequency 

is more prominent to attenuation over long transmission depth. Moreover, most 

of the proposed transducers form factor are disc form as these were readily 

available and employed for ultrasound imaging efforts. 

3. The researchers transmitted raw data that does not include issues such as error 

correction/detection overhead, synchronisation overhead and packet losses.  As 

such, further improvements need to be made to the error detection and 

correction protocols either on application-specific circuits or programmable 

digital logic such as microcontrollers. There is also significant development to be 

made in the core ultrasound communications before it can be considered for 

medical devices. In particular, although errors can be acceptable in collected 

data, the transmission of intervention protocols needs to be error-free – e.g. 

whether to release or not release a drug, or the stimulus intensity. As such, 

further improvements need to be made to the error detection and correction 

protocols either on application-specific circuits or programmable digital logic 

such as microcontrollers. 

1.3 Thesis Contribution 

As downstream organs are geographically separated by tens of centimetres, a possible 

architecture is for a central implant unit together with satellite units called bioelectronic 

nodes (𝐵𝑒𝑁𝑠) which provide sensing and perhaps stimulation. This configuration can 

be seen in Figure 1-2. Ideally, such bioelectronic nodes would be injected to their target 

locations rather than be surgically inserted. As such, the devices would need to be in the 

mm size range. Such devices would have small batteries and thus be limited in operation. 

i.e., duty cycles would be for a few milliseconds each hour or day. However, such 

operation is sufficient for bioelectronic therapies which only need to infrequently 

monitor physiological responses. 
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Figure 1-2: Concept image of how the implants can be embedded inside the human 
body and scale down to be injectable, the slave system implants will be capable of 
collecting the sensed data and transmit the information to the central unit (master) 
that embedded inside the chest. The latter will communicate with the external 
transceiver. 

 

This thesis presents the following main contributions and key hypothesis: 

1. Design and testing of a reliable and efficient ultrasonic communication 

telemetry. Miniaturised piezoelectric tube form transducers were employed 

with dimensions of (3 ×  3.5 ×  2.5) 𝑚𝑚, the selected transducers operate at 

320 𝑘𝐻𝑧 frequency to reduce the attenuation effect that appears at high 

operating frequency range (𝑀𝐻𝑧 range). In terms of the directivity aspect, since 

the main target is to implement intra body network inside the human body via 

distributing 𝐵𝑒𝑁𝑠, the device shape selected carefully to adapt to the human 

body environment. In particular, the small dimensions and arbitrary orientation 

of the 𝐵𝑒𝑁𝑠 mean that the directivity cannot be exploited in either the 

transmitter or the receiver. Therefore, an omnidirectional transducer was 

employed. As such, the 𝐵𝑒𝑁𝑠 could communicate even when they are 

distributed over a large distance and arbitrary orientation inside the body.  
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2. To counter an increasing bit, and thus packet, error rate with distance, error 

correction encoding scheme has incorporated. Thus, effective and error-free 

data was demonstrated even at low signal to noise ratio (𝑆𝑁𝑅) transmission. 

3. Employed a method, using low duty cycle transmission pulse sequences with 

relaxation intervals, to overcome the multi-propagation path effect that 

influences the ultrasound communication link and slow down the data rate.  

4. The main drivers for the prototype design were the minimisation of hardware 

complexity and power consumption. At the transmitter, a low duty cycle 

transmission was employed. As such, the radiated energy per transmission bit is 

a low proportion of the overall energy per bit (energy efficient). At the receiver 

circuitry, the chosen modulation was a scheme that could be received with 

minimal energy and circuit area whilst also being tolerant of the multipath 

distortions. Additionally, the prototype demonstrates scalability towards low 

power consumption. 

1.4 Thesis Summary 

The thesis is structured as follows: 

• Chapter 2 (Literature Review)  

In this chapter, the devices that have been reported in the literature since 2010 

were explored. An empirical review of the state of the art technology and 

communication protocols is presented, as well as comparing the implications in 

terms of transmission distance, implant size, and data rate. 

• Chapter 3 (Ultrasound Communication System) 

This chapter provides an in-depth analysis of the fundamentals of ultrasound 

transducers, also the background theory of the ultrasound communication 

systems. 

• Chapter 4 (System Architecture) 

In this chapter, the piezoelectric transducer is implemented and tested in terms 

of impedance measurements and how it affected by the encapsulation of the 

transducer. The ultrasound electronics design and simulation results are 

presented. Moreover, the system 𝑃𝐶𝐵 design and software architecture are 

presented.   
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• Chapter 5 (System Level Testing) 

In this chapter, the transducer calibration test is performed, also a tissue 

phantom experimental test is implemented to evaluate the system performance 

in terms of packet and bit error rate, energy consumption and energy per bit.  

• Chapter 6 (Conclusion and Future Work)  

This chapter concludes the key contributions of the preceding chapters and 

highlights the findings of this work. The author also addresses some aspects of 

future work and highlight some areas where further contribution can be made 

for this work. 

1.5 Research Contribution  

This research project has taken place in the Electrical and Electronic Engineering 

Department at the School of Engineering. Two main experimental rigs are implemented 

for this project, the tissue phantom experiment has taken place in the Neuroprosthesis 

Lab, and the ultrasound transducer implementation and calibration have taken place in 

the Sensors, Electromagnetics and Acoustic (SEA) lab.  Table 1-1 shows the main team 

members collaboration.  

Table 1-1: Table of contribution. 

 Banafsaj (Violet) Jaafar 
(primary) 

Others(secondary) 

Ultrasound transducers Design and fabrication  

Transducer electronics Design, simulation and PCB.  

Experimental setup Designed and performed 
the experiments. 

 

Embedded control unit The embedded control unit 
and ultrasound 
communication link 
integration. 

Embedded control unit 
utilised from Jun Luo. 

Software programming  Software development for 
the communication link. 

 

RS code  Implemented MATLAB 
code. 

Reed Solomon- C 
programming code utilised 
from Jeff Neasham and then 
adapted for my system. 
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Chapter 2. Literature Review 

2.1 Introduction 

Implantable devices have substantial therapeutic potentials such as providing long-term 

monitoring and accurate measurement, controlling of living organ or tissue, and a 

replacement or support of biological organ functionality. Several proposals are 

developed to be nowadays applications that are used by millions due to their vitality in 

facilitating a patient’s daily life.  

Over the past four decades, there has been an increase in the development and 

utilisation of Implantable Medical Devices. An example of these implanted devices is 

shown in Figure 2-1: 

1. Deep brain pacemakers became available in the 1990s [13], and have been used 

by over 160,000 [14] patients to treat several conditions such as Parkinson's 

[15], dystonia [16] and epilepsy [17]. The device includes implanting electrodes 

that placed in a certain area of the brain for stimulation. The electrodes are 

connected by leads to the 𝐼𝑃𝐺 unit which is powered by a battery [14], see Figure 

2-1 (a).  

2. Pacemaker: The first battery-powered cardiac pacemaker became available in 

1969 [18], nowadays pacemaker is a live-saving for many individuals with certain 

heart conditions and disorders, it consists of a hermetic 𝐼𝑃𝐺 unit with leads to a 

neural stimulator into the heart tissue, see Figure 2-1 (b).  

3. Implantable insulin pump: The first implantable insulin pump human trial was in 

1980 [19], it includes a battery-powered implanted device that mimics the 

pancreas by providing the required insulin to the diabetic human, see Figure 2-1 

(c).  

4. The sacral nerve stimulator controls the patient’s bladder, bowel, and pelvic 

functions by electrically stimulating the sacral nerve. Hence, the sensation of 

bladder fullness will be perceived. The device implanted in the lower side under 

the skin of the patient’s back [20], see Figure 2-1 (d).  

5. Retinal prosthesis first approved by the food and drug administration (𝐹𝐷𝐴) in 

2013 [21], retinal implant utilised to restore a limited sight for patients who lost 
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their vision due to retinitis pigmentosa or age-related macular degeneration. The 

implant includes eyeglasses that hold a camera, video processing unit and a 

transmitter, electrode array implanted on the back of the eye to stimulate the 

retina cells, See Figure 2-1 (e). 

6. Cochlear neuroprosthetics became available in the 1970s [22] to help patients 

that suffering from sensorineural hearing loss, it consist of two parts, see Figure 

2-1 (f): the first part is external processor unit that sits behind the ear, and the 

second part is the implanted unit that sends the electrical signals to the cochlea. 

7. Vagus nerve stimulator first human trial performed in 1988 [23], similar to the 

pacemaker, it includes 𝐼𝑃𝐺 unit with electrodes connected to the left vagus 

nerve in the human neck, See Figure 2-1 (g), the 𝐼𝑃𝐺 unit sends mild electrical 

signals to inhibit the abnormal brain activity such as the epileptic seizures. 

8. Spinal cord stimulators became available in 1967 [24] for relieving chronic pain 

by masking the pain signals before they arriving the brain, it consists of 𝐼𝑃𝐺 unit 

that generates a moderate electric current signal to stimulate the spinal cord, 

see Figure 2-1 (h).  
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Figure 2-1: Types of the current implantable devices: (a) Deep brain stimulation 
implant from Medtronic; (b) Heart pacemaker (Azure) from Medtronic; (c) 
Implantable insulin pump (Synchromed) from Medtronic; (d) Sacral nerve stimulator 
from Medtronic; (e) Retinal implant (Argus II) from Second Sight Medical Products; 
(f) Cochlear implant from Oticon medical; (g) Vagus nerve stimulator from 
Cyberonics; (h) Spinal cord implant from Abbott. 

 

2.2 IMDs Communication Overview 

The architecture of 𝐴𝐼𝑀𝐷𝑠 typically consists of a hermetic 𝐼𝑃𝐺 with leads to a neural 

stimulator (or recorder) that is implanted into the target tissue. The configurations vary 

according to the application. For example, Sensory prosthetics require a continuous 

stream of visual [25] or auditory information [26].  Relatively passive systems such as 

bladder and bowel incontinence implants [27] require some level of external user 
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control. Even pacemaker type devices are increasingly requiring sophisticated 

communication schemes. For instance, pulse generators for conditions such as epilepsy 

[28] require considerable tuning to the individual. This is best performed after the 

analysis of significant amounts of the patient's individual brain data. Therefore, such 

devices transmit significant patient data to online medical clouds on a regular basis. For 

each of these examples, the current communication protocol is typically 𝑅𝐹, although, 

in one of the cases of retinal prosthetics, optical communication is used [29]. 

A further interesting domain is the relatively new field of 'bioelectronic medicine' [30]. 

Despite advances in pharmaceuticals, treatments for chronic conditions such as lupus 

[4], inflammatory diseases [3] and arthritis [31] remain problematic. Such chronic 

conditions typically occur at later stages in the individual's life and correspond to 

changes in the body's chemistry and inflammatory systems. 

Table 2-1 provides examples of some existing implanted devices, the telemetry distance, 

and the required communication rate. In nearly all these cases, telemetry is performed 

via 𝑅𝐹 transmission. 𝑅𝐹 has some significant advantages in moderate to high data rates 

and has lots of architecture already in place [32]. At lower frequencies, it is possible to 

penetrate further, albeit at lower data rates. At frequencies less than 1 𝐺𝐻𝑧, the 

transmission is almost always in the near field, which means there are some directional 

sensitivity and antenna alignment required. Also, operational frequencies are generally 

limited to those within the MedRadio and 𝐼𝑆𝑀  bands.  

Optical transmission is currently clinically limited to one architectural form of the visual 

prosthesis [29], with transmission through the (transparent) eye. Optical 

communication in the near infrared is the basis for much of the world's communication 

architecture and can reach very high data rates. Though in practice power limitations on 

the implantable side, and challenges in connecting highly collimated beams will reduce 

the data rates to considerably less than the 𝐺𝑏𝑖𝑡𝑠/𝑠 transmission rates that can be 

achieved in optic fibre networks. 
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Table 2-1: Overview of medical communications implants. 

Medical devices Distance (mm) Data rate Comm type Source 

𝑅𝐹 communications 

Heart pacemakers 20 −  30 1 𝑀𝑏𝑝𝑠 Percutaneous [33, 34] 

Cochlear prostheses 9 400 𝑘𝑏𝑝𝑠 
600 𝑘𝑏𝑝𝑠 

Percutaneous [35-37]     

Implantable pain 
controllers 

10 − 12 - Percutaneous [37, 38]    

Sacral 
neuromodulation 
implant 

20 - Percutaneous [39]   

Retinal prosthesis 20 − 50 2.5 𝑀𝑏𝑝𝑠 Percutaneous [37, 40] 

Neural recording 
implant 

20 3 𝑀𝑏𝑝𝑠 Percutaneous [41] 

Optical communications 

Retinal prosthetics  > 1𝑀𝑏𝑝𝑠 Per-ocular [25, 29] 

Ultrasonic communications (currently conceptual) 

Bioelectronic multi-
devices 

150 1 𝑘𝑏𝑝𝑠 Intrabody [42]   

 

The required data rate for a given 𝐴𝐼𝑀𝐷 can vary widely, depending on the application. 

Furthermore, the temporal requirement for data rate can be very different. Sensory 

prosthetics such as vision and cochlear prostheses need a continuous data stream. Other 

systems, such as pacemakers and pain controllers will typically operate independently, 

but then transmit stored at specific timepoints. In this case, processing may occur 

through some form of relay system to a medical cloud for processing. Thus, the data 

transfer rate may depend on how long an individual is prepared to be stationary to allow 

reliable transfer to a relay device that transfers data to the cloud. 

A further consideration is component size. As bioelectronic interventions increase, there 

is a desire for simpler, less invasive surgery. As such, it is desirable for devices to be able 

to be inserted via keyhole surgery or through a simple injection. Such devices need to 

be similar to the animal radio frequency identification (𝑅𝐹𝐼𝐷) tags in the shape and size 

to be inserted with the minor operation, Figure 2-2 presents a model of the animal tags 

chips. Much of that miniaturisation relates to the battery and power requirements of 

the device. But as implantable systems become smaller, antenna size becomes 

increasingly important. Furthermore, implant size has implications for the type of 

transmission that possible. i.e., small globular implants are more suited to 
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omnidirectional or semi-directional transmission rather than transmitting all 

information in a narrow optimal direction.  

𝑅𝐹 transmission is expected to remain the dominant form of per-cutaneous 

communications – as it has a very strong mixture of high data rate, tolerance to antenna 

misalignment, and a long history of development. Optical systems may also play a future 

role in very high data rate transmissions. However, for deeper transmissions, both 

optical and high frequency 𝑅𝐹 are subject to severe scattering and absorption losses. 

Low frequency 𝑅𝐹 requires an increasingly large antenna which is not desirable for 

injectable devices. There should, therefore, be niche domains in which ultrasound may 

be an attractive alternative. At the current time, there are no clinical systems that utilise 

ultrasound as a communication method. However, it is widely used for in-body imaging 

[43], obstetrical ultrasound to monitor the fetus development during pregnancy as well 

as the mother's uterus and ovaries [44], and finally in some forms of therapeutic 

intervention such as kidney stone removal [45]. Its physiological effects are well 

understood, and thus clinical utilisation, especially for monitoring the women and 

babies during pregnancy, has no inherent regulatory barriers and no known harmful 

effects on humans. 

As such, the objective of this chapter is to take an empirical review of the state of the 

art to explore which domains ultrasonic communications may be the optimum solution. 
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Figure 2-2: Animal RFID implanted chip: (a) Glass tags animal implanted chips with 
different dimensions from Hid Global; (b) A model of the animal implanted chip with 
the injection syringe needle [46]; (c) 3D view of the animal implanted tag [47]. 

 

2.3 Comparative Transmission Technologies 

There are three primary methods suitable for percutaneous and intra-body 

communications: Electromagnetic signal transmission in the 𝑅𝐹 domain, optical 

transmission in the red/near infra-red spectral domain, and ultrasonic transmission.  

2.3.1 RF Transmission Link 

In general, most current medical devices utilise RF methods. RF occupies the frequency 

range from 3 𝑘𝐻𝑧 to 300 𝐺𝐻𝑧 of the spectrum [48].  
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However, frequencies above 3 𝐺𝐻𝑧 are problematic due to absorption in the tissue. 

Within these frequencies, there are two applicable standards current 𝐼𝑆𝑀   

(6.78, 13.56, 27.12,40.68, 433.92, 915, 2450, 5725)𝑀𝐻𝑧 of channel bandwidth 

(0.03, 0.014, 0.326, 0.04, 1.74, 26, 100, 𝑎𝑛𝑑 150) 𝑀𝐻𝑧 respectively and MedRadio 

(403, 416, 429, 441, 454,+ 3) 𝑀𝐻𝑧 bands, the channel bandwidth of MedRadio bands 

is ranging between 100 𝑘𝐻𝑧 to 6 𝑀𝐻𝑧 and is permitted only to the Federal 

Communication Commission (𝐹𝐶𝐶) authorised health care providers [49, 50]. 

The wavelengths of the 𝑅𝐹 in these bands vary between 10 𝑐𝑚 (2.4 𝐺𝐻𝑧) and 

44 𝑚 (6.78 𝑀𝐻𝑧). In general, the antenna is much smaller than these wavelengths. As 

such, transmission distances can be defined into 3 bands: Where transmission distance 

𝑑 << 𝜆, then we define it to be in the (non-radiating) near-field. If 𝑑 >> 𝜆, then it is in 

the (radiating) far-field, and in between is the mid-field [51, 52]. Thus, for almost all 

cases described in Table 2-1, the ‘transmission mode’ is in the near field or midfield.  

Near field approaches are used for different applications such as 𝑅𝐹𝐼𝐷 and biomedical 

applications such as cochlear implants. It should be noted that the energy spreading loss 

with distance in the near field is  
1

𝑟3
  compared to  

1

𝑟2
  for a non-directional beam. So, it 

operates best over shorter distances. An example of this transmission is from Catrysse 

et al. who presented an inductive bi-directional data transmission link using 700 𝑘𝐻𝑧 

operation frequency. The coil's diameters were 60 𝑚𝑚 and 20 𝑚𝑚 for the primary and 

secondary respectively. The nominal transmission distance was 30 𝑚𝑚, the achieved 

data rate is 60 𝑘𝑏𝑝𝑠 [53]. These dimensions are suitable for larger implants but are more 

difficult for injectable devices.  Jiang et al. [54], presented a Passive Phase Shift Keying 

(𝑃𝑃𝑆𝐾) modulator for biomedical implants using an inductive link that operates at 

1 . 6 MHz. The coil’s diameters were 16 𝑚𝑚 for the primary and 25 𝑚𝑚 for the 

secondary to overcome the possible misalignment. They achieved a data rate and bit 

error rate of 1.35 𝑀𝑏𝑝𝑠 and 10−8 respectively at 9 𝑚𝑚 distance through pork skin. Kiani 

et al. [55], achieved a higher data rate of 13.56 𝑀𝑏𝑝𝑠 with a bit error rate 10−7 at carrier 

frequency 50 𝑀𝐻𝑧 by employing a Pulse Delay Modulation (𝑃𝐷𝑀) technique and dual-

band inductive link. The downlink communication results were measured at 

10 𝑚𝑚 distance between the inductive link. The size of the coils for the communication 

link were (10 × 10) 𝑚𝑚 and (30 × 30) 𝑚𝑚.    
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The mid-field is the transition between the far-field and near field. Poon et al. [56] 

explored this domain in the low gigahertz frequency range for both wireless power 

transfer and data communication. Operating in this frequency range allows miniature 

millimetre implant size and wider bandwidth (thus higher data rate). Similarly, Yakovlev 

et al. [57] presented the experiment results in a 3.5 𝑐𝑚 porcine heart. They achieved 4 

to 20 𝑀𝑏𝑝𝑠 at 1.32 𝐺𝐻𝑧 operation frequency. However, high tissue attenuation and 

misalignment are still major challenges in this region [58]. 

2.3.2 Optical Transmission Link 

An alternative form of communication is a direct optical link. Optical communications 

are widely used in the telecoms industry, and 800 − 1300 𝑛𝑚 optical communications 

wavelengths match the optimum transmission band in tissue [59]. As such, Liu et al. have 

demonstrated a peak transmission at 50 𝑀𝑏𝑝𝑠 up to 4 𝑚𝑚 depth of tissue [60]. 

However, this can only be achieved with precise alignment. Such alignment can become 

increasingly difficult with depth, especially in cases where the implant may under some 

rotation. Non-collimated light emitted diodes (𝐿𝐸𝐷𝑠) in comparison typically provide a 

Lambertian emission sphere, which reduces alignment constraints. But in return, the 

signal degrades with the square of the depth before tissue scattering effects are 

considered. As such, significant amplification may require or else 𝑆𝑁𝑅 can be poor. 

Given power limits inside the body, this means that the transmission rate will also decay 

with depth. As such, it is currently being clinically used in a particular form of 

transmission for retinal prosthetics where infrared pulses act as both power and data 

through the transparent eye.  

2.3.3 Ultrasound Transmission Link 

The final modality is ultrasound. Ultrasonic imaging is already in widespread clinical use, 

and its safe operational domains are well characterised, the 𝐹𝐷𝐴 limits the spectral peak 

temporal average intensity (𝐼𝑆𝑃𝑇𝐴) to be 720 𝑚𝑊/𝑐𝑚2 and the mechanical index to 1.9 

maximum for safety concerns [61]. To date, there has been some limited exploration of 

ultrasound for communications [62]. The primary domain for ultrasonic 

communications has been in the control, monitoring and positioning of underwater 

instruments and vehicles. This is the case because such waves experience vastly reduced 
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absorption loss compared to electromagnetic waves at typical 𝑅𝐹 communication 

frequencies (especially in seawater due to its high conductivity) and optical 

communication is also severely limited in range due to scattering by suspended particles 

[63]. AS such, acoustic waves at frequencies below 100 kHz have been used to carry 

data. Since human tissue is largely composed of water, and highly conductive, acoustic 

waves in the ultrasound region are also potentially the most efficient means of 

communication with deeper implants Figure 1-1 (b) and inter implant Figure 1-1 (c) 

communication. Table 2-2 presents the advantages and disadvantages of optical,  𝑅𝐹 

and ultrasound communication technologies. 

Table 2-2: Explain the pros and cons of optical, 𝑹𝑭 and ultrasound communication 

links. 

 Optical 𝑹𝑭 Ultrasound 

Mechanism Electromagnetic Electromagnetic Mechanical 

Wavelengths 800 -1300 nm 0.1 –  44 𝑚 
(2450 –  6.78 𝑀𝐻𝑧) 

15 –  0.75 𝑚𝑚 
(100
−  2000 𝑘𝐻𝑧) 

Safe limit 360 𝑚𝑊/𝑐𝑚2 
[64]   

1.6 𝑊/𝐾𝑔 720 𝑚𝑊/𝑐𝑚2  
[61] 

Advantages • Very high 
bandwidth and 
data rate (if 
collimated) 
• Provides a 
miniaturised 
antenna.   

• Regulatory regime well 
understood. 
• E isting incumbent 
technology base. 
• High data rates. 

• Can achieve 
much deeper 
penetration. 
• Transceivers 
can be very 
small. 
• Immunity to 
the 
electromagnetic 
interference of 
other devices. 
• Cause minimal 
tissue heating 
when operating 
at low 
frequencies. 

Disadvantages • High tissue 
scattering.  
• Limited 
effective 
penetration 
depth. 
• Alignment 
challenges with 

• High absorption loss in 
human tissue. 
• Supra 𝐺𝐻𝑧 bands limited 
by tissue heating effects. 
• Common ISM frequency 
bands are susceptible to 
interference with other 𝐼𝑆𝑀 
devices. 

• For longer 
distances, high 
tissue scattering. 
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collimated 
communications. 

• Leakage of signals in out 
the body gives the potential 
for eavesdropping, spoofing 
and denial of service 
attacks. 

 

2.4 Active Versus Passive Communication 

The carrier transmission for data transfer in a biomedical implant is a significant burden 

in terms of power consumption. Therefore, based on the application and the power 

budget, passive or active data telemetry can be utilised.  

Active communication systems include a power source that can independently transmit 

the carrier signal at each node. This approach provides robust communication 

depending on the power expended by the transmission amplifier. As such, optimisation 

needs to be performed especially on implantable nodes to trade the requirement for 

low power, with the requirement for an acceptable signal to noise ratio. Furthermore, 

it means that either sufficient power is being provided to an energy scavenger, and/or a 

battery needs to be used – adding to implant size. 

An alternative approach is to use scavenged energy to modify the properties of a 

transceiver such that signals are backscattered. If modulated correctly, all the power can 

be provided from an external transmitter. Thus, the implant can become considerably 

smaller. This is a significant advantage, leading to ultra-small implants. Nevertheless, 

there are some disadvantages, such as the backscatter temporal jitter effect that directly 

influences the retrieval of data. Also, in order to operate effectively, there must be an 

efficient power-coupling between the external device and an internal device which 

limits the transmission distance achieved with the passive data telemetry [65]. 

Therefore, it can only be used for shallow sub-cutaneous and sub-muscular 

communications scenarios, see Figure 1-1 (a). 

2.5 Comparison of The State of The Art 

27 devices have been explored in the literature since 2010 to understand and inform 

readers as to the direction of future research. The references [42, 66-90] for these 

papers have been summarised in Table 2-3 according to their form factor. There is a 
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further analysis with comparison tables (A-1 to A-6) provided in Appendix A. As such, 

the data from these tables have been compared in more detail and graphically in the 

next sections. 

Also, the reported ultrasound devices have been compared with some of the reported 

𝑅𝐹 inductive devices in references [53, 91-96] which operate up to 10 𝑀𝐻𝑧.   

Figure 2-3 shows the breakdown of the published papers according to their primary 

architectural considerations – the transducer form factor and the modulation type. 

Figure 2-3 (a) shows the breakdown of the number of papers according to the form 

factor that includes seven different types. As will be discussed, until recently, the most 

available transducer type was the disc form. Hence, the majority of papers have utilised 

this transducer form factor.  

Figure 2-3 (b) presents the modulation schemes that been used. It should be noted that 

backscattering is not strictly a modulation type, rather it is a form of transmission 

(passive rather than active) onto which other modulation can be implemented. But it 

has been included as only 5 papers have been published in this domain. On-Off Keying 

(𝑂𝑂𝐾) is the most commonly used modulation because it does not require 

sophisticated hardware to implement. More complex reported schemes include 

Quadrature Amplitude Modulation (𝑄𝐴𝑀), Quadrature Phase Shift Key (𝑄𝑃𝑆𝐾), and 

Orthogonal Frequency Division Modulation (𝑂𝐹𝐷𝑀) modulations. These advanced 

schemes have been employed to increase the data rate. However, more complex 

hardware and software are required to implement them (particularly the receiver) 

which in turn can consume more power.   An example of omnidirectional transducers 

that have been employed for ultrasound communication is sonomicrometry and tube 

shape, which are vibrating under the radial extension mode Figure 2-3 (c,d). 

Sonomicrometry transducers have been integrated on active Printed Circuit Board (PCB) 

circuitry Figure 2-3 (e). Similarly, Tube piezoelectric transducer has been integrated with 

active PCB circuitry for intrabody communication Figure 2-3 (f). Another example is the 

plate piezoelectric transducers that employed for ultrasound wireless power and data 

communication and integrated with passive circuitry Figure 2-3 (g). Similarly, cube 

piezoelectric transducers have been employed for neural dust. In the later case, a 

backscattering communication approach was adopted Figure 2-3 (h).
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Table 2-3: Summary of all reported ultrasonic transducers that have been employed 
for communication links. 

Transduce
r type 

Size  

(𝒎𝒎) 

Resonan
ce 
frequenc
y (𝑴𝑯𝒛) 

Modulatio
n 

Data rate 
(𝒌𝒃𝒑𝒔) 

Transmis
sion 
distance 
(𝒎𝒎) 

Refere
nces 

Directiona
l disc 

Diameter 
(1.1 –  19) 

0.5 − 5 𝐴𝑆𝐾, 
𝐹𝑆𝐾, 𝑃𝑆𝐾, 
𝑂𝑂𝐾-
𝑂𝐹𝐷𝑀, 
𝑄𝐴𝑀, 
𝑃𝑃𝑀, 
𝑂𝑂𝐾 −
𝑃𝑀, 
Backscatte
ring. 

0.5
− 30,000 

10
− 180 

[70, 74-
81, 83-
85] 

Directiona
l plate 

𝑊(0.55 −
1.44) x 
𝐿(0.5 −
1.08) x  
𝐻(0.9 −
1.08) 

1 − 2.5 𝑂𝑂𝐾, 
𝑄𝑃𝑆𝐾 

25 − 250 30 − 85 [68, 69, 
86] 

Directiona
l cube 

𝑊(0.75-
1.44) x 
𝐿(0.75-
1.44) x 
𝐻(0.75-
1.44) 

1 − 1.85 𝑂𝑂𝐾, 
backscatte
ring 

500 8.9 − 60 [71, 82, 
87, 90] 

Directiona
l PMUT 

𝑊(0.5) x 
𝐿(3) x 𝐻(3) 

0.6 𝐵𝑃𝑆𝐾, 
𝑄𝑃𝑆𝐾 

298
− 596 

50 [72] 

Omnidirec
tional 
sonomicro
metry 

1 − 2 
(diameter) 

1.2 − 1.3 𝑂𝑂𝐾,  

𝑄𝐴𝑀, 

 𝑂𝐹𝐷𝑀 

200
− 1000 

30
− 100 

[66, 67, 
88, 97] 

 
Omnidirec
tional 
tube 

𝑊(2.5) x 
𝐿(3.5) x 
𝐻(3) 

0.32 𝑂𝑂𝐾 1 − 70 10
− 360 

[42, 73] 
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Figure 2-3: The reported transducer shapes, modulation schemes and prototypes. (a) The number of publications versus piezoceramic types that 
have been used for ultrasound communication in the last 10 years; (b) Modulation schemes that have been used for ultrasound communication; 
(c), (d) Examples of ultrasound transducers; (e) Examples of transducers with active circuitry, The transmitter (left) and the receiver (right) of the 
system using off-chip sonomicrometry piezoelectric transducer [66]; (f) PCB transceiver for intrabody communication using tube piezoelectric 
transducer [42]; (g) Fully packaged PCB implanted device for ultrasound data communication using plate piezoelectric transducers [68]; (h) Fully 
packaged implanted neural dust, cube piezoelectric transducer is employed [82]. 

      

     

      

   

 a  b 
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2.5.1 Transducer Form Factor Versus Data Rate 

A key requirement for any communication system is its data rate. Higher is almost 

always better for two reasons – (i) it allows more data within a given transmission time 

limit and (ii) for a given quantity of data, the transmission time is shorter, reducing the 

transmitter on-time, and thus power consumption.  

The first exploration of the ultrasonic communication method for implantable medical 

devices was in the 2011 publication by Tsai et al. [85]. In that work, and up until 2016, 

research was performed with directional disc transducers as these were readily available 

from ultrasound imaging efforts. Since then, several other device form factors have been 

explored. Figure 2-4 presents the achieved data rate for the reported work in the last 

ten years. The directivity of the transducers is highlighted in the legend, with blue shapes 

indicating directional and red indicating omnidirectional. 

Over this accumulated effort, the data rate has varied widely between 0.5 to 30000 

𝑘𝑏𝑝𝑠. It is interesting to note that the graph does not show a steadily improving data 

rate with the publication year. There are a number of interesting reasons for this.  

Considering the channel capacity of a communication system is proportion to the 

bandwidth (which in turn scales with operating frequency) and 𝑆𝑁𝑅. In the subsequent 

sections, frequency and bandwidth will be explored, but it should be noted that the 

signal strength (and thus 𝑆𝑁𝑅) is determined by how the signal propagates. i.e. if the 

communication is directional, then there will be more energy received over a defined 

distance than if it was omnidirectional. As such, the highest data rates have been 

achieved with (directional) form factors (disc, plate and Piezoelectric Micromachined 

Ultrasonic Transducers (𝑃𝑀𝑈𝑇)). However, it should be further note that it is not just 

the form factor that determines directionality. Placement of electrodes and the 

presence of any lensing or reflecting materials will also play a part. 

There are also three further confounding factors that will be discussed in more detail: 

1. Longer transmission depth and increased operating frequency both reduce the 

signal due to attenuation. 
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2. Over longer distances and lower frequencies, there is an increasing probability 

of multipath effects which causes dispersion in the received pulses (Intersymbol 

interference (𝐼𝑆𝐼)), which will be explained in the next chapter.  

3. The data rate quoted on many papers is a raw rate that does not include issues 

such as error correction/detection overhead, synchronisation overhead and 

packet losses. Thus, the data throughput in real applications is likely to be 

substantially lower. 

 

Figure 2-4: The achieved data rate of the reported transducers versus the 
publication year, red colour devices are indicating the omnidirectional transmission 
(i.e., in many directions) and blue devices indicate the directional transmission. Prior 
to 𝟐𝟎𝟏𝟕, all research was done with disc shaped transducers. Subsequently, there 
have been a variety of form factors. 

2.5.2 Transmission Distance Versus Transducer Size and Frequency 

As per Shannon-Hartley theorem, which will be explained in detail in section 3.7, the 

data rate of a transmission system depends on bandwidth, which in turn is a function of 

operating frequency. But when considering frequency, to make a fair comparison, the 

transmission depth and the transducer size need also to be considered. It is also useful 

to contrast ultrasound communication links with what is possible with 𝑅𝐹. 

Figure 2-5 shows the relationship between transmission distance (left y-axis, blue 

circles), Antenna area (right y-axis, red triangles), and operating frequency (x-axis). This 

is from the published record, so it does not necessarily show minimum limits. However, 

a graph of the general expected relationship has derived between transmission distance 
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and operating frequency, and the maximum values from the literature. Also, for 

comparison, Figure 2-5 (a) shows ultrasound devices, and Figure 2-5 (b) shows some 

published 𝑅𝐹 devices. An example from this figure is reference [68] which demonstrated 

an ultrasonic device with 1.48 𝑚𝑚2 antenna area and 2.5 𝑀𝐻𝑧 operation frequency can 

communicate at 85 𝑚𝑚 distance in castor oil. An important caveat is that the reported 

transmission distance does not necessarily represent the transmission limit. In some 

cases, it was simply the distance at which the experiment was measured. In others, it 

was whatever distance the authors arbitrarily determined provided an acceptable 

signal. There is no consistent definition of how to determine the maximum transmission 

distance in these papers. For an implantable device, an arbitrary transducer 

(piezoelectric or antenna) was placed with a maximum area of 100 𝑚𝑚2 as a guide. 

Triangles above this line indicate large transducers and those below demonstrate 

smaller ones.
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Figure 2-5: A comparison of penetration depth and antenna area for (a) Ultrasound (b) 𝑹𝑭 communications. An arbitrary transducer size limit 

was set of 𝟏𝟎𝟎 𝒎𝒎𝟐 (𝟏𝟎 𝒙 𝟏𝟎 𝒎𝒎) to allow proper comparison. An example from this figure is reference [68] which demonstrated an ultrasonic 
device with 𝟏. 𝟒𝟖 𝒎𝒎𝟐 antenna area and 𝟐. 𝟓 𝑴𝑯𝒛 operation frequency can communicate at 𝟖𝟓 𝒎𝒎 distance in castor oil.  
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As per equation 3-1, which will be explained in the next chapter, the absorption of an 

ultrasonic beam in soft tissue is a function of frequency, with ~1 𝑑𝐵 per 𝑐𝑚 for 1 𝑀𝐻𝑧. 

For emitters with dispersive profiles, there is an additional effect of the power being 

divided by the dispersal surface at a given distance (e.g. for a spherical emission: 1 ⁄

(4𝜋𝑟^2)). So, for deeper implants, the power of the transmitter needs to be increased 

and/or the gain of the receiving amplifier. As such, an analysis of depth is multifunction 

with power, frequency, and beam shape. However, none of the efforts to date have 

presented an optimised microelectronic implementation of ultrasonic transceiver 

electronics, so it is not possible to provide a fair comparison. Therefore, a comparison 

of what data is available in terms of transmission distance versus frequency is presented 

in Figure 2-6 (a). 

An important caveat for Figure 2-6 (a) is that the reported transmission distance does 

not necessarily represent the transmission limit. In some cases, it was simply the 

distance at which the experiment was measured. In others, it was whatever distance the 

authors arbitrarily determined provided an acceptable signal such as the transducer 

natural focus. There is no consistent definition of how to determine the maximum 

transmission distance (independent of signal strength) in these papers. for example, the 

Beer-Lambert law suggests a definition of penetration depth where the intensity 

reaches 1/𝑒 (−4.3 𝑑𝐵) of its original intensity. However, perhaps a more useful 

definition might be: 

 𝑈𝑃𝐷 = −10𝑑𝐵                            2-1 

 
 

Where UPD is the ultrasonic penetration depth and −10 𝑑𝐵 represents a 90% loss of 

intensity. This would equate to ~10 𝑐𝑚 penetration of soft tissue with 1 𝑀𝐻𝑧 or 20 𝑐𝑚 

penetration at 500 𝑘𝐻𝑧, which is broadly in line with what can be seen in Figure 2-6 (a). 

A relationship for this limit has been sketched in blue. Chang et al. [68] are above the 

curve, but they used a compound phantom where a kidney (2 𝑑𝐵/𝑐𝑚) was embedded 

in a larger much lower attenuating medium (0.1 𝑑𝐵/𝑐𝑚). The body will likewise have 

varying attenuation for different tissues, so we should view a −10 𝑑𝐵 limit as a guide 

rather than a fixed boundary.  
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Although the increasing attenuation can broadly be seen as a negative to the signal to 

noise ratio and thus the data rate, it has an important secondary effect. Multipath will 

be longer than the primary path. As such, for higher frequencies, these multipath will 

attenuate more and, for some systems (certainly shorter distance systems), will 

significantly reduce the effect. As such, mitigations such as guard intervals can be 

significantly reduced, thus significantly increasing the data rate. 

For comparison, some 𝑅𝐹 references in these frequencies are included. Normally 

𝐼𝑆𝑀/𝑀𝑒𝑑𝑅𝑎𝑑𝑖𝑜 operate at much higher frequencies around 400 𝑀𝐻𝑧 –  2.4 𝐺𝐻𝑧. But 

these references provide an empirical view for the crossover between relative 

penetration depth for ultrasound and 𝑅𝐹. 

Figure 2-6 (b) provides the area of the largest side of the ultrasonic transducers to date 

(blue circles). For comparison, the sizes of some 𝑅𝐹 antennae (red circles) have also 

been provided. As there are only a few references for 𝑃𝑀𝑈𝑇 and tube-shaped 

transducers, these data points have augmented with additional values available from 

transducer suppliers Meggitt Ferroperm. As can be seen, the minimum area of the 

antenna tends to around 10 mm2.  Ultrasound, in contrast, tends to around 1 mm2.  

There is, however, a caveat for small area ultrasound transducers, which can be seen in 

equation 3-4 (will be explained in detail in section 3.2.8). If the frequency is 1 𝑀𝐻𝑧 (𝜆 =

1.5 𝑚𝑚), then for a 1 mm2 area, the focus is <<  1 𝑚𝑚. i.e. the emission will be 

dispersive. That will reduce the intensity for a given distance but will also make the 

implant less dependent on transducer angle.  

For a final comparison of the published data, two broad ultrasound scenarios are 

presented in Figure 2-6 (c,d) along with 𝑅𝐹 Figure 2-6 (e). The lines represent the 

published data, whereas the yellow regions represent what believe to be the general 

operating range for each category assuming optimisation. 𝑅𝐹 presents a generally good 

methodology for all categories. the data rate has extended up to the 𝑀𝑏/𝑠 range as this 

is technically feasible for some of the higher frequency MedRadio bands whilst still being 

able to penetrate some 𝑚𝑚 into tissue. 

The first ultrasonic domain is presented in Figure 2-6 (c), which can be utilised for deep 

implants Figure 1-1 (b) and intrabody communication Figure 1-1 (c). Given the longer 



 29 

distances, lower frequencies between 0.1 −  2.5 𝑀𝐻𝑧 can be used. The implanted 

device can thus be very small and penetration depths long. However, in this domain, 

data rates will likely be low once multipath effects are taken into account. 

The first ultrasonic domain is presented in Figure 2-6 (d), which can be utilised for 

shallow implants Figure 1-1 (a). Given the shorter distances, frequencies >  2.5 𝑀𝐻𝑧 

can be used, leading to much higher data rates, with a much reduced multipath effect. 

The implanted device can be small, though the external device is likely to be long to 

provide a focused beam.  If optimised correctly, this domain could realistically compete 

with 𝑅𝐹, although the latter is a much more mature technology. 
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Figure 2-6: A comparison between the ultrasound and RF devices. (a) Explores the 
transmission distance versus the carrier frequency for the published experimental 
setup data. To provide context, the results are compared with some reported 
inductive 𝑹𝑭 links. two domains are highlighted: In red is the transmission distance 

provided by 𝑹𝑭 within the 𝟏𝟎𝟎 𝒎𝒎𝟐arbitrary size limit. In blue is the transmission 
distance provided by ultrasound within a defined size limit. It can be concluded that 
for short transmission distances, and within the < 𝟏𝟎 𝑴𝑯𝒛 operating frequency, 
ultrasound provides a niche beyond a few tens of millimetres; (b) Shows ultrasound 
and 𝑹𝑭 antenna area range for different form factors; (c) Ultrasound published data 
𝟑𝑫 representation that compares antenna area, data rate and penetration for the 
reported experimental data at operating frequency < 𝟐. 𝟓𝑴𝑯𝒛; (d)  Ultrasound 
published data 𝟑𝑫 representation that compares antenna area, data rate and 
penetration for the reported experimental data at operating frequency > 𝟐. 𝟓𝑴𝑯𝒛; 
(e) 𝑹𝑭 published data 𝟑𝑫 representation that compares antenna area, data rate and 
penetration. It is important to highlight that the presented 𝑹𝑭 data is for operating 
frequency < 𝟏𝟎 𝑴𝑯𝒛, 𝑹𝑭 antennas can operate up to 𝑮𝑯𝒛 frequencies. 
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2.5.3 Data Rate Versus Frequency and Distance 

The other key parameter from equation 3-13, which will be explained in detail in section 

3.7, is the bandwidth which scales with the carrier frequency. The literature published 

to date follows this trend, albeit with wide variation. Figure 2-7 (a) provides a plot of 

data rate vs carrier frequency for each of the published papers. A boundary line is 

sketched through the highest reported values to provide a trend.  

There are a number of reasons for the large variation in the data. Not all authors have 

focused on optimising the data rate. More fundamentally, although bandwidth can 

increase with operating frequency, in practice, there are also other parameters. High Q-

factor transducers will provide a greater output signal, but lower transmission 

bandwidth. Conversely, the opposite is true. Hence, data rate and distance 

penetration/power are not independent. 

A further issue is that with longer distances, there will be increased absorption and 

dispersion of the beam. Thus, for a given power budget, the 𝑆𝑁𝑅 will be reduced and 

thus the bit/packet error rate will worsen, thus reducing the effective data rate. The 

published data points for achieved data rate and bit error rate vs transmission distance 

can be seen in Figure 2-7 (b). Again, an expected trend line is presented going through 

the maximum achieved value. 

What can be seen from the data is that the correlation between data rate and distance 

is actually very weak. The reason for this can partially be explained by equation 3-4 

which will be discussed in more detail in section 3.2.8. i.e. most of the systems to date 

have utilised disc type transmitters that can focus ultrasound several 𝑐𝑚 into the tissue. 

In this case, the losses due to dispersion are relatively low, and thus other factors 

affecting the data rate are dominant. However, for non-directional approaches and for 

backscattering, the correlations should be much stronger. 

There are also two further considerations with distance: 

i. higher frequencies will attenuate faster with transmission depth compared to 

lower frequencies. 
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ii. over longer distances there is an increasing probability of multipath effects 

(described below).  

Finally, it should be noted that the data rate quoted on many papers is a raw rate that 

does not include issues such as error correction/detection overhead, synchronisation 

overhead and packet losses. Thus, the data throughput in real applications is likely to be 

substantially lower. 
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Figure 2-7: Key data rate and error rate of ultrasound communications: (a) Uncorrected data rate (i.e. including error), excluding reference [42], 
versus the operating resonance frequency of the reported devices, the dotted line represents the limit from the published data to date; (b) Explores 
both the data rate (left y-axis, blue circles) and 𝑩𝑬𝑹, (right y-axis, red triangles) versus transmission distance. Blue highlight is for where ultrasound 
shows superior properties over 𝑹𝑭 communications Uncorrected data rate and bit error rate, excluding reference [42], as a function of distance 
into the tissue. It can be seen that for short distances below 𝟒𝟎𝒎𝒎, it is generally better to use optical or 𝑹𝑭 methods.
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The required data rate for the implanted devices can be determined by the application 

and not all will require data rates that are as high as those with radio links. Achieving 

high data rate ultrasonic communication requires a sophisticated modulation scheme 

that employs multi-carrier transmission and/or channel equalisation which is more 

challenging in terms of implanted devices due to the high design complexity and energy 

demand. Conversely, a simple implant system with very low energy requirements and 

acceptable data rates for many applications can be achieved by adopting schemes with 

very simple demodulation, such as 𝑂𝑂𝐾 or pulse position modulation (𝑃𝑃𝑀), combined 

with time gating approaches to mitigate multipath effects. 

2.5.4 Passive versus active modulation 

Three possible scenarios for ultrasonic communication have presented in Figure 1-1: (i) 

shallow percutaneous communication (Figure 1-1 (a)) (ii) Deep percutaneous (Figure 1-1 

(b)) and (iii) intrabody communications (Figure 1-1 (c)). For the latter active 

communications are required i.e. both nodes on the communication link need to 

transmit their signals via amplifiers. However, for the first scenario and potentially the 

second (depending on depth and optimisation), there is the possibility of using a passive 

backscattering approach. 

Mazzilli et al. [77] presented such a technique. They used a microprocessor to modulate 

the transducer stiffness, allowing passive data transmission of “1” or “0”.  Ozeri et al. 

[79] used impedance mismatch to modulate the data by increasing the load resistance 

of the system by nine per cent which results in an increase in the acoustic reflection 

coefficients by twelve per cent. Finally, a fully passive wireless ultrasonic neural dust for 

peripheral nervous system recording was presented by Seo et al. [82], in this case, a 

series of 6 𝑥 540 𝑛𝑠 was transmitted every 100 µ𝑠 by the external transducer and 

reflected pulse intensities recorded by the external transceiver.  

Backscattering is also utilised in the 𝑅𝐹 space, notably with 𝑅𝐹𝐼𝐷. But as per section 

2.5.2, the advantage with ultrasonic approaches is that for longer distances (> a few 

10’𝑠 of mm) a smaller transducer can be achieved for a similar transmission distance 

and data rate. However, A further consideration for such approaches is that implant 

degradation tends to occur due to electrolytic effects under the influence of electric 
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fields. As such, if implants are not continuously powered, but passively await periodic 

signals, then their lifetime is effectively extended considerably. Or alternatively, the 

encapsulation requirements can be significantly relaxed. 

2.5.5 Effect of Modulation Type 

An analysis has provided in Figure 2-8 for 𝐵𝐸𝑅 performance (𝐵𝐸𝑅, left y-axis, red 

triangles) and data rate (right y-axis, blue circles) as a function of reported distance (x-

axis). It is hard to draw direct conclusions from the 𝐵𝐸𝑅 data. There is no consistent 

relationship between published data for 𝐵𝐸𝑅 and distance or for transmission type. The 

relatively consistent 𝐵𝐸𝑅 range of 10−6 to  10−4 indicates that various authors have 

designed their systems to operate in this range which is a reasonable target for a useful 

communication link. However, it should be noted that a 𝐵𝐸𝑅 of 10−4, though small, 

represents a 2.5% packet error rate if data was transmitted in 32-byte packets for 

example. Hence error detection or correction methodologies will certainly need to be 

included as per [42], especially if the cost of packet retransmissions is to be minimised 

within the energy budget of a given system. 

To summarise, multiple schemes have been used - 𝑂𝑂𝐾, 𝐴𝑆𝐾 – Amplitude Shift key, and 

𝑃𝑃𝑀 – Pulse Position Modulation. Additionally, some more complex symbol schemes 

have been used: 𝑄𝐴𝑀, 𝑄𝑃𝑆𝐾. Unsurprisingly those that used the latter functions 

achieved higher data rates. With advanced modulation methods, data rates in excess of 

10 𝑀𝑏𝑖𝑡𝑠/𝑠 have been achieved. However, there is a question mark as to the energy 

cost of demodulation for an implant. Programmable digital logic units typically used for 

prototyping can be very power-hungry, whereas optimised microelectronics much less 

so. Furthermore, if data transmission can occur over a short time, then wake-up cycles 

can be much shorter and sleep cycles longer, thus conserving power. Such optimisation 

analysis has not yet been performed. 

A further issue to consider is that in most of the literature to date is that the phantoms 

used are: (i) relatively homogeneous and (ii) relatively small compared to the man torso. 

As such, the real world multipath scattering effects may be quite different. Thus, for 

longer transmission distances and transmission through less homogeneous tissue, these 
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effects may make the more complex modulation types much more difficult. i.e., bit error 

rates will increase and thus, effective data rates will decrease. 

 

Figure 2-8: The effect of modulation type on the data rate and bit error rate with 
distance. Modulation types: 𝑶𝑶𝑲, 𝑸𝑨𝑴, 𝑸𝑷𝑺𝑲, 𝑷𝑷𝑴, 𝑨𝑺𝑲 – Amplitude Shift key, 
𝑶𝑭𝑫𝑴. 

 

2.6 Previous Reported Work 

2.6.1 Directional Disc Transducer Form Factor 

Most of the reported work has employed the disc shape crystal because multiple off the 

shelf commercial transducers are available. The disc also allows for directional 

ultrasound communications. Further summary for the reported devices can be seen in 

Appendix A (Table A-1). 

Tsai et al. [85] demonstrated a prototype that includes ultrasonic data communication 

and ultrasonic power for neural stimulation application. They used a piezopolymer 

(𝑃𝑉𝐷𝐹) transducer with a 6 𝑚𝑚 diameter and 1 𝑀𝐻𝑧 operation frequency. An 

experimental set up presented to examine the prototype using a 5 𝑐𝑚 tissue phantom, 

the achieved data rate for the commands signals was 25 𝑘𝑏𝑝𝑠 and the 𝐵𝐸𝑅 was 10−6. 

However, only when the 𝑆𝑁𝑅 ratio higher than 10 𝑑𝐵 and the modulation scheme that 

they employed based on a fixed time interval which means take into account the off 

period after one or two sine wave pulses transmitted, in this period the receiver implant 
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will be on and hence that influence the power consumption. The focus of this paper was 

to assess the 𝐵𝐸𝑅 performance for different coding schemes. 

Another study carried out by Keramatzadeh et al. [74] to improve the data rate of 

multiple data streams for implanted microsystems, taking advantage of the frequency 

division multiplexing technique.  The input serial data bitstream is de-multiplexed into 

parallel concurrent sub-streams. These concurrent sub-streams are modulated using 

several subcarriers that were located within the bandwidth of the link. They used a 

single element commercial transducer 𝑇𝐿1000𝐾𝐴 operate at 1 𝑀𝐻𝑧 resonance 

frequency. An experiment set up conducted in saline to examine the designed link, the 

transducers immersed in saline at a distance of 3 𝑐𝑚. 𝑂𝑂𝐾 modulated is employed to 

encode the bit streams, eight concurrent bitstreams are transmitted through the 

ultrasonic link. The achieved data rate per channel was 15 𝑘𝑏𝑝𝑠 for each subcarrier. 

Power consumption study, however, is not reported for this system. 

Li et al. [75] presented a study to examine the feasibility of using the ultrasound link for 

body sensor network, they used two different commercial transducers operated at 500 

𝑘𝐻𝑧 and 40 𝑘𝐻𝑧 and examined the communication using 𝐴𝑆𝐾, 𝐹𝑆𝐾 and 𝑃𝑆𝐾 

modulation schemes in both air and water at distance of 10 𝑚𝑚. They found that 𝐵𝐹𝑆𝐾 

achieves better 𝐵𝐸𝑅 performance.  

Another study performed by Singer et al. [84] presented an 𝑀𝑏𝑝𝑠 data rate of an 

ultrasonic link which is sufficient for a high definition video stream. 𝑄𝐴𝑀 is employed 

for the data link, and the resonance frequency of the transducer is 5 𝑀𝐻𝑧, the 

transducers placed in a degassed water tank at distance: 5.86 𝑐𝑚, which is similar to the 

natural focus of the transducers. Tissue samples of beef liver and pork loin placed 

between the transducers, the transmitted signal followed by 1 𝑚𝑠 guard interval to 

overcome the multipath propagation. At the receiver end, the received signal from the 

transducer was filtered and amplified, then saved for offline computer processing. The 

achieved data rate was 5 𝑀𝑏𝑝𝑠 and up to 30 𝑀𝑏𝑝𝑠 depends on the modulation order, 

centre frequency, and symbol rate for both tissue samples. The same research group in 

[83] implemented the same experiment set up to examine the bit error rate 

performance. The achieved 𝐵𝐸𝑅 was less than 10−4  at 5.86 𝑐𝑚 distance. However, for 

64 − 𝑄𝐴𝑀 the 𝑆𝑁𝑅 was not sufficient to perform bit error rate measurement. Also, the 
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same group presented a method for high bandwidth acoustic communication and power 

transfer in a patent [98]. 

High data rate system for wireless intrabody network proposed by Demirors et al. [70], 

they implemented a software testbed and hardware for the transmitter and receiver, 

they used frequency division multiplexing signalling scheme and grey-coded modulation 

schemes to increase the data rate. Their system includes a transducer, switch (switching 

between the transmitter and receiver), a power amplifier/preamplifier, field-

programmable gate array (for the digital signal processing), and 𝑃𝐶 Matlab processing. 

They employed a commercial immersion transducer with 5 𝑀𝐻𝑧 centre frequency and 

9.5 𝑚𝑚 diameter. They used human kidney phantom for ultrasound communication link 

evaluation performed at 10 𝑐𝑚 distance. The observed data rate was 28.12 𝑀𝑏𝑝𝑠 but 

on the price of the 𝐵𝐸𝑅 which was 10−1  for 128 − 𝑄𝐴𝑀, and at 10−4  the data rate 

can be up to 1.3 𝑀𝑏𝑝𝑠 for 8 − 𝑄𝐴𝑀 modulation. 

Meng et al. [78] presented a concept design of a gastric seed to treat gastroparesis and 

functional dyspepsia disorders, they designed ultrasound wireless power and data that 

includes power management unit and two disc shapes transducers for data and 

powering that operates at 1 𝑀𝐻𝑧, and they employed time multiplex technique to avoid 

the interference between the data and power link. The prototype examined in water at 

37.5 𝑚𝑚 distance. The achieved data rate was 75 𝑘𝑝𝑏𝑠 at 1 𝑀𝐻𝑧 frequency using 𝑂𝑂𝐾 

modulation.  

Santagati et al. [80] presented a software-defined testbed architecture for intra-body 

area network application, they employed ultrasound wideband and medium access 

control protocols to overcome the multipath and interference. They implement a field-

programmable gate array-based system to be used for ultrasound wideband and 

medium access control protocols implementation. They used human kidney phantom to 

evaluate the system, the phantom, and coupling gel sandwiched between the 

transducers that operate at 5 𝑀𝐻𝑧 resonance frequency at 10 𝑐𝑚 distance. They 

demonstrated that a high data rate of 700 𝑘𝑏𝑝𝑠 and a 𝐵𝐸𝑅 of 10−6 can be achieved at 

40 µ𝑊 transmit power and 16 𝑑𝐵 𝑆𝑁𝑅, or a lower data rate of 70 𝑘𝑏𝑝𝑠 achieved at a 

lower transmit power of 8 µ𝑊 and 9 𝑑𝐵 𝑆𝑁𝑅. Also, the same group presented a 
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reconfigurable implantable medical system for both ultrasonic power control and 

telemetry in a patent [99]. 

Low power ultrasonic transmission platform for internet of medical things (𝐼𝑜𝑀𝑇) 

proposed by Santagati et al. in a research paper [81] and a patent [100], they presented 

a system that includes an implantable device called 𝐼𝑜𝑀𝑇-mote and a wearable device 

called 𝐼𝑜𝑀𝑇- patch, the implanted devices communicate with the wearable device using 

ultrasonic intra-body communication at 700 𝑘𝐻𝑧 resonance frequency. The 

propagation loss was examined using porcine meat and compared with 𝑅𝐹 2.4 𝐺𝐻𝑧 and 

403.5 𝑀𝐻𝑧 attenuation losses, the obtained attenuation for ultrasound link was 25 𝑑𝐵 

at 10 𝑐𝑚 distance which is lower than 𝑅𝐹 2.4 𝐺𝐻𝑧 attenuation by 70 𝑑𝐵 and 𝑅𝐹 

403.5 𝑀𝐻𝑧 𝑀𝐼𝐶𝑆 by 30 𝑑𝐵. Bit error rate performance was examined using thoracic 

phantom at 18 𝑐𝑚 distance for different code length and input power, the achieved bit 

error rate was 10−6  and the data rate was 90 𝑘𝑝𝑏𝑠 at code length of 1 and input power 

of 0.1 𝑚𝑊. The packet error rate of 𝐼𝑜𝑀𝑇- mote is examined for different transmit 

power and using 12 𝑐𝑚 porcine meat, the achieved packet error rate was  10−3  at 

−20 𝑑𝐵 input power and for code length and frame of 1. 

Ultrasonic data and power link presented by Luo et al. [76], they designed and fabricated 

in 0.35 µ𝑚 complementary metal-oxide-semiconductor (𝐶𝑀𝑂𝑆) chip that for deep 

tissue stimulation application. Pulsed 𝑂𝑂𝐾 was adapted to modulate the data, a bit "1" 

represented by two pulses and a bit "0" represented by one pulse both have a fixed 

period for the bit which is 40 µ𝑠. 1 𝑀𝐻𝑧 ultrasound transducer of 6 𝑚𝑚 diameters and 

2.55 𝑚𝑚 thickness employed for the experiment set up. The transducer implanted 

inside the rat tissue at the focal distance of the transducer 5 𝑐𝑚, the achieved data rate 

was 25 𝑘𝑏𝑝𝑠. However, the authors highlighted that the device could operate at the 

focal distance only and may not receive the data correctly if the distances vary. 

2.6.2 Directional Plate Transducer Form Factor 

Further summary for the reported devices can be seen in Appendix A (Table A-2). Jayant 

et al. [69] presented bi-direction transmission of millimetre size implantable device, they 

employed ultrasound communication for the downlink data only as it can be used for 

commands or control signals and they used the 𝑅𝐹 ultra-wideband (loop antenna) for 
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the data uplink transmission which can be utilised for transmitting sensor data. They 

employed lead zirconate titanate (𝑃𝑍𝑇) transducer that resonates at 1 𝑀𝐻𝑧 frequency. 

An experimental set up demonstrated for a fully packaged implant of (4 ×  7.8) 𝑚𝑚 

size, the implant embedded in 3 𝑐𝑚 distance of chicken breast, however, no evaluation 

for the ultrasound communication link in terms of bit error rate, packet error rate and 

𝑆𝑁𝑅 was presented. 

A fully packaged printed circuit board implant device is presented by Chang et al. [68], 

they used ultrasound link for wireless data and powering, two piezoelectric transducers 

employed for bi-directional data link and powering. They utilised two piezoelectric 

transducers to achieve full duplex. The receiver piezo ceramic transducer operates at 

0.95 𝑀𝐻𝑧 resonance frequency, the transmitter piezo ceramic operates at a higher 

resonance frequency of 2.5 𝑀𝐻𝑧. A fully packaged implant is evaluated in castor oil at 

8.5 𝑐𝑚 depth, the achieved bit error rate was less than 10−4  at 15 𝑑𝐵 signal to interface 

ratio, which is the same bit error rate achieved at 3.5 𝑐𝑚 distance and 27.4 𝑑𝐵 signal to 

interface ratio.  

An acoustic multiple-input/multiple-output (𝑀𝐼𝑀𝑂) system proposed by Wang et al. 

[86], they employed the 𝑀𝐼𝑀𝑂 to increase the data rate for intra-body communication 

implanted systems, they demonstrated their system in mineral oil at 5 𝑐𝑚 distance 

between the transmitter and receiver, they used 𝑃𝑍𝑇 operates in length expander mode 

and resonate at 1 𝑀𝐻𝑧 frequency. Two channels of the data stream are modulated with 

𝑄𝑃𝑆𝐾 and transmitted through the mineral oil, each channel has a data rate of 

125 𝑘𝑏𝑝𝑠 which in total produce 250 𝑘𝑏𝑝𝑠, the measured 𝐵𝐸𝑅 was below 10−4. 

2.6.3 Directional Cube Transducer Form Factor 

Wang et al. [87] designed an ultrasonic array that of 32 transducer elements to interface 

wirelessly with miniaturised active implanted devices for data and power exchange, the 

implant's transducer size is 1.44 𝑚𝑚3 that resonates at 1 𝑀𝐻𝑧 frequency, they 

demonstrated the communication link in castor oil at 6 𝑐𝑚 distance, the data is 

presented using two modulation scheme 𝑂𝑂𝐾 and 𝐴𝑆𝐾, the 𝐴𝑆𝐾 demonstrated by 

disabling elements in the transducer array. Further summary for the reported devices 

can be seen in Appendix A (Table A-3). 
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2.6.4 Directional PMUT Transducer Form Factor 

Herrera et al. [72] presented high data rate ultrasound communication link using 

aluminium nitride 𝑃𝑀𝑈𝑇 which can be employed for intrabody networks, they 

demonstrated real-time video streaming using two 𝑃𝑀𝑈𝑇𝑠 as transmitter and receiver 

through 5 cm tissue phantom, they compared the 𝑃𝑀𝑈𝑇 with 𝑃𝑍𝑇 transducer (700 𝑘𝐻𝑧 

centre frequency) in terms of bandwidth and data rate, results showed that 𝑃𝑀𝑈T 

provides higher bandwidth by two orders of magnitude than 𝑃𝑍𝑇 transducer. Two 

different modulation scheme employed to compare between the 𝑃𝑀𝑈T and 𝑃𝑍𝑇 

transducer, the 𝑃𝑀𝑈𝑇 operation frequency was 600 𝑘𝐻𝑧, results show that the data 

rate was the same for 𝑃𝑍𝑇 and 𝑃𝑀𝑈𝑇 which are 298 𝑘𝑏𝑝𝑠 and 596 𝑘𝑏𝑝𝑠 for the binary 

phase shift keying (𝐵𝑃𝑆𝐾) and 𝑄𝑃𝑆𝐾 at the same bandwidth for both 500 𝑘𝐻𝑧, the 

𝑃𝑀𝑈𝑇 transmission link, however, achieved 𝐵𝐸𝑅 for 𝐵𝑃𝑆𝐾 and 𝑄𝑃𝑆𝐾 was 10−6  and 

10−5  at 35 𝑑𝐵 𝑆𝑁𝑅. Further summary for the reported device can be seen in Appendix 

A (Table A-4). 

2.6.5 Omnidirectional Sonomicrometry Transducer Form Factor 

Kondapalli et al. [97] proposed a technique to establish a reliable multiple implants 

communication using sonomicrometry crystals of 1 𝑚𝑚 diameter, they employed on-

off keying modulation and the transmitted signal at 1.3 𝑀𝐻𝑧 frequency, and they 

present single-crystal communication using chicken breast tissue at 3 𝑐𝑚 to 10 𝑐𝑚 

distance. In addition, they demonstrate multi-access communication telemetry using 

three transmitters and one receiver, a 16 − 𝑏𝑖𝑡 Walsh- Hadamard orthogonal code 

employed for data encoding. The 𝐵𝐸𝑅, however, was 10−2  at 12 𝑑B 𝑆𝑁𝑅, and 

800 𝑘𝑏𝑝𝑠 data rate at 3 𝑐𝑚 distance.  

𝑄𝐴𝑀 communication link presented by Bos et al. [67], the proposed system for in-body 

communication application, they employed omnidirectional transducers that resonates 

at 1.2 𝑀𝐻𝑧, an experimental set up implemented to examine the communication using 

gelatine bone phantom at 8 𝑐𝑚 distance. The achieved data rate was 200 𝑘𝑏𝑝𝑠 using 

4 − 𝑄𝐴𝑀 modulation, the achieved 𝐵𝐸𝑅 was less than 10−4, the results compared with 

simulated results and the finite impulsive response channel models is characterised.  
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The same group in [66] employed 𝑂𝐹𝐷𝑀 modulation and designed transmitter and 

receiver 𝑃𝐶𝐵𝑠, the transmitter 𝑃𝐶𝐵 includes an amplifier of 11.9 𝑑𝐵 gain and off 𝑃𝐶𝐵 

transducer, in the receiver 𝑃𝐶𝐵 includes amplifier of 40 𝑑𝐵 gain and 4𝑡ℎ order 

Butterworth filter. The system examined using beef liver, the distance between the 

transmitter and receiver was 10 𝑐𝑚, the achieved data rate was higher 340 𝑘𝑏𝑝s and 

the 𝐵𝐸𝑅 was 10−4  at (17 −  19) 𝑑𝐵 energy per bit to the spectral noise (𝐸𝑏/𝑁𝑜). 

Further summary for the reported devices can be seen in Appendix A (Table A-5). 
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2.7 Conclusion 

𝑅𝐹 communications are currently the accepted standard in medical devices. Given that 

it takes decades to get new devices to market. It is worth mentioning that any new 

technology must demonstrate significantly superior capabilities in a given application to 

be accepted. As such, it is important to try to draw some strong conclusions based on 

what has been achieved to date. Based on the three presented scenarios for data 

transmission (regardless of communication type): (i) shallow percutaneous (Figure 1-1 

(a)) (ii) Deep percutaneous (Figure 1-1 (b)) and (iii) intrabody communications (Figure 

1-1 (c)). Current 𝑅𝐹 operates largely in scheme (i) but also in scheme (ii). The only clinical 

scheme currently operating for optical communication is in a niche domain directly 

through a transparent window – i.e. the eye. But it is feasible to use that approach in 

domain (i). In comparison, ultrasound can operate in any of the domains, but will likely 

have a significant niche in the latter two. 

- For percutaneous transmissions, ultrasound penetrates deeper with lower loss 

than for comparable 𝑅𝐹 methods. The transceiver can be smaller and if the 

multipath problem can be sufficiently negated, data rates comparable or even 

exceeding that of 𝑅𝐹 can be achieved. Furthermore, if operating in a 

backscattering mode, batteries can be negative, resulting in an implant that can 

be sufficiently small to be injectable. Seo et al. [82] has therefore developed the 

concept of neural dust. Backscattered, externally powered implants could also 

be produced via RF methods. Finally, an interesting clinical advantage over 

existing 𝑅𝐹 is that each device will have a specific ultrasonic signature. This can 

aid location and extraction (should that be necessary).   

- For intrabody transmissions, ultrasound has a unique capability to transmit over 

tens of cm between implantable nodes with a very small energy budget. This is 

not realistically achievable with optical or RF transmission and thus forms a key 

niche area for the ultrasound. 

There is also significant development to be made in the core of ultrasound 

communications before it can be considered for medical devices. Real world testing in 

human showing the real world attenuation and multipath effects has yet to be 

presented. Once this is understood, more sophisticated modulation schemes with 
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𝑃𝑆𝐾/𝑄𝐴𝑀, 𝑂𝐹𝐷𝑀 etc need to be explored as to which can be used within realistic 

energy budgets. In particular, these also need to be considered in terms of data integrity. 

Errors can be acceptable in collected data. However, the transmission of intervention 

protocols needs to be error-free – e.g. whether to release or not release a drug, or the 

stimulus intensity. As such, further improvements need to be made to the error 

detection and correction protocols.  

The final aspect of the development is the optimisation of microelectronics systems, 

including application-specific circuits and microcontrollers. Whether operating in active 

or backscattered form, more advanced interventions per node will only be possible if 

the energy budget for information transmission and active intervention (recording, 

processing, stimulation) is reduced to a minimum. 

The interplay between transmission energy budget, device dimensions, operating 

frequency, data rate and range is complex. Therefore, based on the literature the main 

characteristics of the designed device was concluded in the following points: 

1. Though it is desirable to keep the frequency as low as possible to minimise 

absorption loss and receiver circuit power, ideally the frequency range between 

100 𝑘𝐻𝑧 up to 1 𝑀𝐻𝑧. As such, in this project, the transducers operate at 

320 𝑘𝐻𝑧 frequency to reduce the attenuation effect that can be presented at a 

high operating frequency range. 

2. Errors can be acceptable in the collected data. However, the transmission of 

intervention protocols needs to be error free – e.g. whether to release or not 

release a drug, or the stimulus intensity. As such, in this project, error correction 

encoding scheme has incorporated. Thus, effective and error free data was 

demonstrated even at low 𝑆𝑁𝑅 transmission which is sufficient for bioelectronic 

medicine applications. 

3. More sophisticated modulation schemes with 𝑃𝑆𝐾/𝑄𝐴𝑀,𝑂𝐹𝐷𝑀 etc can be 

employed but such schemes require more complicated hardware and software 

and the receiver energy budget is equally as important as the transmit energy 

budget for implantable devices. Therefore, the designed prototype is driven by 

low energy consumption and less hardware complexity using low duty cycle 
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transmission pulse sequences with relaxation intervals, to overcome the multi-

propagation path effect. 

4. The main target is to implement intra body communication network inside the 

human body via distributing 𝐵𝑒𝑁𝑠 to be either used for recoding and/or drug 

delivery or stimulus. The device shape needs to be selected carefully to fulfil the 

requirements and adapts to the human body environment. Therefore, in this 

project, an omnidirectional tube shape piezoelectric transducers with 

dimensions of (3 ×  3.5 ×  2.5) 𝑚𝑚 are employed. As such, the 𝐵𝑒𝑁𝑠 could 

communicate even when they are distributed over a large distance and arbitrary 

orientation inside the body.  
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Chapter 3. Wireless Communication System 

3.1 Introduction 

Wireless communication is one of the fascinating fields targeted by researchers 

throughout recorded history. The advancement in the wireless communication field is 

extensively supporting the medical implant applications field. It is important to 

understand the ultrasound communication system by introducing and analysing each 

main building block of the system. This chapter provides an in-depth analysis of the 

fundamentals of ultrasound transducers, background theory of the ultrasound 

communication systems and finally clarify in the main sections why the designed system 

adapted, based on the communication channel characteristics, this specific modulation, 

error correction technique and the proposed communication protocol (modes of 

operations). This chapter is splinted into two distinct main sections to explain the main 

building blocks shown in Figure 3-1: 

I. The physical mechanism of ultrasound communications: this section introduces 

and discuss the fundamentals of ultrasound signals in details. 

II. Communication strategies for the ultrasound: this section describes the main 

communication system blocks.  

 

 

Figure 3-1: Ultrasonic digital transmission block diagram, illustrates the main 
building blocks of the system. 
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I. The physical Mechanism of Ultrasound Communications 

3.2 Fundamentals of Ultrasound 
 

To fully understand the ultrasound waves, the main ultrasound concepts are presented 

in the following sections: 

3.2.1 Operating Frequency 

Human hearing is typically between 20 𝐻𝑧 to 20 𝑘𝐻𝑧 (as a teenager). As such, 

ultrasound refers to the frequencies above this range and is inaudible to humans, 

although some animals such as bats and marine mammals can detect up to 200 𝑘𝐻𝑧. 

Perhaps the first practical use of artificial ultrasound was in 1915 by Paul Langevin who 

built the first sonar systems to locate submarines. Later, its first medical use was in the 

obstetric imaging of pre-nates in 1958 [101]. Currently, the main frequencies in clinical 

operation are between 1 –  30 𝑀𝐻𝑧 [102], but for the purposes of communication 

inside the body, frequencies greater than 100 𝑘𝐻𝑧 can be considered (since lower 

frequencies would require impractically large transducers for implantable devices). 

Higher frequencies allow for smaller transducers (described in more detail in the 

following section) but suffer from greater attenuation.  

3.2.2 Speed of Propagation 

The speed of propagation of the ultrasound waves is determined by the medium’s 

mechanical properties. In solid materials, the speed of sound for the shear-type waves 

depends on the shear modulus and the medium density. Same for the longitudinal type 

waves but adding the compressibility (bulk modulus) as another factor. In liquid 

material, only longitudinal waves are able to propagate. Therefore, the speed of sound 

depends only on the medium’s density and compressibility. In ideal gases, the speed of 

sound depends only on the temperature of the gas since the molecular composition is 

fixed. For example, the average speed of sound in air (low-density medium) is slow 

(331 𝑚/𝑠𝑒𝑐). In contrast, the average speed of sound in water is 1497 𝑚/𝑠𝑒𝑐 [103]. 

Table 3-1 below provides a full range of velocities for different tissue types. Air is 

included, as it fills the lungs and gas bubbles commonly form in the digestive tract. As 
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can be seen, the velocity varies from 331 –  3605 𝑚/𝑠 and at 1 𝑀𝐻𝑧, this equates to 

wavelengths in the range of 0.3 –  3.6 𝑚𝑚 respectively. As such, for most instances, the 

ultrasound will be a propagating rather than a standing wave. As a result, in addition to 

the primary signal, there can be secondary “echos” as the signals reflect off other 

structures (due to the difference in density and thus acoustic impedance). This is known 

as the multipath effect. 

Table 3-1: Ultrasound properties in different tissue types [103]. 

Medium Speed of 
sound (m/s) 

Density  

(kg/𝒎𝟑) 

Acoustic 
Impedance  

(𝟏𝟎𝟔)(
𝒌𝒈

𝒎𝟐.  𝑺
) 

Attenuation 
coefficient 
(dB/cm) at 1 
MHz 

Air 331 1.3 429 12 

Water 1497 1000 1.49 0.002-0.0022 

Blood 1574 1060 1.63 0.18 

Fat 1467 925 1.36 0.68 

Muscle 1600 1075 1.69 1 − 2 

Bone(varies) 3605 1400 − 1900 6.53 20 

Soft tissue 1540 1058 1.63 0.9 

Lung − − − 40 

Breast 1642 − − − 

Liver 1589 1038 1.65 0.9 

Kidney 1560.5 1038 1.62 1 

 

The propagation speed of sound in a medium like water is about six orders of magnitude 

less than the speed of electromagnetic waves in air. Therefore, the delay time associated 

with the ultrasound wave while travelling in a medium that contains  60 % of water (e.g. 

human body) is significant especially when the distance increases [104]. Moreover, the 

speed of sound propagation is proportional to both the medium density and the local 

sound pressure. Basically, in the human body, the medium temperature and salinity 

associated with the density and the ultrasound waves travelling depth associated with 

the pressure. As presented in Table 3-1, The speed of propagation profile and the density 

of multiple human organs and parts.   
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3.2.3 Ultrasound Wave Types 

Ultrasound waves require a material medium to propagate by inducing a local 

modification in the medium density, pressure, and temperature. Ultrasound waves 

classified into two different kinds based on the motion type induced in the medium: 

1. The first type of waves is called longitudinal waves also termed as compression 

waves, this wave occurs if the medium particles move back and forth relative to 

the ultrasonic energy wave direction that is moving horizontally as well 

(ultrasound waves travelling in the same direction of particle motion). The 

longitudinal waves can be propagated through all different types of materials 

such as gases, solids, and liquids as well as the human tissues. 

2. The second type is the shear waves also termed transverse waves, the shear 

wave propagates if the medium particles moving up and down (vertically) while 

the ultrasonic energy wave is travelling horizontally (ultrasound waves are 

perpendicular to the particle motion). Shear wave can propagate only in solid 

materials, hence is cannot travel through the human soft tissues, however, they 

can propagate in bone (solid tissues) [105]. Figure 3-2 shows the two different 

types of ultrasound waves propagation modes. 

 



 51 

 

Figure 3-2: Ultrasound propagation two modes: (a) Longitudinal waves propagation 
type which can be travel through different materials such as solid, gases and water; 
(b) Shear wave propagation type, the shear waves can propagate in solid materials 
only; (c) Sinusoidal waves representation. 

 

3.2.4 Ultrasound Modes of Operation 

The main ultrasound transducers convert electrical energy into propagating (ultrasonic) 

mechanical waves and vice versa. The main components of an ultrasound transducer 

are the piezoelectric crystal, electrode contacts, damping material, matching layer and 

an insulating layer. There are different shapes of the transducers available depending 

on piezoelectric crystal shape, application, directivity and operating frequency [106]. 

The output voltage generated from a receiving ultrasonic transducer due to the applied 

stresses or forces is typically low. Therefore, a signal conditioning circuit (preamplifier 

and filter) is invariably needed to obtain an effective output signal.  

Piezoelectric crystals have five main modes of vibration (resonance) as shown in Table 

3-2  below and described visually in Figure 3-3. 

Par cle mo on direc on

Par cle mo on direc on

Ultrasound wave
Traveling direc on

Ultrasound wave
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 a 
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 c 
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Table 3-2: Piezo transducer operational modes. 

# Mode Operation 

1 Thickness extension 
mode: 

The piezoelectric crystal vibrates in the direction of its 
thickness. This kind of operation mode used widely in 
non-destructive testing and therapeutic applications, as 
shown in Figure 3-3 (a). Resonance frequency inversely 
proportional to the crystal thickness as shown in the 

following formula: 𝑓𝑟 =
𝑁𝑡

𝑡
 , where  𝑓𝑟 is the resonance 

frequency, 𝑁𝑡 is the piezoelectric frequency constant 
and 𝑡 is the thickness of the crystal. 

2 Radial extension 
mode: 

This mode achieved when the vibration moves from 
the centre of the crystal toward its edges. This mode 
used for underwater communication applications and 
others [107], as shown in Figure 3-3 (b). 

3 Length mode this mode occurs when a long thin crystal has an 
electrode on the top and bottom of its small faces and 
the applied electric field in a similar direction to the 
longitudinal waves. This mode used for material stress 
sensors, energy harvesting applications, and others, as 
shown in Figure 3-3 (c) [108]. 

4 Thickness shear 
mode 

This mode excited when the electrode placed on the 
longest thickness dimension of the crystal, and the 
electric field applied in the orthogonal direction of the 
crystal polarisation, as shown in Figure 3-3 (d). 

5 Transverse length 
mode 

This mode excited when the electric field applied in the 
same direction of the crystal polarisation and the 
displacement occurs orthogonally to the applied 
electric field, as shown in Figure 3-3 (a) [109]. 
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Figure 3-3: Resonance modes of the piezoelectric crystal; (a) Thickness extension 
mode; (b) Radial extension mode; (c) Length extension mode; (d) Thickness shear 
mode; (e) Transverse length mode, in this mode the wave motion direction is 
vertical to the oscillation direction. The blue side indicates the electrode position in 
the top and bottom of each geometry.  Several types of resonance can be existing 
in the same geometry as can be seen in disc shape crystal (b) which have both 
thickness and radial extension modes.   

 

3.2.5 Piezoelectric Materials 

In 1880 the piezoelectric effect discovered by the French physicists Pierre and Jacques 

Curie. This effect occurs when the piezo material exposed to a deformation that results 

from a movement in the positive charges relative to the negative charges. Hence this 

will develop a dipole moment symmetric to the applied strain [102]. Piezoelectric 

materials divide into two types: piezo polymers and piezo ceramics. 

1. Piezo polymers commonly employ nontoxic material (lead-free) such as 

polyvinylidene fluoride (𝑃𝑉𝐷𝐹), this material shows improvement in terms of 

biocompatibility, flexibility, low cost and power consumption. However, this 

material suffers from low electrical to mechanical conversion (order of 

magnitude lower than piezoceramics) and this leads to relatively poor transmit 

efficiency [102, 110]. 

   

   

   

Displacement 
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2. Piezo ceramics are the most commonly used for ultrasonic medical applications 

and there are many types of piezoceramic material such as barium titanate 

(𝐵𝑎𝑇𝑖𝑂3) [111], bismuth titanate (𝐵𝑖4𝑇𝑖3𝑂12) [112], lead meta-niobate 

(𝑃𝑀𝑁) and 𝑃𝑍𝑇. 𝑃𝑍𝑇 is the most popular material in use.  It can be divided into 

two classes: ‘soft’ and ‘hard’ 𝑃𝑍𝑇. Soft 𝑃𝑍𝑇 has higher electromechanical 

coupling factors, piezoelectric constants, permittivity and dielectric constants. 

However, the dielectric losses and linearity are poor compared to hard 𝑃𝑍𝑇, 

which limits its use in high power systems [106].  

It should be noted that both Barium (𝐵𝑎𝑇𝑖𝑂3) and Lead (𝑃𝑍𝑇) are highly cytotoxic, and 

barium is also genotoxic. Bismuth is somewhat less toxic. As such, in each of these cases, 

use in-vivo would need encapsulation and demonstration that failure would not lead to 

adverse effects. Alternatively, the field needs to develop less toxic piezoelectric 

materials for in-vivo application.  

3.2.6 Ultrasound Attenuation in The Body 

Ultrasonic waves will undergo different types of attenuation such as scattering, 

reflection, refraction and absorption as it traverses through tissue. Attenuation type can 

vary depending on the object size, shape and surface compared to the ultrasound signal 

wavelength. For example, diffuse scattering occurs if the object size smaller than the 

ultrasound wavelength, which will cause the ultrasound signal to scatter in different 

directions, diffuse scattering is common with red blood cells. If the object size is large 

(relatively has a smooth surface e.g., bone) in comparison with the ultrasound 

wavelength, the specular reflection will occur. Specular reflection is common with 

organs and other tissues boundaries that are different in their acoustic impedance. As 

such, it has the effect of both reducing the amplitude of transmission at a given distance 

as well as causing increased dispersion. Furthermore, the wave will be absorbed by the 

tissue, being converted to thermal energy. The thermal conversion becomes the 

ultimate limit in transmission power as there can be significant discomfort for the 

patient if the tissue temperature rises above 38.5°𝐶 [113]. 
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The combination of these effects can provide an attenuation factor α - equivalent to 

extinction in optics. For a collimated beam, the amplitude 𝐴 at a given depth 𝑥 can be 

given by:  

 𝐴(𝑥) = 𝐴0𝑒
−𝛼𝑥 3-1 

 

   

Where 𝐴0  is the amplitude and α is the attenuation coefficient. It should be noted that 

both scattering and absorption increase with frequency. Table 3-3 provides some 

attenuation coefficients as a function of frequency for different tissues. Generally, the 

variance in attenuation with frequency can be given by the following relation [114],   

where 𝑓 is the operating frequency and 𝑛 is material-dependent:  

 𝛼 = 𝛼0𝑓
𝑛 3-2 

 

Table 3-3: Ultrasound attenuation coefficients, taken from [103, 115]. 

Medium Attenuation coefficients 

100 kHz 1 MHz 10 MHz 

Water - 0.002 0.5 

Liver 0.3 0.8 10 

Breast - 1.5 10.5 

Skin - 3 - 

Muscle 1.1 1.4 30 

Skull bone - 8 - 

 

The final consideration is reflection. Reflections are generated when the ultrasonic wave 

encounters the boundary between materials of differing acoustic impedance (𝑍). The 

ratio of the reflected pressure amplitude to the incident pressure amplitude can be 

expressed as follows: 

 
𝑅 = (

𝑍2 − 𝑍1
𝑍2 + 𝑍1

)
2

 
3-3 
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Where 𝑍2 and 𝑍1 are the acoustic impedances of the mediums. As per Table 3-1, strong 

reflections can be expected at the skin-air interface, the tissue–lung cavity interface and 

when waves hit trapped gasses in the stomach and intestines. As a result, in addition to 

the primary signal, there can be secondary “echos” as the signals reflect off various 

structures with different acoustic impedance.  This is known as the multipath effect 

[103]. This multipath will turn the pulse into a more complex waveform which can be 

harder to determine more complex characteristics such as phase without considerable 

(and power-hungry) processing. 

Lower the reflection coefficient implies a good transmission and vice versa. To calculate 

the reflection coefficient of the air-water boundary, based on Table 3-1, air and water 

acoustic impedances are 429 𝑘𝑔 𝑚−2𝑠−1 and  1.49 ×  106 𝑘𝑔 𝑚−2𝑠−1  respectively 

which resulting in a 0.99 reflection coefficient. Whereas, for the water-fat boundary, the 

fat acoustic impedance is 1.36 × 106 𝑘𝑔 𝑚−2𝑠−1 which results in a lower reflection 

coefficient of 0.002.  

3.2.7 Ultrasound Bandwidth 

The ultrasound transducers are able to emit a broad range of frequencies with a strong 

emission at the centre frequency. The ultrasound frequency bandwidth represents the 

emission frequencies range that usually looks like a bell shape curve. The frequency 

bandwidth is inversely proportional to the pulse duration for a given resonance 

frequency, the longer the pulse duration results in narrower bandwidth.   One of the 

main measures of the frequency bandwidth is related to the quality factor (𝑄), 𝑄 is a 

description of the damping level of a resonator which represented by the ratio between 

the transducer resonance frequency to its bandwidth [116]. The frequency bandwidth 

is reversely proportional to the 𝑄 for a given resonance frequency. The broader the 

bandwidth the smaller the 𝑄 and vice versa, Figure 3-4 shows the frequency response 

of two different transducers in terms of damping.  
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Figure 3-4: The frequency response of two transducers that have the same centre 
frequency. It is obvious the difference between the damped and undamped 
transducer, the undamped transducer provides high amplitude over a narrow 
bandwidth whereas the damped transducer provides a lower amplitude over a 
broader bandwidth [102]. 

 

Based on the transducer frequency response, the bandwidth can be calculated. Firstly, 

the frequency response peak needs to be addressed then relative to this peak, the half 

power points, (e.g. −3 𝑑𝐵 or −6 𝑑𝐵), where the frequency response curve crosses the 

points the lower (𝑓1) and upper (𝑓2) cut off frequencies can be assigned. The bandwidth 

represents the differences between those frequencies (𝑓2-𝑓1) [102]. 

All the ultrasound transducers are inherently resonant devices that maximally sensitive 

to a particular frequency. However, their output can be modified by the effect of 

mechanical damping. Undamped transducers provide a higher output signal but only 

with a narrower frequency bandwidth range (high 𝑄). Therefore, the undamped 

transducer used widely for ultrasonic heating, cleaning, and powering. In contrast, 

highly damped transducers are producing lower output signal but over a broader 

frequency range therefore their common applications are diagnostic ultrasonic imaging, 

non-destructive testing (𝑁𝐷𝑇), and ultrasonic communication. Damped transducers 
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have broader bandwidth response corresponds to a short pulse length at the output in 

contrast with the undamped transducers.  

3.2.8 Ultrasound Transducer Beam Directivity 

The transducer emits ultrasound signals that are not only generated from one point but 

instead emitted from a collection of point sources along the transducer surface. For per-

cutaneous transmission, the most efficient method is to direct a beam from external to 

a known location of an implant and vice versa. To achieve this, planar transducers are 

used. The single transducer pressure field is divided into two zones: the near field and 

far field.  In the near field, or sometimes referred to as the Fresnel zone, for cylindrical 

shape transmitter transducer diffraction effects occur as the point sources interfere, 

creating constructive and destructive wave interference, which results in a fluctuation 

in the pressure intensity in that field. Therefore, it is difficult and unpredictable to 

examine the flaws using amplitude based measurements in the near field  [103]. 

In the far field, the transmitted beam begins to diverge and the pressure waves spread 

spherically. In the far field, the pressure waves start to decays when distance increased. 

However, in the far field the pressure waves become smoother and more uniform than 

in the near field. The transition between the near and far field point is called natural 

focus or the focal point where the pressure field converges. The distance to the natural 

focus called the near field length (𝐿) which depends on the transducer diameter (𝑑) and 

the wavelength  (𝜆), can be expressed as: 

 
𝐿 =

𝑑2

4𝜆
 

3-4 

 

Hence, the larger diameter of the transducer radiating surface will result in a narrower 

sound directivity beam. 

The wavelength, 𝜆, is determined by the frequency (𝑓) and acoustic velocity (𝑣)as 

below: 

 𝜆 =
𝑣

𝑓
   3-5 
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The resonance frequency of the transducer is defined by the crystal thickness, as shown 

in Table 3-2 , the thinner the crystal results a higher resonance frequency and vice versa. 

The thickness represents the dimension of the crystal alongside the ultrasound wave 

axis. To achieve an efficient operation of the crystal, the crystal thickness (𝑡) equal to 

half of the ultrasound wavelength, 𝜆, and can be expressed as: 

 
𝑡 =

𝜆  

2
 

3-6 

 

3.3 Ultrasound Biophysics 

The term ultrasound biophysics is generally meant by how the ultrasound and biological 

tissue or material interact together. When the ultrasound signal travels through a 

biological medium, it can affect the biological medium and those induced bioeffects can 

be classed into two different mechanisms thermal and non-thermal [105].   

The thermal mechanism occurs, normally in continuous ultrasound waves exposure, 

when a portion of the ultrasound wave is converted into heat due to the absorption 

effect. Moreover, scattering is another effect that occurs when a portion of the 

ultrasound wave changes its direction, both effects are explained in more detail in the 

earlier section 3.2.6.  

The non-thermal mechanism is represented by the induced bubble activity that 

generated ultrasonically in a biological tissue medium that already contains gaseous 

inclusions, this effect is attributed to acoustic cavitation [105]. The non-thermal 

mechanism usually associated with the pulsed ultrasound wave exposure. For 

ultrasound transmission scenarios, in the realistic situation, it is best to consider the 

non-thermal ultrasound effect is always accompanied by thermal ultrasound effect, 

since there is an interaction between the biological tissue and ultrasound waves, 

however, pulsing the ultrasound waves can reduce the thermal effect to a sufficient level 

and reduce the tissue injuries that might occur due to temperature rise [117, 118]. As 

shown in Figure 3-5, extra care that needs to be taken when passing the ultrasound 

waves in air-filled cavities such as lungs [119] and intestine [120] since the gas bubbles 

are problematic for the ultrasound signals and can suffer from attenuation due to the 

high reflection coefficient and multipath effect as explained earlier in 3.2.6. 
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Figure 3-5: Human body model that shows the digestive and respiratory systems. 
Air filled cavities and bubbles are located mainly in the lungs and intestine which 
make the ultrasound signal suffers from high attenuation. 

 

3.4 Channel Characteristics 

The communication channel is a representation of the physical medium or the 

connection used by the ultrasound wave to travel from the transmitter towards the 

receiver.  There are two different types of physical channels: the first type is the wire 

channel which includes two twisted pairs of wires (e.g. coaxial cable and optical fibres), 

and the second type is the wireless channel such as air, sea, and vacuum. The channel 

characteristics are determined by three main factors: the speed of propagation, path 

loss, and multipath effect. These factors will be explained in the coming section. 
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3.4.1 Speed of propagation (described earlier in section 3.2.2) 

3.4.2 Path loss 

During the travelling of ultrasound signal through the channel towards the receiver, the 

transmitted signal suffers from one or more channel impairments such as noise, fading, 

distortion, and attenuation. Path loss resulting from the signal dissipated power as the 

propagation distance increases. Typically, the ultrasound unfocused wave emission will 

induce spreading loss and attenuation in the signal power. The logarithmic (𝑑𝐵) scale 

path loss (𝑃𝐿), neglects the variation due to multipath channel effects, is the ratio 

between the power of the transmitted signal (𝑃𝑡) to the power of the received signal 

(𝑃𝑟) as shown by the following equation [121]: 

 
𝑃𝐿 = 10 log10 (

𝑃𝑡  

𝑃𝑟  
)  

3-7 
 

For a known distance linear path loss can be calculated using Friis equation for free space 

environment given as: 

 
𝑃𝑟 = 

𝑃𝑡𝐺𝑡𝐺𝑟𝜆
2

(4𝜋)2𝑑2
 

3-8 
 

Where: 𝑑 is the transmission distance, 𝜆 is the carrier signal wavelength, 𝐺𝑡 and 𝐺𝑟 are 

the transmitter and receiver antenna gain, respectively. Form Friis equation and based 

on equation 3-7, the free space path loss can easily be derived.  It is obvious that path 

loss is proportional to the square of signal travelling distance and square of the 

operating frequency [122].  

3.4.3 Multipath Effect  

Ultrasound propagation is severely influenced by the multipath effect that results from 

the inhomogeneity of the medium. The receiver system can be influenced by a random 

superposition of ultrasound signal copies that arrive over various propagation paths 

termed as multipath fading as shown in Figure 3-6, the multipath signal replicas can be 

added together to form a constructive or destructive interference depending on the 

phase. The multipath effect will result in a time domain dispersion, commonly referred 

to as multipath delay spread, to the ultrasound signal. Therefore, that will result in two 

direct consequences: firstly, that will create a sparse time support difference between 
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the transmitted signal (shortest) and received signal (largest). Secondly, the received 

signal power will be distributed along with the delay spread and according to the 

propagation channel response. Each signal replica that coming from different 

propagation paths will introduce a unique amplitude scaling to the transmitted signal 

[121]. Henceforth, that will lead to a difference in the received signal power for each 

corresponding propagation path. The power of the received signal 𝑃𝑟(𝑖) for each 

corresponding path 𝑖𝑡ℎ can be expressed as: 

 𝑃𝑟(𝑖) = 𝑓(∝𝑖
2) 3-9 

Where ∝ is the amplitude scaling factor and  𝑖 = 1, 2, . . . , 𝑁. 

As a result, the signals are reflected off other structures or particles as per equation 3-3. 

Acoustic properties in tissue are different, there is a 20% variation between the highest 

impedance soft tissue structures (Liver, Muscle) and the lowest (fat, blood) (given in 

Table 3-1). This will cause some modest dispersion of the transmitted waves, but 

reflections are largest for bone and for air/gas. The latter case is not simply the air/tissue 

interface, but also the lungs, and gas pockets in the gut and intestines. 

𝐼𝑆𝐼  is another consequence that has a significant effect on the transmitted signal at the 

receiver side. It is worth to mention the term symbol in digital communication is 

represents the signal that used to transmit one bit or multiple bits of information at a 

fixed period of time.  𝐼𝑆𝐼 is introduced when the time support and power spread of the 

received ultrasound signal are large comparing to the symbol period. Thus, the former 

transmitted ultrasound symbols will interfere with the later symbols.  

 



 63 

 

Figure 3-6: Shows the multipath propagation phenomenon which is one of the major 
issues that influence the ultrasound communication link, the multipath effect 
produces attenuated replicas of the original primary signal spaced in time. A finite 
multipath delay spread will appear as sparse trains of discrete arrivals echoes that 
need to consider in the receiver design. 

 

The multipath effect can cause two different types of fading as shown in Figure 3-7 and 

explained as: 

1. Large scale fading: this kind of fading occurs in large distances communication 

such as mobile cell phones on the move. It's induced due to the path loss of signal 

which is proportional to distance and also shadowing effect [123].  

a. Shadowing: this effect experienced in the ultrasound imaging of 

the human body, the ultrasound signal absorbed or reflected 

when propagates through a solid obstacle such as bone or stone 

[124].    

b. Path loss: the ultrasound signal power dispersed as the 

propagation path increases. 
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2. Small scale fading: this kind of fading occurs at short distances, small scale fading 

results from a rapid fluctuation in the signal amplitude and phase over time and 

cause constructive and destructive interference of multipath signals. 

a. Multipath fading: (Explained in section 3.4.3). 

I. Flat fading: This fading occurs when the transmitted symbol 

period is greater than the delay spread, therefore, the effect 

of delay spread will be insignificant. As a result, the signal will 

propagate over the channel flat response [121]. 

II. Frequency selective fading: This kind of fading occurs when 

the transmitted symbol period is smaller than the delay 

spread. Therefore, as a result, the signal will be exposed to 

filtering effect due to the significant delay spread and will 

leads to a severe 𝐼𝑆𝐼, while travelling through the channel. 

b. Doppler spread:  this effect occurs when the channel impulse 

response varying with time and includes two types of fading: 

I. Fast fading: This type of fading occurs when the symbol period 

is greater than the channel coherence time. The channel 

coherence time represents the duration of time over which 

the channel response stays correlated [121]. 

II. Slow fading: This fading appears when the symbol period is 

small comparing to the coherence time of the channel. 
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Figure 3-7: Fading channel classified into two main types: large and small scale 
fading. The small scale fading includes multipath fading that characterised by either 
flat fading or frequency selective fading.   

 

3.5 Modulation and Demodulation 

The communication systems are employed for transmitting the information carrying 

signals that refer to message signals over the required distances. In general, most of the 

message signals are so-called baseband signals which normally are low pass signals that 

occupying low frequency range from zero to the bandwidth of the signal [125]. 

Modulation is the representation of digital data in terms of analog signals to be eligible 

for transmission over the physical communication channel. The digital information 

might be formed as binary bits of  0𝑠  and 1𝑠, which can be mapped into symbols (e.g. 

the bit “1” translated to 1 and the bit “0” translated to −1) to be ready for mixing with 

the analog carrier waveform (bandpass signal) which normally have a higher frequency. 

High frequency of the bandpass signal is essential for long distance communication 

where the baseband transmission suffers from serious overlapping spectra [126]. 

At the receiver side, the demodulation process occurs to retrieve the transmitted 

information. However, the received signal is a noisy and distorted version of the 

transmitted one, Therefore, the key tasks of the demodulator are summarised as shown 

below [126]: 
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1. Discriminate the incoming signals from the transmitter and reduces 

the probability of error to the lowest acceptable level possible.  

2. Minimize the channel effect that influences the transmitted signals 

by producing phase, frequency, and time shifts and this will lead to 

synchronisation problems at the receiver.  

3. Compensate the induced 𝐼𝑆𝐼  due to the dispersive channel effect. 

The ultimate purpose of the demodulator is to provide a temporal decision on the 

incoming signals then to be prepared to feed them to the channel decoder. There are 

two different types of decisions, the first type called hard decision which achieved when 

the binary bits produced by the decision block, the decision block predicts whether the 

particular bit being “0” or “1”. The hard decision boundaries (upper and lower bounds) 

on maximum likelihood decoding are calculated by employing information on the cost 

weight leader distribution [127].  

Hard decision decoding is less sophisticated, however, it is beset with some limitations 

such as the noise variance has a serious influence on the hard decision decoding, higher 

the noise variance results in unreliable decision, and the hard decision demodulator 

does not provide extra information on how reliable the decision was.  

The second type is a soft decision that achieved when the demodulator gives an analog 

estimation for the likelihood of a specific bit being “0” or “1”. The decision boundaries 

of soft decision decoding can be calculated using the weight distribution of the codes 

[127]. Soft decision demodulator provides extra information besides the decision, this 

extra information is a measure of how confident the decision was. Soft decision 

demodulator is more powerful, However, more complicated in terms of design and 

implementation. 

3.6 Common Digital Modulation Techniques 

Digital modulation is a process of mapping digital information sequence to the carrier 

signal for transmission over the channel. Parameters of the carrier signal can be varied 

or modulated. Usually, the carrier signal is a high frequency sinusoid that is transmitted 

with one or more of the three main parameters (phase, frequency, and amplitude) that 
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conveying the message signal. In the following subsections, the three major digital 

modulation techniques are demonstrated.   

3.6.1 Phase Shift Keying 

𝑃𝑆𝐾 is a digital phase modulation that modulates the serial bit stream of the message 

to the phase of the power transmission carrier, making sure that both the amplitude and 

frequency of the carrier signal are constant. Each phase transition in 𝑃𝑆𝐾 is 

corresponding to one logic bit, the constellation of 2 − 𝑃𝑆𝐾 or binary 𝑃𝑆𝐾 (𝐵𝑃𝑆𝐾) is 

180ᵒ out of phase.   The 𝑃𝑆𝐾 modulated signal can be represented in the time domain 

as shown in the following equation: 

 𝑆𝑃𝑆𝐾 = (∑ 𝑎𝑛 𝑔(𝑡 − 𝑛𝑇𝑠)
𝑛

) . 𝐴 cos(2 ⫪ 𝑓𝑐)𝑡 
3-10 

 

Given that: 
𝑎𝑛 = {

1, 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑃
           −1,𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 1 − 𝑃

 
 

Where 𝑎𝑛 is the binary digits amplitude, 𝑔(𝑡) is the baseband signal, 𝑇𝑠 in the interval 

of the signal and 𝐴 and 𝑓𝑐  is the amplitude and frequency of the carrier signal. 

𝑃𝑆𝐾 is capable of transmitting at higher data rates per unit wireless bandwidth (High 

spectral efficiency) in comparison with the other techniques, by employing a smaller 

phase shift more than one bit for each phase transition can be transmitted as shown in 

Figure 3-8. For instance, quadrature 𝑃𝑆𝐾 is able to transmit four symbols (i.e. two bits 

each phase) by employing four different phases with 90ᵒ in between [128].  
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Figure 3-8: Phase shift keying digital modulation that modulates the data bitstream 
with the carrier signal, the carrier signal illustrates how the binary 0s and 1s can be 
encoded. 

 

3.6.2 Frequency Shift Keying 

𝐹𝑆𝐾 is a digital frequency modulation that widely used in high fidelity audio 

transmission, the data bit stream in 𝐹𝑆𝐾 is modulated in the frequency of the power 

transmission carrier, making sure that both amplitude and phase of the carrier signal are 

constant [128]. The binary bits “0” and “1” are corresponding to 𝑓0 and 𝑓1 respectively 

of the transmitted carrier signals as shown in Figure 3-9. As such, the power of the carrier 

remains constant unrelatedly to the data. Another advantage to the 𝐹𝑆𝐾 modulation is 

the immunity against the noise and interference; however, it suffers from the phase 

noise that influences the 𝐹𝑆𝐾 modulator stability, and the bandwidth of the 𝐹𝑆𝐾 

frequency spectrum is wider in comparison to the 𝐴𝑆𝐾  at the same data transmission 

rate. As a result, the quality factor of both the transmitter and receiver 𝐹𝑆𝐾 circuits 

should be reduced to deliver a satisfactory bandwidth that enough for the carrier signal 

to pass. However, reducing the quality factor will reduce the power transmission 

efficiency, and based on Carlson’s rule to include 98 % of the total power of the 

frequency modulation signal the bandwidth (𝐵𝑊) is expressed as [129]: 

 𝐵𝑊 ≈ 2( 𝛿𝑀𝐴𝑋 + 𝑓𝑀𝐴𝑋) 3-11 
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Where 𝛿𝑀𝐴𝑋 represents the maximum frequency shift that results from the 𝐹𝑆𝐾 

modulation, and 𝑓𝑀𝐴𝑋 is the maximum frequency contents of the 𝐹𝑆𝐾 modulated signal. 

To generate the 𝐹𝑆𝐾 transmission signal, the input of the power amplifier can include 

two oscillators each one generates   𝑓0 and 𝑓1 signals respectively based on the digital 

data, or use voltage controlled oscillator which able to generates two different 

oscillation frequency by varying the oscillator time constant. The phase-locked loop 

(𝑃𝐿𝐿) is often employed to stabilise the voltage controlled oscillator, 𝑃𝐿𝐿 is 

implemented by referencing the voltage controlled oscillator to a low phase noise local 

oscillator [128].       

 

Figure 3-9: Frequency shift keying digital modulation that modulates the data bit 
stream (top) with the carrier signal (bottom), the carrier signal illustrates how the 
binary 0s and 1s can be encoded by assigning the high-frequency components to the 
binary bit 1 and the low-frequency components to the binary bit 0. 

   

3.6.3 Amplitude Shift Keying 

𝐴𝑆𝐾 modulates the digital serial data to the amplitude of the transmission carrier signal. 

The 𝐴𝑆𝐾 signal can be generated by varying the supply voltage as shown in Figure 3-10 

which will result in an output swing of the power amplifier at the transmitter side. 

 At the receiver side, the demodulator recovers the received data by using the envelope 

detector, the received signal is fed to a low pass filter that has a cutoff frequency ranging 

between the data bandwidth and the frequency of the carrier signal, in this case, the 
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high frequency carrier components will be rejected which leaving only the low frequency 

components, bypassing the low frequency signal to a high pass filter and decision 

comparator the serial digital data can be recovered back [130].  

 𝐴𝑆𝐾 has been used widely in biomedical implanted devices application especially for 

the forward data telemetry for several reasons such as the transmitter and receiver 

design simplicity, noise immunity and the transmission signal occupy smaller bandwidth 

comparing to the 𝐹𝑆𝐾. 

 

Figure 3-10: Amplitude shift keying digital modulation that modulates the data bit 
stream (top) with the carrier signal (bottom), the carrier signal illustrates how the 
binary 0s and 1s can be encoded and form the carrier-envelope that helps the 
receiver to demodulate the signal. 

 

ON-OFF Shift Keying 

𝑂𝑂𝐾  is the simplest form of 𝐴𝑆𝐾 modulation technique, it encodes the binary bits “0” 

and “1” in the absence and presence of the carrier signal as shown in Figure 3-11, 

respectively. The unique difference between 𝑂𝑂𝐾 and 𝐴𝑆𝐾 is that the latter transmits 

a carrier signal for both transmissions of binary “0” and “1”, however, the transmission 

of bit “0” represented with a reduced carrier amplitude. Hence, this gives an advantage 

to the 𝑂𝑂𝐾 modulation as the difference in the carrier amplitude signal when 

transmitting the bits “0” and “1” is higher than 𝐴𝑆𝐾, and in term of the receiver, it will 

be easier to distinguish between the two bit amplitude level.  
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The 𝑂𝑂𝐾 transmission signal can be represented as: 

 𝑆𝑜𝑜𝑘(𝑡) = 𝑎𝑛 . 𝐴 𝑐𝑜𝑠 (2 ⫪ 𝑓𝑐)𝑡 3-12 
 

Given 
𝑎𝑛 = {

1, 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑃
              0, 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 1 − 𝑃

 
 

Where 𝑎𝑛 is the digits amplitude, A represents the carrier signal amplitude and 𝑓𝑐  is 

the carrier signal frequency. 

In this research project 𝑂𝑂𝐾 modulation technique has been adapted for the below 

reasons: 

1. 𝑂𝑂𝐾 modulation technique is less complex, and the required implementation 

cost is low contrasting the 𝐹𝑆𝐾 modulation that requires more sophisticated 

design implementation and high cost. 

2. 𝑂𝑂𝐾 modulation transmitter switch to the idle state when transmitting binary 

“0” bit, unlike the 𝐴𝑆𝐾 that remains the carrier on when transmitting for both 

bits “0” and ”1”, which allow the transmitter to save power.  

3.  𝑂𝑂𝐾 is more deterrent to co-channel interference and requires lower 

bandwidth comparing to 𝐹𝑆𝐾 [131].  

 

Figure 3-11: On-Off Keying digital modulation that modulates the data bitstream 
with the carrier signal, the carrier signal illustrates how the binary 0s and 1s can 
be encoded. 
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3.6.4 Quadrature Amplitude Modulation 

𝑄𝐴𝑀 is widely used in modern telecommunications, and in particular employed in the 

communication systems that operated in a limited channel bandwidth to improve their 

spectral efficiency. 𝑄𝐴𝑀 is implemented by changing both the amplitude, using analog 

amplitude modulation (𝐴𝑀) or digital using 𝐴𝑆𝐾, and phase components of carriers in 

such a way to make the two carriers have the same frequency but 90° out of phase with 

each other which is known as orthogonality, as shown in Figure 3-12. 

 Figure 3-13 shows the 16 − 𝑄𝐴𝑀 constellation mapping for one of the most common 

forms of 𝑄𝐴𝑀. Higher constellation order can be employed, such as 64 − 𝑄𝐴𝑀 and 

256 − 𝑄𝐴𝑀, which give chance to transmit more bits per symbol hence improve the 

spectral efficiency. However, the very dense constellation will become more susceptible 

to noise as the constellation point become closer. Hence, any low noise level will be able 

to affect the data recovery decision at the receiver side [132].  

 

Figure 3-12: Carrier signals to modulate the data and create 𝑸𝑨𝑴 symbols for 

transmission. The two carrier signals in phase (cosine) and quadrature (sine) are 

shifted in phase by 𝟗𝟎 ° phase shift difference.    

 

 

 
 
 
  
  
 
 
 A
rb
it
ra
ry
 u
n
it
 

     (   )

0

0.5

1

1.5

 0.5

 1

 1.5

0 0.5 1 1.5 2 2.5 3

In phase
 uadrature



 73 

 

 

Figure 3-13: Constellation mapping points of the 16-QAM that show the Gray 
mapping of the  in phase and quadrature point, each point represents one complex 
symbol with possible values for 𝑨𝒒 and 𝑩𝒊 to be ( 𝟏−

+ , 𝟑−
+ , …etc).  

 

II. Communication Strategies for Ultrasound 

3.7 Channel Capacity 

The communication systems performance is evaluated by the transmitted information 

quality which is determined by two main factors: the first factor is channel bandwidth, 

and in order to transmit the information with reasonable fidelity a bandwidth is required 

to carry the information, the more information to transmit requires more bandwidth 

which is one of the communication system constraint [125]. The second factor is the 

𝑆𝑁𝑅 (details of the 𝑆𝑁𝑅 is presented in section 3.9) since the noise is not avoidable in 

communication systems, the noise power is measured and compared relative to the 
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transmitted signal power, the larger the 𝑆𝑁𝑅 ratio employ longer communication 

distance range. 

In the view of the aforementioned factors, a logarithmic measure is stated by Claude 

Shannon in 1948 for the transmitter information contents, he defined the channel 

capacity (Shannon-Hartley theorem) to achieve a reliable transmission of information, 

the data rate channel capacity (𝐶) is a function of bandwidth and 𝑆𝑁𝑅 defined as [132]: 

 
𝐶 = 𝐵 log2 (1 + 

𝑆

𝑁
) 

3-13 
 

Where: 𝐵 is the channel bandwidth, 𝑆 is the signal power and 𝑁 is the noise power. 

From the Shannon-Hartley theorem, the channel capacity rate represents the upper 

limit or maximum rate which can be the main target to achieve in the communication 

system design [125].   

3.8 Effect of Noise 

Noise plays a vital role in the communication system as this unwanted energy can 

influence the signal transmission and impact the signal recovery at the receiver. Noise 

can be classified into two different types as shown in Figure 3-14 and explained below: 

1. Internal noise, the transmitted signal commonly suffers from additive noise or 

thermal noise when travel through the communication channel, this type of 

noise is generated internally by the thermal agitation of electrons inside a 

conducting medium in the system components such as resistors. Internal noise 

cannot be completely avoided, however, it can be reduced by paying more 

attention to the circuit design, layout, and selection of the components [133]. 

The internal noise can be classified into two noise types. First, system or 

equipment noise. Second, system components noise can appear due to the 

following: 

a) Contact noise: this noise is created due to a lack in the relay and switches 

adjustment of the system, this noise can affect the data transmission 

circuits and cause signal attenuation and thermal noise. Therefore, 

maintaining clean contact is necessary to overcome this kind of noise. 
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b) 
𝟏

𝒇
 noise: this type of noise is negligible above the 10 𝑘𝐻𝑧, it is sourced 

from the semiconductor materials that have fluctuations in their 

conductivity, this noise is inversely proportional to the frequency hence 

the name. 

c) Thermal noise: this noise results from the collision that occurs between 

the electrons and ions due to their random movements. 

d) Shot noise: this noise is the consequence of the statistical random 

fluctuations of the holes and electrons across the PN junctions. This type 

of noise is unavoidable as the free electrons responsible for the current 

flowing, electrons arrived at the anode at a discrete time which creates 

this noise. 

e) Electrostatic and electromagnetic coupling noise: this noise created due 

to the inadequate circuit board layout, the electrostatic appears as 

parasitic capacitance effects and the electromagnetic appears as a 

transformer effect between the circuit tracks and the parallel conductors. 

f) Partition noise: This type of noise occurs in the transistors when the 

current flows from the emitter to the base. During crossing the barrier, 

the current divided between the base and collector which cause a 

fluctuation in the base terminal. 

   

2. External noise is the noise that occurs outside the communication system while 

the signal travel over the communication channel, this noise cannot be 

controlled because it comes from medium or channel external sources that are 

uncontrollable, however, instead it needs to be taken into consideration when 

designing the receiver to eliminate the effect and recover the desirable signal 

back [133].  Five main external noise types are listed as follow: 

(a) Crosstalk (adjacent pairs interference): electromagnetic crosstalk noise can 

be found during the experimental setup due to a lack of grounding or wiring.  

(b) Static interference: this type of noise is unlikely to be found inside the human 

body. It can be generated from storm clouds and dust or sandstorms. 

(c) Mains induction: this type of noise occurs due to the adjacent power routes 

interference when high voltage transmission lines induce voltage that 
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influences the neighbouring channels. It is unlikely to occur inside the human 

body. 

(d) Voltaic interference: this type of noise is unlikely to be found inside the 

human body since it can be generated from volcanic activity. 

(e) Radiation: this type of noise is unlikely to be found inside the human body.  

it can be induced from sunspot activity, cosmic or space radiations etc. 

 

 

Figure 3-14: Noise sources that affect the analogue and digital communication 
systems, the noise source is classified into two main types internal and external. The 
internal noise can be reduced by careful design of the system circuit. Crosstalk 
(highlighted) is one of the external noise sources that explained in detail in the next 
section. 

 

Noise

Internal

Components System

Par  on

Contact

EM
coupling

Shot

Thermal

1 f

E ternal

Sta c 
interference

Radia on

Mains
induc on

Crosstalk

Voltaic
interference



 77 

3.8.1 Communication Crosstalk 

Crosstalk is one of the external noise effects that occur outside the communication 

system when the transmitted signal interferes with other signals that share the same 

channel; hence the noise will appear as it shares the same frequency of the desired 

signal. The occurrence of this erroneous signal can result from a deficiency in the 

mechanical or electrical isolation of the active element or the system [134]. The crosstalk 

effect can be a critical issue for some applications such as mobile robots that employ 

ultrasound range sensors to acquire environmental information [135, 136], and often 

happen in the ultrasound transducer array systems [137].  

Ultrasound communication crosstalk appears as a relatively small amplitude signal 

arriving before the primary ultrasound signal on the receiver side. Typically, this 

crosstalk signal appears concurrently in time with the transmitted ultrasound signal 

which is not an ultrasound signal because the speed of ultrasound propagation generally 

in all the medium is slow. Therefore, this signal must be an electromagnetic crosstalk 

signal. 

3.9 Signal to Noise Ratio 

𝑆𝑁𝑅 is one of the main factors that determined the fidelity of the communication 

system and if adequate communication is taking place. 𝑆𝑁𝑅 of any communication 

system depends on several factors such as the power of the transmitted signal, the 

gains, and losses of both transmitter and receiver antennas, the modulation scheme and 

coding techniques of the transmitted signal, external interference from other 

transmitters and the antennas path loss [138]. 𝑆𝑁𝑅 is generically defined as the ratio 

between the signal power and noise power, 𝑆𝑁𝑅 is commonly expressed in logarithmic 

scale since the absolute value of both the signal and noise are expressed in 𝑑𝐵𝑚. For 

instance, consider the signal power (𝑆) is −103 𝑑𝐵𝑚  and the noise power (𝑁) is 

−113 𝑑𝐵𝑚  , the 𝑆𝑁𝑅 will be 10 𝑑𝐵 difference in power between the signal and noise 

level [133]. 𝑆𝑁𝑅 is defined in 𝑑𝐵 as: 

 𝑆𝑁𝑅 = 10 log10 (
𝑆

𝑁
) 3-14 
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In real world, the transmitted signal at the transmitter side has a minimum noise effect 

or noise-free, however, as the signal propagates through the channel a certain amount 

of noise and distortion will influence the desired signal and it becomes much worse from 

what it was at the transmitter side. In fact, as the signal power increases at the 

transmitter the effect of noise in the channel will be reduced, however, on the price of 

power budget especially in the implanted devices where the power is one of the main 

system constraints. As demonstrated in sections 3.7, both 𝐵 and  𝑆𝑁𝑅 are Interrelated, 

and to reduce the requirement of high 𝑆𝑁𝑅, the 𝐵  need to increase. Nevertheless, 𝐵 is 

one of the limitations in communication systems that operate at low frequency, 

especially ultrasonic transducers [75].  

A reliable communication link is the main target in any communication system especially 

in the biomedical implanted devices as that directly reflected on the patient life and 

safety. Increasing the 𝑆𝑁𝑅 by increasing the transmission signal power might reduce the 

chance of erroneous data at the receiver. However, it has several disadvantages such as 

reduce the battery life as the energy per bit increases, more complex and costly 

electronics required, and health hazards increases as the radiation of the transmit 

antenna become higher [102]. Therefore, in our design, only a certain minimum 

required 𝑆𝑁𝑅 will be used to achieve a reliable communication. 

𝑆𝑁𝑅 is represented using the normalised expression 
𝐸𝑏 

𝑁0
, especially in the digital 

communication system, when presented against the 𝐵𝐸𝑅.  𝐸𝑏 represents the product 

of the power of the signal with the bit period, and 𝑁0 is the noise power density ratio. 

In general,  
𝐸𝑏

𝑁0
  is determines the achieved 𝑆𝑁𝑅 if the received signal fed through an 

optimum matched filter for the selected modulation scheme [139]. 𝑆𝑁𝑅 can be 

calculated using the following formula:  

 
 
𝐸𝑏 

𝑁0
= 𝑆𝑁𝑅 + 10 log10(𝑅) 

3-15 
 

Where: 𝑅 is the code rate which explained in detail in section 3.12.1. 

3.10 Bit Error Rate  

To evaluate the demodulation performance at the receiver a measurement of the 

probability of error (𝑃𝑒) or 𝐵𝐸𝑅 needs to be examined. Moreover, the 𝑃𝑒 is employed to 
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estimate the link budget in terms of the reported error and the required 𝑆𝑁𝑅 to 

determine at what distance can work and quantifies the reliability of the entire system. 

The 𝐵𝐸𝑅 is determined by adding up the number of received erroneous bits and dividing 

by the total number of the transmitted bit, 𝐵𝐸𝑅 can also be termed as a bit error ratio 

as it is not related to time as related to a ratio [122]. 𝐵𝐸𝑅 can be expressed as follows: 

 
𝐵𝐸𝑅 =

𝐸𝑟𝑟

𝑇𝑁𝐵𝑠 
 

3-16 

 

Where: 𝐸𝑟𝑟 is the number of erroneous bits and 𝑇𝑁𝐵𝑠 is the total number of the 

transmitted bits.  

If the signal power is high and the signal channel is unperturbed, the 𝐵𝐸𝑅 becomes an 

insignificant issue. However, it becomes a significant issue if the 𝑆𝑁𝑅 needs to be 

sufficient enough to maintain good communication quality in the presence of 

inadequate transmission due to electronic design circuitry or channel impairment. 

As referred to in section 3.8, noise is one of the 𝐵𝐸𝑅 enemy that has direct effect on its 

performance. In fact, the internal noise (system circuitry noise) is described with the 

Gaussian probability density function. Whereas the external noise source (signal 

propagation noise) is described with the Rayleigh probability density function [140].   

Besides, the system performance can be predicted using the 𝑃𝑒 which can be determined 

for a given modulation type by estimating the 𝐸𝑏/𝑁0. The 𝑃𝑒 is different for each 

modulation scheme since the error function (𝑒𝑟𝑓) is different, the average probability 

of getting zero at receiver whereas one is actually transmitted, and vice versa is 

expressed as: 

 𝑃𝑒 = 0.5 𝑒𝑟𝑓𝑐(𝐸𝑏/𝑁0)
0.5 3-17 

Where 𝑒𝑟𝑓𝑐  is a complementary error function, 𝑒𝑟𝑓𝑐 = 1 − 𝑒𝑟𝑓, 𝐸𝑏 is the energy per 

bit and 𝑁0 is the power spectral density of the noise. 

3.10.1 BER Measurement Process 

While the 𝐵𝐸𝑅 measurement concept is simple, the measurement process and 

execution of 𝐵𝐸𝑅 is not trivial. Assuming that a data source 𝑀1(𝑘) , at the transmitter, 
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is encoded and modulated then transmitted through the channel. The channel will affect 

the signal 𝑀1(𝑘) by adding noise, interference, and fade. At the receiver side, the 

received signal will be demodulated and that create the received data stream 𝑀2(𝑘) 

which considers being the same as the transmitted data source. The 𝐵𝐸𝑅 measurement 

process is established by comparing the data bit by bit between the transmitted and 

recovered data stream [141]. 𝐵𝐸𝑅 measurement algorithm can be done by using 𝑋𝑂𝑅 

logical operation as shown below: 

 𝑅(𝑘) =  𝑀1(𝑘)  ⊕ 𝑀2(𝑘) 3-18 

Hence, the estimate of 𝐵𝐸𝑅 (𝐵𝐸𝑅") can be calculated for an N bit as: 

 
𝐵𝐸𝑅" = ∑ 𝑅(𝑘)/𝑁

𝑁−1

𝑘=0

 
3-19 

Assuming the data transmission as a random process, in this case calculating the 𝐵𝐸𝑅 

will take forever to accomplish. Therefore, it is important to address how big 𝑁 should 

be to obtain an accurate 𝐵𝐸𝑅 measurement. As the above 𝐵𝐸𝑅" expression is a 

statistical quantity if 𝑁 was 12 the 𝐵𝐸𝑅 results will be 12 different answers due to the 

noise and channel effects, which express the meaning of 𝐵𝐸𝑅 estimation. For each trial 

or iteration of calculating the 𝐵𝐸𝑅, that will produce a one with probability (𝑝) of true 

𝐵𝐸𝑅, and zero with the probability of  (1 − 𝑝). Hence, the mean (µ) and standard 

deviation (𝜎) of the N average such a variable (i.e., 𝐵𝐸𝑅") is expressed as: 

 

 𝐸𝑥(𝐵𝐸𝑅") = µ = 𝑝 = 𝐵𝐸𝑅 3-20 

 𝑠𝑡𝑑(𝐵𝐸𝑅") = 𝜎 = 𝑝(1 − 𝑝)/𝑁 3-21 

 

As a result, the calculated 𝐵𝐸𝑅" can be a true Measurement of 𝐵𝐸𝑅 in the limit of large 

N and when 𝜎 of the 𝐵𝐸𝑅" goes to zero. 
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3.11 Packet Error Rate 

Packet error rate (𝑃𝐸𝑅) plays a vital role to evaluate the system reliability and 

throughput estimation. 𝑃𝐸𝑅 is the ratio of erroneously received packets divided by the 

total number of the data received packets. The received packet is declared incorrect if a 

single bit error or burst error occurs [142]. The 𝑃𝐸𝑅 expectation value is termed as 

packet error probability (𝑃𝑝) for 𝑁 bits data packet can be expressed as: 

 𝑃𝑝 = 1 − (1 − 𝑃𝑒)
𝑁 3-22 

 

 

3.12 Error Detection and Correction  

In the data transmission link, the main goal is to deliver error free data between the 

nodes and achieve a reliable transmission. Most likely in the human body channel (noisy 

channel) especially for the 𝐵𝑒𝑁𝑠 is that the 𝑆𝑁𝑅 insufficient to prevent data error from 

occurring. Therefore, it is essential to employ coding techniques to negate erroneous 

data which has a direct threat to the patient’s life. 

when the channel coding is employed for a system, it will add extra overhead bits to the 

transmitted information. Hence, that will significantly reduce the channel capacity of 

the system and slow the rate, which is a trade-off in the design. The coding techniques 

are commonly used today in different applications in our life such as wire and wireless 

communications techniques, digital television and radio, modems (e.g. Dial-up, DSL), 

satellite, optical data storage (e.g. CDs, DVDs, hard drive, Blu-Ray) and bar codes…etc.  

Many channel coding techniques are employed in the transceiver design for either error 

detection or error detection and correction, Figure 3-15 presents the codes. In the error 

detection method, the receiver will be informed that the received message from the 

transmitter is not valid, in this case, the receiver can drop the erroneous message and 

send a request to the transmitter to resend the information packet again.  

There are three main error detection codes that commonly used in digital 

communication and they are a simple class of block code: checksum, parity, and cyclic 

redundancy check (𝐶𝑅𝐶) [122]. Repetition in the message transmission is insufficient in 
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terms of power consumption especially in the systems that have the power is one of the 

designs constrain. Also, if the error occurs with every transmitted message, then the 

retransmission method will be not feasible. Therefore, error detection and correction 

codes or termed as forward error correction (𝐹𝐸𝐶) can be employed, as such the 

receiver will be able to recover the message if contains error bits up to the code 

capability limit without the need for the transmitter to resend the message again every 

time it contains an error. There are two different kinds of 𝐹𝐸𝐶: block codes and 

convolutional codes. 

 

Figure 3-15: Taxonomy of error detection and correction codes, it divided into two 
main types: error detection codes and error detection and correction codes [143].   

 

3.12.1 Block codes 

Block codes are a memoryless code that does not rely on previous events and usually 

used with hard decision decoding. The block coding is presenting the message in the 

binary format of 𝑘 number of bits that comprising a set of 2𝑘, the message is grouped 

into blocks of  𝑘 binary sequence, and the encoder maps them into a longer block called 

codeword 𝑛 by adding the redundancy or parity bits, the block code is characterised by 

the two code parameters (𝑛, 𝑘) which help to evaluate the encoding efficiency and the 

error detection and correction capabilities. The parity bits (𝑛 − 𝑘) are the bits added by 

the encoder to the message as shown in Figure 3-16. The codeword will be transmitted 

at code rate  𝑅 = 𝑘/𝑛 given that 0 < 𝑅 < 1 when 𝑅 is close or equal to 1 which implied 

a less or no redundancy [132].  
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The encoder output block is a sequence of 𝑛 binary symbols, will be transmitted over 

the channel after applying one of the modulation schemes. These redundant bits will be 

used by the decoder at the receiver to decode the message by applying the inverse 

operation that applied in the encoder [144].  

Linear block codes are more favourable for use than long block codes since they do not 

require large memory space for the code words, they only occupy memory space for the 

generator matrix which will be used to perform a linear combination (modulo-2) with 

the data word. Block codes are systematic codes that can be easy to append the parity 

bits to the message which can be either before or after the message bits. An example of 

block code is the hamming code, cyclic code, and Reed Solomon (𝑅S) codes. 

 

Figure 3-16: Systematic block code structure. The redundant bits can be appended 
to the front or back of the message bits.    

 

3.12.2 Convolutional codes 

Convolutional code is the second-class coding technique that contains memory and used 

usually with soft decision decoder. The convolutional code encoder output is, Unlike the 

block codes, an encoded sequence that generated from the (possibly all) previous and 

present data inputs sequence. Therefore, each message sequence at the transmitter will 

generate a unique encoded sequence.  At the receiver, the decoder will utilise the 

encoded sequence redundancy to infer the data message sequence by performing an 

error correction process [144]. Also, the decoding process can employ an efficient 
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decoding algorithm (e.g., Viterbi algorithm) that utilise soft-input values from the 

demodulator. Hence, that will improve the performance of the code gain compared with 

the hard input decoding. The binary convolutional code is represented by three main 

code parameters (𝑛, 𝑘, 𝑚) where 𝑚 represents the number of memory elements, and 

the code rate is determined same as the block code by the ratio  𝑅 = 𝑘/𝑛 [145]. 

3.13 Block Codes Versus Convolutional Codes 

For any system design, the selection between the block and convolutional codes is 

mainly dependent on the application and system requirements. In general, the block 

codes theory resources are considerably richer than their counterparts. However, the 

literature argues that in almost all cases that convolutional codes are outperforming 

block codes which are not always the case as it is more application dependent [146].  

For block codes design, multiple finite field concepts and mathematical structure 

concepts employed to implement efficient decoding and correcting algorithms. As a 

practical example of block codes, 𝑅S is one of the powerful codes in the block codes 

family that used widely in digital communication. For example, the National Aeronautics 

and Space Administration (𝑁𝐴𝑆𝐴)  employed Berlekamp’s bit-serial 𝑅S encoders 

(𝐵𝑒𝑟82) as a standard encoder for deep-space communication. Additionally, 𝑅S codes 

have a significant advantage for correcting burst errors such as the errors that occur in 

the second memories (e.g. disks, tapes) [132, 146]. 

Convolutional code in combination with the Viterbi decoding algorithm achieves good 

performance when the noise type is Gaussian and white. Viterbi decoding algorithm has 

the capability of exploiting the full soft decision information at the decoder input. On 

the other hand, 𝑅S code capability is limited in soft decision information. Moreover, 

code synchronization is easier in the convolutional codes (contain memory) than block 

codes (memoryless) [146]. The following Table 3-4 presents a comparison between the 

block and convolutional code. 
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Table 3-4: Comparison between block codes and convolutional codes. 

 Block codes Convolutional Codes 

Decoding type Hard decision decoding Soft decision decoding 

Processing  Memoryless Require memory 

Code type Binary/non-binary Binary/non-binary 

Codeword type Systematic (linear) Systematic/ non-systematic 

Decoding Easy Difficult 

Decoding type Hard decision decoding Soft decision decoding 

 

3.14 Reed Solomon Code 

𝑅S code is one of the oldest error control algorithms that nowadays commonly adapted 

in computer memories and compact disc players. 𝑅S code named for Irving Reed and 

Gustave Solomon, who published the code in 1960. 𝑅S code is a linear cyclic error 

correcting code that classified as a linear systematic non- binary block code, it combines 

the parity bits and the generator polynomials over finite fields known as Galois field 

(𝐺𝐹) to form the error detection and correction process [147].  

𝑅S code is characterized by three main parameters 𝑛, 𝑘, and 𝑡, where 𝑛 is the number 

of symbols and each symbol includes 𝑚 number of bits, 𝑚 bits length can vary 

depending on the application. However, usually, it is more convenient to represent  𝑚 

on a byte (𝑚 = 8). Thus, each symbol will be a byte, and the 𝑅S code will process 

symbols rather than bits like any other cyclic codes. 𝑘 is representing the payload 

symbols and 𝑡 is the error-correcting capability which expressed in the following 

equation and presented in Figure 3-17 : 

 𝑡 = (𝑛 − 𝑘)/2 

 

3-23 
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Figure 3-17: Error correction capability and parity bits of the 𝑹𝑺 code, the parity bits 
will be added to the payload at the beginning of the end of the packet (systematic). 
The correction capability shows the maximum number of bits that can be corrected 
for given parity bits. 

 

If we consider the most popular 𝑅S code which is (𝑛 , 𝑘) = (255, 247), this code over  

𝐺𝐹(28), and has an error correction capability of up to 4 symbols in a block of 255 

symbols no matter if one bit per symbol is an error or more than one. In the worst case 

scenario, when the errors are distributed on the block symbols, this code is able to 

correct 𝑢𝑝 𝑡𝑜 4 symbols. Alternatively, if a burst error occurs the code can correct 4 

short bursts of errors ( 4 × 8 = 32 erroneous bits) [132].  

𝑅S code was adapted to negate transmission errors for the following reasons:  

1. 𝑅S is capable of correcting burst errors since the correction occurs at the symbol 

level, rather than bit level, regardless of whether a single bit or multiple bits in 

the symbol are in error.  

2. 𝑅S can be efficiently implemented in software on a microcontroller which saves 

the need for any additional hardware (i.e. low complexity).  

3. 𝑅S is a hard decision decoder being suitable for a low power processor, its ability 

to operate with non-binary symbols and it has no error floor effect, so it 

eliminates the need for any additional error checking. 
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3.14.1 RS Code Architecture 

As mentioned earlier, RS code uses a special mathematical field called 𝐺𝐹 to produce 

the generator polynomial. The 𝐺𝐹 arithmetic operations, such as (subtraction, addition, 

division, …etc), on field elements have always a result in 𝐺𝐹. Both the 𝑅𝑆 encoder and 

decoder require to implement software functions or special hardware to run those 

arithmetic operations [148]. 

The Rs generator polynomial has a unique property that all the codewords are exactly 

divisible by the generator polynomial, the generator polynomial 𝑔(𝑥) can be expressed 

as: 

 𝑔(𝑥) = (𝑥 − 𝛼𝑖) (𝑥 − 𝛼𝑖+1) (𝑥 − 𝛼𝑖+2 …. (𝑥 − 𝛼𝑖+2𝑡𝑒𝑐) 

 

3-24 
 

Where 𝛼 is a primitive element of the 𝐺𝐹. 

The codeword polynomial 𝑐(𝑥) of the 𝑅𝑆 code is produced by multiplying the 𝑔(𝑥) by 

the message polynomial 𝑚(𝑥) as shown below: 

 𝑐(𝑥) = 𝑔(𝑥)𝑚(𝑥) 3-25 
 

 

1. RS Code Encoder 

The encoding process is achieved by appending the parity symbols to the 

beginning or the end of the message vector, since it is systematic code, to form 

the codeword. The party symbols 𝑝(𝑥) are obtained by dividing the 𝑚(𝑥) by the 

𝑔(𝑥) using the 𝐺𝐹 algebra [148].  The final codeword expression is shown below: 

 

 𝑐(𝑥) = 𝑚(𝑥). 𝑥𝑛−𝑘 + 𝑝(𝑥) 3-26 

 

The 𝑔(𝑥) number of registers are corresponding to the 𝑛 − 𝑘.  
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2. RS Code Decoder 

At the receiver, the received polynomial 𝑟(𝑥)  represents the codeword and 

might include some errors due to the channel effect and noise, the r(x) expressed 

as: 

 𝑟(𝑥) = 𝑐(𝑥) + 𝑒(𝑥) 3-27 

 

The decoding process will pass through four main steps: 

1) From the 𝑟(𝑥), the syndromes 𝑆𝑖 need to be computed in a similar way 

of calculating the 𝑝(𝑥) polynomial. Calculating the syndrome help to 

check if there is an error in the r(x). The number of syndromes is 

corresponding to 2𝑡 of the 𝑅𝑆 code, which depends mainly on the errors, 

not the entire codeword. The 𝑆𝑖 can be expressed as [148]: 

 𝑆𝑖 = 𝑟(𝛼𝑖), 𝑖 = 1, 2, … . . , 2𝑡 3-28 
 

Where 𝛼𝑖 represents the roots of 𝑔(𝑥). 

2) Calculate error location polynomial 𝐴(𝑥) and error magnitude 

polynomial by adapting Berlekamp- Massey algorithm. 

3) Allocate the position of the errors by finding the inverse roots of the 

𝐴(𝑥), then computing the error polynomial 𝑒(𝑥) which can be expressed 

as: 

 𝑒(𝑥) = 𝑒𝑗1 𝑥
𝑗1 + 𝑒𝑗2 𝑥

𝑗2 +⋯+ 𝑒𝑗𝑛 𝑥
𝑗𝑛  3-29 

 

Where 𝑛 index represents the number of errors, 𝑥𝑗𝑛  represents the error 

positions. 

4) The final step is to correct the errors of the 𝑟(𝑥) by subtracting the 𝑒(𝑥) 

from 𝑟(𝑥).  

3.15 Communication Protocol  

One of the main communication system aspects is the protocol that allows two or more 

𝐵𝑒𝑁𝑠 to establish an adequate communication link. Moreover, the system 

communication protocol can be designed by either hardware or software or maybe both 

to identify the communication synchronisation, rules, and operation modes. For each 
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particular situation, the 𝐵𝑒𝑁𝑠 use a range of various well-defined messages format that 

can be exchanged between them to elicit the required response which can be 

information to stimulate or record for the biological tissue. Those messages can be 

defined as operation modes or protocols, addressing those modes are important to 

achieve reliable communication with realistic minimum power consumption. Several 

operating modes are widely demonstrated in the field of Wireless Sensor Networks  

(𝑊𝑆𝑁𝑠) such as active mode, routing mode, sensing mode, and sleeping mode [149]. 

3.15.1 Communication Protocol for Intra Body Communication Network 

Figure 3-18 illustrates two distinct timing diagrams, the sensing process of Implantable 

Medical Device (𝐼𝑀𝐷) and the ultrasound communication process, respectively. The 

implant control system wakes up periodically to perform the sensing process. During 

this period, the control system initiates the sensing process. Consequently, the sensor 

unit starts the action. Thereafter, the control system unit implements the remaining 

three processes: data recording, data processing, and data storing. On the other hand, 

the master device sends an interrupt to wake up the implant for transmitting the stored 

data. Thereafter, the control system prepares the data to be transmitted by appending 

the overhead bits and the error correction code (𝐸𝐶𝐶) to the payload. Then, the master 

device unit starts receiving the data which consists of three parts: header, payload, and 

parity bits. 
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Figure 3-18: The timing diagram for the system that includes two phases (a) The 
sensor acquiring data process that starting by requesting the data from the sensor 
unit, the data will be processed and stored to be transmitted later; (b) represents 
the ultrasound communication link between the master and slave systems or vice 
versa. Power cycling is employed to reduce the current consumption by switching 
between the normal run and very low power modes. 

 

3.15.2 The Proposed Communication Protocol 

Seeking feasibility and a balance between the design constraints and the requirements, 

the proposed system is a network of four bioelectronic devices nodes that are implanted 

inside a human body. The main function of this network is to monitor the symptoms of 

a particular biomarker or any other indication of any possible disorder. In addition, this 

network is connected to a central unit which is fixed inside the chest. The main 

functionalities of this unit are controlling the process of synchronization, data 

communication with other bioelectronic nodes.  

Due to the harsh operating environment and the limited powering resources of the 

systems, there is a necessity of sketching a plan to handle the operation of messaging 

inside the network during its normal operation and in the emergency cases such as a 

sudden drop in battery level or when a test is required to check the network health 

status. Therefore, the system proposed to work by either of five modes:  synchronization 
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mode, test mode, communication mode, reporting mode, and emergency charging 

mode. 

Figure 3-19 shows the general packet structure, downlink, and uplink, for any type of 

communication mode. Both destination address and source address are referring to the 

network entity (bioelectronic node or the base station) unique address which is an ID of 

4-bit length uploaded prior to their implantation. Moreover, the operation mode is a 4-

bit field that refers to one of five modes of operations mentioned previously. 

Furthermore, the payload structure of each mode has its unique structure as will be 

described in the next section for each mode: main purpose, functionality, and a brief 

description. 

 

Figure 3-19: (a) Packet structure for the ultrasound data transmission where each 
node receives its packet separately. The packet includes three main parts: header, 
payload, and the error correction code. The downlink term represents the 
messaging from the central unit toward the bioelectronic nodes; (b) The reversed 
direction is referred to by the uplink term. 
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1. Synchronization Mode 

A synchronization scheme is essential to maintain the accuracy of data 

dissemination and to secure a particular time slot for each node to 

implement its functions. In order to prioritise the set of devices, during this 

mode, the central unit follows a specific procedure to announce the 

timeslot dedicated to each bioelectronic node. The proposed procedure is 

launched by the central unit via sending four messages, each one for a 

particular bioelectronic node in the network. As depicted in Figure 3-19, the 

message contains the address of the targeted bioelectronic node, the mode 

of operation, and the payload which is consisting of three parts. 

The first part of the payload has a length of 3 bits and indicates the number 

of bioelectronic nodes in the network (𝑛 = 4). The second part is a 2 bytes 

length that contains the addresses of the n bioelectronic nodes ordered in 

the same order of their priorities inside the network. Finally, the third part 

is a set of 5 bits indicating the duration of time, hereafter known as 

separation time (𝑇𝑠  ≤  31 𝑠 ) that are separating the window of operation 

of any two bioelectronic nodes has consecutive priority. In order to 

acknowledge the setup, a check procedure is implemented by the central 

unit via launching test mode as illustrated in the following section. 

2. Test Mode 

During test mode, all devices are requested by the central unit to send a 

certain HELLO message after a specific duration 𝑇. Therefore, the payload 

field will contain two subfields: 𝑇 and Hello message. Once a response is 

received, the central unit checks whether 4 HELLO messages separated by 

𝑇𝑠 are arrived. Consequently, synchronization of the network is 

acknowledged and both communication and reporting mode is ready to be 

launched. 

3. Communication Mode 

In this mode, each implant will communicate with other network entities. 

Such a mode is suitable to be used in the case of examining the response of 

the biological organ, where the node is bioelectronic, to a specific 

treatment or stimulation. There are two types of messages in this protocol, 

uplink, and downlink. In the first type, a message is generated by the central 
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unit as a request to the targeted bioelectronic node. Therefore, it consists 

of a destination address, operation mode and the request which is included 

in the payload part. As a response, an uplink message is sent from the 

mentioned bioelectronic node toward the requester entity. Figure 3-20 

shows the state transition diagram for the communication mode. The 

utilisation of intra bioelectronic nodes communication is beneficial to 

increases the possibility of expanding the communication coverage area by 

facilitating some near bioelectronic nodes to function as hops between a 

faraway bioelectronic node and the central unit [150]. Such a scheme 

requires less power consumption in comparison to expanding the coverage 

by increasing transmitter power. 

 

Figure 3-20: State transition diagram for the communication mode 
between the central unit and bioelectronic node, this mode triggered 
by sending a command by the central unit to the targeted bioelectronic 
node which replies by sending the data stored in its memory. The 
response time of each node is separated from other nodes by the 
separation time (𝑻𝒔) dedicated the synchronization mode to prevent 
any possible interference. 

 

4. Reporting Mode 

This mode is utilised when the bioelectronic nodes are used to collect a 

specific type of data frequently and send the collected data at each time. 

Such an operation is one of the common topologies which are governing 

the nowadays 𝐼𝑀𝐷 applications such as continuous monitoring to a 

particular biological marker. Working in this mode does not require request 

generation by the central unit where data are collected and sent by the 
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bioelectronic nodes automatically. Doing so leads to a significant reduction 

in power consumption where the power required to receive a request 

packet is saved. Launching this mode requires a presence of mode 

initialisation as shown in Figure 3-21 a. In this part, a downlink message is 

generated by the central unit and sent to the bioelectronic node in order to 

request continuous reporting after a specific duration of time 𝑇𝑅𝑆 dedicated 

by the first byte of the payload. In addition, the rest 20 bits of the payload 

are dedicated to identifying the repetition period (𝜏) which is the 

separating time between any two generations of the mentioned report.  

The bioelectronic node response, as depicted in Figure 3-19, is a normal 

communication uplink message that contains both addresses of the node 

and the central unit are generated by the bioelectronic nodes at a 

frequency of 𝑓 =  𝜏−1. Figure 3-21 b shows the second phase of operation, 

the local timer will wake up the node for aggregation of data. 

 

5. Emergency Charging Mode 

 

In the case of wireless powering node, emergency charging mode can be 

employed. Due to several circumstances, a particular device might 

experience a sudden depletion in battery charging which is out of the design 

specifications and life expectancy of each battery. In such an occasion, the 

device launches an emergency mode by stopping all sensing operations and 

dedicate communication functionality to be used only to recharge its 

battery by using wireless acoustic signals in order to make use of the 

harvested power to charge its battery. 

The above-mentioned protocol has been proposed to be implemented in the project to 

facilitate the process of data communication between intra body communication 

network. Practically, However, it has been implemented using only two entities while 

the whole system is suggested to be implemented as a future work as mentioned in 

chapter 6.  
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Figure 3-21: State transition diagram for the reporting mode: (a) depicts 
reporting mode initialization, where a command sent by the central unit 
to dedicate τ v     w                                 q    y. T    v     
is stored in the local timer; (b) depicts the reporting mode where the 
            w k                              v  y τ      . O       
wakes, the node collects data, store it and send it back to the central 
unit. 
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Chapter 4. System Architecture 

4.1 Introduction 

The design, analysis and implementation of the proposed system prototype are 

presented in depth in this chapter. Additionally, the developed prototype system, which 

is invented to explore the proposed communication architecture, is presented. As 

illustrated in Figure 4-1, the proposed prototype system comprises three main units: 

1. The ultrasound communication link comprises two units: the 𝑃𝑍𝑇  transducer 

and the analog front end (𝐴𝐹𝐸) unit which are described in detail in both section 

4.2 and section 4.3 respectively. 

2. The embedded control unit which is consisting of three main parts: comparator, 

switch, and the central processing unit  (𝐶𝑃𝑈). The functionality of this unit is 

illustrated in section 4.5. 

3. The sensor unit, which is utilised to sense the medical parameters that are 

monitored based on the application. More details about this unit are depicted in 

section 4.6.  

 

Figure 4-1: Block diagram of the whole system showing the three main parts of the 
implant, the one-directional ultrasound communication link that operates at 𝟑𝟐𝟎 
kHz resonance frequency and driven by the analog front end electronics which 
includes three stages filters and amplifier, the embedded control system which 
digitizes and process the data, and the sensors unit. 
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4.2 Piezoceramic Technology 

Ultrasonic Based on the literature, transducers are considered the cornerstone in 

ultrasonic communication. They are utilised to perform the function of converting 

electrical signals into pressure waves. Ultrasound transducers have previously been 

manufactured in different shapes, such as discs [151], plates [152], and tubes [153], 

based on the application and operation mode. The first two types of 𝑃𝑍𝑇 shapes, disc 

and plate, have a property of providing directional beams. Therefore, the manufactured 

𝑃𝑍𝑇 in both shapes performs a significant efficiency at the point to point transmission. 

However, in some instances, the line of sight may not always be possible. Furthermore, 

over time, implanted devices might experience some types of movement and rotation. 

As a result, directional shapes are proved to be inefficient for communication between 

bioelectronic implant devices [154]. Therefore, as an alternative, it is proved that the 

utilisation of inherently omnidirectional transducers which are functioning by emitting 

a pressure wave equally in all directions.  

An alternative is to use 𝑃𝑍𝑇, piezo transducers in a tube architecture. These have been 

shown to have the most efficient piezoelectrical properties in terms of sensitivity. 

However, it should be noted that although 𝑃𝑍𝑇 is currently the most efficient of the 

current batch of piezo transduces, 60% of the material is lead oxide, which is a toxic 

heavy metal, particularly to the nervous system. Nevertheless, 𝑃𝑍𝑇 utilised the material 

as it is currently best in class, and the primarily focuses on the communication system 

as a whole. 

4.2.1 Ultrasound Transduction 

The tube-shaped 𝑃𝑍𝑇 can be operated efficiently in the omnidirectional mode [106], as 

per Figure 4-2 (a). As a result, it is more suitable for the multipoint ultrasonic 

communication scheme system presented in Figure 1-2. In the proposed system, an off-

chip piezoelectric tube transducer was utilised, as shown in Figure 4-2 (a, c). The utilised 

bare piezo crystals, which is constructed using the soft 𝑃𝑧27 (𝑁𝑎𝑣𝑦 𝐼𝐼) material, are 

purchased from Meggitt A/S (Denmark) with the following specifications: 

1. Good coupling factors (𝐾𝑝) of 0.59. 

2. High charge coefficients (𝑑33) of 440 𝑝𝐶/𝑁. 
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3. High Curie temperature of 350 °𝐶.  

4. Has dimensions of (ℎ =  3 𝑚𝑚, 𝑤1 =  2.5 𝑚𝑚 and 𝑤2  =  3.5 𝑚𝑚) 

5. Manufactured to be operated at a resonance frequency 𝑓𝑟 ≅ 290 𝑘𝐻𝑧, which is 

determined based on the following equation: 

 
𝑓𝑟 =

2 × 𝑁𝑚𝑑

𝑤1 + 𝑤2
 

4-1 

 
where 𝑁𝑚𝑑  is the speed of the sound of 𝑃𝑧27 (medium diameter speed), which is 880 

𝑚/𝑠 [76]. 𝑤1  and 𝑤2 are the outer and inner diameters, respectively. 

 

Figure 4-2: The omnidirectional ultrasound transducer (a) Radial mode vibration of 
the active element, dimensions: 𝒘𝟏  =  𝟐. 𝟓 𝒎𝒎, 𝒘𝟐  =  𝟑. 𝟓 𝒎𝒎 (b) Steps that 
used to implement and encapsulate the transducer, Assembly the active elements 
on the 𝑪𝑵𝑪 machined metal mold. Then, the active element aligned in the centre of 
the mold with a 1mm gap and the set is filled with polyurethane; (c) Bare 
piezoelectric crystal of height 𝒉 =  𝟑 𝒎𝒎 after the scrapping with emery paper; (d) 
Wire bonding the inner and outer diameter electrode; (e) The transducer final shape 
after curing. 

 

4.2.2 Wire Bonding  

To prepare the 𝑃𝑍𝑇 crystal for wire bonding, the surface of the crystal was scraped with 

emery paper, in order to remove the layer of silver oxide. Thereby attained a bright and 

flat surface of the electrode, Figure 4-2 (c) shows the tube shape bare 𝑃𝑍𝑇 crystal after 

the scrapping with silver electrodes on the curved flat surfaces where the single black 

dot is indicating the 𝑃𝑍𝑇 polarisation. Afterward, the surface of the electrode was 
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prepared by swabbing the surface with isopropyl alcohol (𝐼𝑃𝐴) to remove any grease 

or dust. Low melting temperature solder 180 °𝐶 from Henkel technologies and 0.46 𝑚𝑚 

thickness was utilised in order to avoid the chance of excessive heating that may damage 

the silver electrode. A small amount of solder was applied in the desired location (near 

the edge of inner and outer diameters of the 𝑃𝑍𝑇 crystal), then Unistrand Enamel 

ultrafine copper wire of diameter 0.13 𝑚𝑚 from Rapid is connected to the crystal taking 

into account not moving the wire prior cool down the joint, Figure 4-1 (d) illustrates the 

𝑃𝑍𝑇 crystal with electrical leads connected.  

Figure 4-3 shows the complete 𝑃𝑍𝑇 crystals, captured under the microscope, after the 

wire bonding with a scale and dimensions. Care must be taken when attaching the wire 

leads since it is important for measuring the electrical generated signal.  The insulation 

material of the thin copper wire is removed only at the connection point of the wire with 

the crystal, the removed length from the wire end was about (0.5 − 1) 𝑚𝑚, and the 

insulation material must be kept especially near the edge of the wire bonding to avoid 

any electrical shorting that can affect the response of the crystal. Multiple wire bonding 

methods have been considered in this project (e.g. Commercial techniques). However, 

those solutions were not effective and limited due to the crystal miniaturised size. 

Therefore, low-temperature soldering and conductive epoxy approaches were 

employed. Wire soldering of the crystal inner diameter can be challenging due to the 

small size of the tube 𝑃𝑍𝑇 crystal. Therefore, a fair amount of practice was essential to 

perform this task successfully. 
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Figure 4-3: Side view of the piezoelectric crystal that shows the wire bonding in the 
inner and outer diameters in the top edges.  

Both the size and location of the solder dot has a significant impact on the damping 

effect of the transducer response. Therefore, a microscope is necessary to have a closer 

look in order to fit the solder dot in its optimum size and location, Figure 4-4 (a) 

demonstrates the solder dot of the outer crystal diameter under the microscope. 

Measurements of the inner solder can be challenging due to the small size of the tube 

𝑃𝑍𝑇 crystal. Therefore, the focus was on the outer diameter wire bonding connection. 

Figure 4-4 (b) shows the maximum and minimum soldering heights and the width of the 

solder as highlighted in  Figure 4-4 (a). Figure 4-4 (c) shows the highlighted soldering 

area and the below table presents the measurements of the dimensions of the soldering 

area. The ratio between the soldering area to the tube shape crystal is determined to be 

% 0.65, which is small enough to provide a minimal damping effect on the transducer 

response.    

 

 

Silver electrode

Solder

Copper wire

0.13   

1000 mLens: E20: 20
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Figure 4-4: (a) The solder dot of the outer diameter of the crystal, the maximum 
soldering height is 𝟏. 𝟐 𝒎𝒎; (b) The height and width of the soldering area of the 
point highlighted in (a); (c) Measurements of the soldering area that highlighted in 
red, the volume, surface area and cross-section area were measured. The ratio 
between the soldering area and the crystal is % 𝟎. 𝟔𝟓. 

 

No. 1 Volume  µ 3 Surface Area  µ 2 Cross sec on Area  µ 2 

Average  6  9  2 .  2 1 0 296.  1  96 6.  

Ma imum  6  9  2 .  2 1 0 296.  1  96 6.  

Minimum  6  9  2 .   1 0 296.  1  96 6.  

Total  6  9  2 .  2 1 0 296.  1  96 6.  
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4.2.3 Encapsulation 

Encapsulation of transducers and electronics is important in order to insulate them from 

the surrounding environment (saline/tissue), achieve mechanical robustness and 

achieve wide communication bandwidth. Polyurethane (𝑃𝑈) was utilised as a coating 

material as its acoustic impedance is 1.8 𝑀𝑅𝑎𝑦𝑙𝑠 which is close to that of water 

(1.5 𝑀𝑅𝑎𝑦𝑙𝑠). Such impedance matching is important in minimising possible reflections 

at the interface. Also, 𝑃𝑈 has excellent water resistance and has already been used in 

the pacemaker leads from a Medtronic model 𝑃1501𝐷𝑅 [113], indicating 

biocompatibility. Therefore, a black polyurethane resin (𝑈𝑅5041) from Electrolube was 

utilised for the encapsulating the transducer. The target encapsulation layer thickness is 

0.5 𝑚𝑚 for the surrounded diameter and fully inserted into the inner diameter. 

Therefore, a custom mold was designed to fulfil the aforementioned requirement. The 

ultrasound transducer was fixed inside the mold after spraying a non-stick silicone 

coating into the mold, making sure it was centred and 0.5 𝑚𝑚 space between the mold 

and outer diameter. After injecting the PU to the mold, the encapsulated transducer was 

baked in the oven for 24 ℎ at 40 °𝐶 to achieve a better solder connection to the 

electrode surface as depicted in  Figure 4-2 (b). The final encapsulated transducer is 

shown in Figure 4-2 (e). 

4.2.4 Impedance Measurements 

 A 500 kHz MFIA impedance analyser from Zurich Instruments was used to characterise 

the piezoelectric transducers. Figure 4-5 presents the real and imaginary parts of the 

impedance versus the frequency of the bare transducer in air. In Figure 4-5 (a) the bare 

transducer shows a high 𝑄 factor since the transducer is undamped, the impedance 

exhibits the highest value at the anti-resonance (𝑓𝑎) frequency. Whereas the 

impedance is approximately the minimum at the resonance frequency (𝑓𝑟). Figure 4-5 

(b) shows the phase of the impedance. It is noticeable here that there is a slight 

difference between the theoretically calculated resonance frequency of the transducer 

using equation 4-1 and the below measured one. This difference can be explained as a 

result of three impacts: solder mass effect, wire bonding, and the effect of the 

mechanical losses resistance of the transducer that cannot be ignored in the practical 

measurements. 
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Figure 4-5: Transducer impedance measurements before encapsulation: (a) The 
impedance magnitude measurements versus frequency sweep for an undamped 
(unloaded) transducer in the air; (b) The Impedance phase measurements versus 
frequency of undamped transducer in air.  

 

Figure 4-6 (a, b) illustrate the measured impedance of the encapsulated or damped 

transducer in air and water respectively which provides more broadband or flat 

response and can run across a wide frequency range. It can be seen the real impedance 

value variation when changing the medium which gives an indication of a good 

fabrication and wire bonding process. Hence, the acoustic signal is not trapped in the 

𝑃𝑈 encapsulation wall.  
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Figure 4-6: (a) Encapsulated transducer impedance magnitude behaviour versus 
frequency in air and water; (b) Encapsulated transducer phase response versus 
frequency in air and water.  

 

4.3 Transducer Calibration 

Before starting with any experimental setup for the data communication telemetry, the 

transducer calibration is necessary due to two major reasons: 

1. It is crucial for validating the pressure amount and obtaining an initial estimate 

of the transducer performance. 

2. Transducer calibration can be used to perform frequency sweep which is utilised 

to detect the practical resonance frequency that is defined as the actual 

frequency, on which, the transducer operates in its maximum amplitude 

voltage.  
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4.3.1 Calibration set-up 

The transducer was tested in a water tank with dimensions of (3 ×  2 ×  2) 𝑚, the tank 

walls are coated with anechoic absorbers to provide acoustic isolation and prevent any 

undesirable ultrasonic reflection, the transducer calibration can only carry out 

accurately in a free field environment. Therefore, the experiments took place in the SEA 

lab, this lab provides the required testing equipment and mediums for experiments on 

acoustic and electromagnetic transmissions.  Figure 4-7 presents the calibration setup, 

and show the devices used in this experiment. A waveform generator Agilent (33500B) 

was used to generate 5 cycles burst of sine waves with 20 𝑉𝑝𝑝. Then, the generated 

signal was applied directly to the transmitter transducer. At the receiver side, a 

calibrated hydrophone (TC4014) from Teledyne was used. It incorporates a preamplifier 

of 26 dB gain. Moreover, it provides a wide frequency range (15 –  480) 𝐻𝑧 and has 

excellent omnidirectional characteristics. The hydrophone was connected to the input 

module RESON EC6073 from Teledyne and the signal was filtered using a bandpass filter 

with (200 –  500) 𝑘𝐻𝑧 lower and upper cut-off frequencies, respectively. After that, the 

signal was conditioned using an amplifier with a 40 𝑑𝐵 amplification. Finally, the 

received signal was captured and displayed using Tektronix TDS2024B oscilloscope. 

The frequency response of the designed transducer was examined by applying a 

sinusoidal burst with a frequency ranging between (260 𝑡𝑜 350 𝑘𝐻𝑧). Although the 

𝑃𝑍𝑇 crystal of the designed transducer has a resonance frequency of 300 𝑘𝐻𝑧, the 

measured resonance frequency that provides maximum output voltage was at 320 𝑘𝐻𝑧. 

The frequency difference between the calculated and measured value is due to the 

manufacturer resonance frequency tolerance of the 𝑃𝑍𝑇 crystal and the impact of the 

encapsulation of the 𝑃𝑍𝑇 crystal. 
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Figure 4-7: Calibration setup for the designed ultrasound transducer. The transducer 
and the hydrophone were immersed in a water tank with a 𝟎. 𝟓 𝒎 distance in 
between. Signal conditioning was used for the hydrophone received signal to reduce 
the outside of the desired frequency range.  

 

4.3.1 Calibration Results 

To estimate the designed ultrasound transducer performance, sonar equations have 

been employed to calculate the pressure level in the water.  Figure 4-8 shows the 

received hydrophone conditioned signal that has amplitude 𝑉𝑝𝑝 =  2.7 𝑉 (0.95 𝑉𝑅𝑀𝑆) 

which is equivalent to 𝑅𝑥𝑠𝑖𝑔𝑛𝑎𝑙 = −0.42 𝑑𝐵 based on the Decibel voltage level  (𝑑𝐵𝑉) 

following equation:  

 
𝑑𝐵𝑉 = 20𝑙𝑜𝑔10 (

𝑉𝑟𝑚𝑠

𝑉𝑟𝑒𝑓
) 

4-2 

 

 

Where   𝑉𝑟𝑚𝑠: is the 𝑅𝑀𝑆 voltage and 𝑉𝑟𝑒𝑓 is the reference voltage, which is 1 𝑉. 

The effective sensitivity (𝑆𝑒𝑓𝑓)  at the receiver was determined using the following 

equation: 
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 𝑆𝑒𝑓𝑓 = 𝑅𝑠 + 𝐺𝑅𝑋 4-3 

 

Where 𝑅𝑠 is the receiving sensitivity of the hydrophone which is −187.5 𝑑𝐵 𝑟𝑒 1 𝑉/µ𝑃𝑎 

at 320 𝑘𝐻𝑧, and 𝐺𝑅𝑋 is the gain of the amplifier at the receiver, which is 40 𝑑𝐵. By 

substituting the aforementioned values, the 𝑆𝑒𝑓𝑓 = −147.5 𝑑𝐵 𝑟𝑒 1 𝑉/ µ𝑃𝑎. 

Hence, the received signal level (𝑅𝐿) can be calculated by: 

 𝑅𝐿 = 𝑅𝑥𝑠𝑖𝑔𝑛𝑎𝑙 − 𝑆𝑒𝑓𝑓 4-4 
 

Yielding the is 𝑅𝐿 =  147.08 𝑑𝐵 𝑟𝑒 1µ𝑃𝑎, which represents the pressure level in water. 

Since the distance between the tested transducer and the hydrophone was not 1 𝑚, the 

spherical spreading range (𝑅) need to be calculated and the measured pressure was 

modified −6 𝑑𝐵 by using the following equation:  

 𝑅 = 20𝑙𝑜𝑔10𝐷 4-5 

 

Where 𝐷 is the distance between the transducer and the hydrophone 0.5 m. 

The Transmitting Voltage Response (𝑇𝑉𝑅) was calculated by the following equation: 

 𝑇𝑉𝑅 = 𝑅𝐿 − 𝑇𝑥𝑠𝑖𝑔𝑛𝑎𝑙 − 𝑅 4-6 
 

Where 𝑇𝑥𝑠𝑖𝑔𝑛𝑎𝑙 is the transmitted voltage in dB, since the 𝑉𝑝𝑝 =  20 𝑉, by using 

equation 4-2 the 𝑇𝑥𝑠𝑖𝑔𝑛𝑎𝑙 = 17 𝑑𝐵.  

After substituting the values, the 𝑇𝑉𝑅 =  124 𝑑𝐵 𝑟𝑒 1µ
𝑃𝑎

1𝑉
𝑎𝑡 1𝑚, which is a promising 

result for such a miniaturised transducer. The actual pressure (𝑃) = 1.58 𝑃 level at 1 V 

was calculated by the following equation: 

 
𝑃 =  𝑃𝑟𝑒𝑓 ∗  10

𝑇𝑉𝑅
20  

4-7 

 

Where 𝑃𝑟𝑒𝑓 is the reference pressure level 𝑃𝑟𝑒𝑓 = 1µ𝑃. 
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Figure 4-8: The conditioned hydrophone received signal, the signal has 𝟐. 𝟕 𝑽 
amplitude and the result show the first path signal then followed by the multipath 
‘      ’.     

 

The frequency response of the received signal in Figure 4-8 was post-processed using 

Matlab.  1 𝑀 data points were processed over 424 𝜇𝑠, before futher processing the data 

points were adjusted to include the data points of interest of the received signal. Then 

the sampling frequency- 24 𝑀𝐻𝑧 was calculated based on the number of samples per 

sampling duration of the signal area of interest.   Figure 4-9 shows the frequency 

response of the received hydrophone signal after applying fast Fourier transform (𝐹𝐹𝑇), 

it can be seen the damp transient response peaks around the operating frequency high 

peak.  
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Figure 4-9: Frequency spectrum of the hydrophone received signal. It can be seen 
that the maximum frequency peak at 𝟑𝟐𝟎 𝒌𝑯𝒛, the spectrum shows the damped 
transient parts around the resonance frequency. 

 

4.4 Analog Front End  

On the receiver side, amplifier circuitry is required to increase the signal sufficiently to 

be detected by a threshold detector on the microcontroller. This is achieved by utilising 

the 𝐴𝐹𝐸 as shown in Figure 4-10 and Table 4-1 which depicts its circuit schematic and 

the value of the components. The 𝐴𝐹𝐸 design is a tradeoffs between the high quality 

filtering, stability and the circuit complexity, as the unnecessary high Q filtering requires 

more filtration stages and more complex circuit design. The 𝐴𝐹𝐸 consists of an 

operation amplifier (𝑂𝑝 − 𝐴𝑚𝑝) and bandpass filters which are designed to achieve the 

following specifications:  

1. High order filter: It must provide a tight filter around the transducer resonance 

frequency, 320 𝑘𝐻𝑧 transmission band, to maximise the 𝑆𝑁𝑅. This issue is 

crucial due to the severe weakness of the acoustic signal, typically in the µ𝑉 as 

measured by past literature [155] and our measurements.  
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2. Amplification: An amplifier system is therefore required with a gain of 

35–40 𝑑𝐵 to match a threshold detector. Doing so requires a minimum of 

23 𝑚𝑉 roots mean square (𝑅𝑀𝑆) on the embedded control unit.  

3. Stability: The selected filter topology should have the capability of achieving a 

high 𝑄 factor and gain at the same time maintain stability. 

4. Power: The selected 𝑂𝑝 − 𝐴𝑚𝑝 should achieve the required gain and has low 

power consumption. 

To ensure maximum signal to noise performance, a broadband bandpass filter with 

high gain has been developed, preceded by a 4𝑡ℎ  order cascaded multiple feedback 

bandpass filters. These filters are designed precisely to achieve the required gain at 

the operation frequency.  

The process of 𝐴𝐹𝐸 linear filter design is achieved by the following three steps:  

1. Utilising a mathematical approach to obtain an approximation function in the 

filter design. 

2. Design simulation and tuning seeking for a satisfactory response. 

3. Implementation of 𝑃𝐶𝐵 design. 

All the above-mentioned steps are presented in the following subsections. 
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Figure 4-10: The designed 𝑨𝑭𝑬 circuit schematic that required at the receiver side, the 
transducer in the receiving operation driven by three stages filters and amplifier, the 
first stage is broadband bandpass filter and the second and third stages are multiple 
feedback filters designed to achieve the required gain at the given centre frequency. 

Table 4-1: The tuned resistors and capacitors values of the 𝑨𝑭𝑬.  

Components Value  

𝑅1 1 𝑘Ω 

𝑅2 12 𝑘Ω 

𝑅3 2 𝑘Ω 

𝑅4 800 Ω 

𝑅5 15 𝑘Ω 

𝑅6 3 𝑘Ω 

𝑅7 600 Ω 

𝑅8 20 𝑘Ω 

𝐶1 470 𝑝𝑓 

𝐶2 𝑎𝑛𝑑 𝐶3 120 𝑝𝑓 

𝐶4 𝑎𝑛𝑑 𝐶5 100 𝑝𝑓 

4.4.1 Broad Bandpass Filter Design (First Stage)  

The broadband filter stage designed at 320 𝑘𝐻𝑧 centre frequency and it has a wide 

passband bandwidth and a roll-off gain of 20 𝑑𝐵/𝐷𝑒𝑐𝑎𝑑𝑒. The goal of this stage was to 

provide the highest possible gain that is limited by the selected Op-Amp magnitude 

response at the desired frequency.  
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4.4.2 Multiple Feedback Filter Design (Second and Third Stages) 

The multiple feedback bandpass filter topology was selected as it is capable of achieving 

a high 𝑄 factor and high gain at the same time maintain stability. However, it provides a 

small amount of bandwidth. As per Figure 4-10, the circuit diagram of the multiple 

feedback filters includes two feedback paths: 

1. The first one provides a low pass filter response represented by 𝑅3 and 𝐶3 in 

the first stage and 𝑅6 and 𝐶5 in the second stage.  

2. The second path provides a high pass response represented by 𝐶2 and 𝑅5 in the 

first stage and 𝐶4 and 𝑅8 in the second stage.  

Both multiple feedback bandpass filter stages designed using staggered tuning 

technique, each stage is tuned in frequency slightly different from the 320 𝑘𝐻𝑧 centre 

frequency. The first stage has a centre frequency of  𝑓𝑐1 = 310 𝑘𝐻𝑧  which is lower than 

the desired centre frequency, the second stage has a centre frequency of 𝑓𝑐2 = 338 𝑘𝐻𝑧  

which is higher than the desired centre frequency. The first stage was designed by 

assuming the capacitors 𝐶2 and 𝐶3 have the same value 𝐶 = 120 𝑝𝑓. Then accordingly, 

the value of 𝑅5 and the input resistors 𝑅3 and 𝑅4 were determined from the following 

design equation: 

 
𝑅5 =

𝑄

2𝜋𝑓𝑐1𝐶
 

4-8 

    
𝑅3 =

𝑄

2𝜋𝑓𝑐1𝐶𝐺
 

4-9 

 

 
𝑅4 =

𝑄

2𝜋𝑓𝑐1𝐶(2𝑄2 − 𝐺)
 

4-10 

 

Where: 

𝑄 : is the quality factor that its value is adjusted between 4 − 5 based on the audio 

application design requirements [156, 157].  

𝐺 : is the gain which is determined using equation 4-11. 

𝑓𝑐1: is the cutoff frequency of the first stage and was calculated based on equation 4-12: 
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 𝐺 = 𝑅5/2𝑅3 4-11 

 

 

𝑓𝑐1 =
1

2𝜋𝐶
√
𝑅3 + 𝑅4

𝑅3𝑅4𝑅5
 

4-12 

 

On the other hand, the parameters of the second stage were designed and calculated 

similarly by letting 𝐶4 and 𝐶5 have the same value 𝐶 = 100 𝑝𝑓 . 

 

4.5 AFE Simulation Design  

In order to check the design performance and tune the calculated values, the circuit was 

simulated using LTspice from Analog Devices. The design performance of the cascaded 

filters depends primarily on the selected Op-Amp specifications. In this design, the 

LTC6255 single Op-Amps have been utilised from Linear Technology, Table 4-2 presents 

the key specifications of the Op-Amps. Given that the gain-bandwidth product 

(𝐺𝐵𝑊𝑃) of the Op-Amp, the maximum gain that can be achieved for each stage is up 

to 20 𝑑𝐵  at  320 𝑘𝐻𝑧 frequency [158]. In addition, the capacitor’s values were tuned 

to reduce the potential effect of stray capacitors on the circuit design. 

Table 4-2: Op-Amp key specification employed for the 𝑨𝑭𝑬 design. 

Specification Value 

𝐺𝐵𝑊𝑃 (𝑀𝐻𝑧) 6.5 

Slew rate (𝑉/µ𝑠) 1.8 

Supply voltage (𝑉) 1.8 − 5.25 

Quiescent Current (µ𝐴) 65 

Operating temperature (°𝐶) −40 𝑡𝑜 125 

 

Thereafter, both the 𝐴𝐶 magnitude and phase responses of the broad bandpass filter 

were determined as depicted in Figure 4-12. The first stage was designed to achieve a 

gain of 19 𝑑𝐵 and a passband bandwidth of 590 𝑘𝐻𝑧, considering that, the lower cut-
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off frequency (𝑓𝐿) and the higher cut-off frequency (𝑓𝐻)  are 140 𝑘𝐻𝑧 and 730 𝑘𝐻𝑧 

respectively. In addition, the low pass capacitor is neglected as it has a small value. 

Furthermore, the applied input signal was a sine wave with 𝑉𝑟𝑚𝑠 = 7 µ𝑉 voltage and 

320 𝑘𝐻𝑧 frequency. 

 

Figure 4-11: Simulated magnitude and phase responses of the first stage bandpass 
filter, the achieved gain was 19 dB and the passband was 590 kHz. 
 

The simulation 𝐴𝐶 response of the multiple feedback filters (second and third stages), 

presented in Figure 4-12. Form the results, it is obvious that the second stage response 

at 𝑓𝑐1 = 310 𝑘𝐻𝑧  centre frequency provides a gain of 11 𝑑𝐵. In addition, the third stage 

magnitude response at 𝑓𝑐2 = 338 𝑘𝐻𝑧 centre frequency provides 16.6 𝑑𝐵 gain.  The 

results were achieved by employing frequency tuning using a bank of capacitors.  

The transient response has been examined for the first and second stages by using the 

following procedure: An input signal with a differential amplitude 𝑉𝑝𝑝 = 20 µ𝑉 was 

applied. As expected, the amplitude of the output signal was 𝑉𝑝𝑝 = 61 µ𝑉 which is 

corresponding to the first amplification stage gain of 11 𝑑𝐵 . Similarly, the same input 

was applied to the second stage. The amplitude of the output was recorded to be 𝑉𝑝𝑝 =

123 µ𝑉 which is corresponding to the second amplification stage gain of 16.6 𝑑𝐵. 
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Figure 4-12: AC response simulation results of the multiple feedback filters: (a) the 
magnitude response of the two bandpass filters, Stagger tuned technique has been 
employed to achieve the required centre frequency and gain; (b) Phase response of 
the bandpass filters.  

4.5.1 Simulation Results the Three Stages Filtration and Amplification  

As explained earlier, the receiver analog circuitry requires a precise amplification and 

filtration design. This circuit has the capability of improving the 𝑆𝑁𝑅 performance and 

filtering out the band noise. Doing so, reduce the complexity of the signal recovering at 

the receiver. Figure 4-13 illustrates the frequency response of the designed circuit.  

Table 4-1 shows the final tuned selected values of the resistors shown in Figure 4-10 at 

320 𝑘𝐻𝑧 centre frequency. The gain of the simulated results of the three stages which 

are connected in series was 40 𝑑𝐵. However, it is noticeable that the total gain of the 

circuit is less than the designed gain of each separated stage. This happens due to the 
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former stage provides current to the later stage that is not available when they are not 

connected altogether. 

 

Figure 4-13: Frequency response simulation of the three stages amplification and 
filtration, the achieved gain is 𝟒𝟎 𝒅𝑩 at frequency of 𝟑𝟐𝟎 𝒌𝑯𝒛 and 𝟓𝟎 𝒌𝑯𝒛 
bandwidth.  

 

4.6 Embedded Control Unit  

This unit developed by others in the lab. But the systems design integration developed 

by me. The embedded control unit includes three main parts as shown in Figure 4-14 

which presents the block diagram of the control unit. The three main parts are listed as 

shown below:  

1. The embedded control system: which includes 𝑀𝐾22𝐹𝑁512𝑉𝐿𝐻12 

Microcontroller Unit (𝑀𝐶𝑈) that based on the processor 120 𝑀𝐻𝑧 ARM Cortex-

M4 from 𝑁𝑋𝑃, the MCU includes 512 𝐾𝐵 flash memory with 128 𝐾𝐵 RAM in a 

64 pin Low Profile Quad Flat Pack (𝐿𝑄𝐹𝑃) package. In addition, the 𝑀𝐶𝑈 

provided with a Digital Signal Processing (𝐷𝑆𝑃) function block and multiple 

communication interfaces. Therefore, it has the ability to be employed for high 

computational functions and low processing efficiency applications. The 𝑀𝐶𝑈 

can be programmed externally with a Multilink FX programmer, via a 𝐽𝑇𝐴𝐺 

connector. Additionally, the system includes a UART port that provides a 

connection with the computer for real-time debugging. 
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2. Power management circuit (𝑷𝑴𝑪): is the second main part that is customized 

for managing the power of the system. The 𝑃𝑀𝐶 is responsible for creating the 

voltage levels required by the system and delivering the power provided by a 

3.7 V and 165 𝑚𝐴ℎ lithium-polymer (𝐿𝑖 − 𝑃𝑜) battery. The 3.7 𝑉 is initially 

regulated down to 3.3 𝑉 by a low dropout regulator (𝐿𝐷𝑂)– 𝑇𝐿𝑉70233𝐷𝐵𝑉𝑅 

capable of supplying up to 300 𝑚𝐴. In order to maintain the stability of the 

output voltage, a 1 µ𝐹 capacitor has been added to both the input and output of 

the device. The value of this capacitor is selected based on the manufacturer 

suggestion in the datasheet of the 𝐿𝐷𝑂. 

3. Recording chip: The recording commercial chip 𝑅𝐻𝐴2116 from Intan 

technology, 𝑅𝐻𝐴2000 family series, is the last part of the embedded control 

unit, the device includes 16 amplifiers that have a bandwidth suitable for 

different types of neural recording signals (e.g. 𝐸𝐸𝐺 and 𝐸𝐾𝐺), the output of the 

desired amplifier is routed out of the chip using analog multiplexer (Mux-out), 

the output signal is fed to the 𝑀𝐶𝑈 analog to digital converter (𝐴𝐷𝐶) for further 

analysis. The dimensions of the board are 10 𝑚𝑚 𝑥 10 𝑚𝑚, with 8 pins for 

recordings. The chip supply voltage is 3.3 𝑉 which compatible with the 

embedded control unit. 

For further information on the embedded control unit design can be found in [159]. It 

should be noted that the embedded control unit is employed to explore the optimal 

communication protocol. I would envisage most of the components being implemented 

onto a custom 𝐴𝑆𝐼𝐶 in tandem with a microcontroller die in a future implantable 

system. 
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Figure 4-14: Block diagram of the whole system focusing on the embedded control 
unit which can collect the recorded neural data from the recording chip, then 
digitizes and process the data for the ultrasound communication link. The 𝑷𝑴𝑪 
supplies the system with the requires power using 𝟑. 𝟕 𝑽 rechargeable battery.  

 

4.7 Physical Implementation 

4.7.1 Ultrasound AFE PCB Design 

At first, the 𝐴𝐹𝐸 circuit was designed on sperate 𝑃𝐶𝐵 in order to examine the channel 

characteristics, frequency and transient responses of the filters and amplifiers. Figure 

4-15 shows the 𝑃𝐶𝐵 design of the ultrasound AFE. The 𝐴𝐹𝐸 𝑃𝐶𝐵 has (11 ×  30 ×

1.5) 𝑚𝑚 dimensions and consists of two layers with two dual Op-Amps LTC6256 from 

Linear Technology, the last stage of the Op-Amp used as a unity gain isolation buffer.   

The PCB consist of two layers: 

1. The top layer hosts 25 total components. 

2. The bottom layer is placed with polygon (ground plane) to provide both electrical 

and magnetic shielding.  
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Figure 4-15: Ultrasonic 𝑨𝑭𝑬 𝑷𝑪𝑩 design with an area of 𝟑𝟓𝟏. 𝟔𝟕 𝒎𝒎𝟐, the 𝑷𝑪𝑩 
implemented for examining the 𝑨𝑪 and transient response of the filter and 
amplifiers and to examine the channel characteristics.   

 

4.7.2 System Prototype PCB Design  

The test system prototype has been implemented to evaluate an initial basic analysis for 

the system and examine its performance. The ultrasound 𝐴𝐹𝐸 was integrated with the 

embedded control unit on one 𝑃𝐶𝐵 board as shown in Figure 4-16 the board includes 4 

layers with dimensions of (40 × 50 × 1.55) 𝑚𝑚. The 𝑃𝐶𝐵 was designed in this specific 

shape to encapsulate the ultrasound AFE only and prepare it for In-Vitro experimental 

testing. In addition, this allows a real-time debugging of the control unit using Multilink 

FX programmer, via a 𝐽𝑇𝐴𝐺 connector. Finally, employ the 𝑈𝐴𝑅𝑇 port to provide a 

connection with the computer. 

Figure 4-17 (a) shows the designed system prototype for experimental testing, the wire 

bonding and encapsulations of the ultrasound 𝐴𝐹𝐸. As per Figure 4-17 (b), it is 

noticeable that 𝑃𝑈 encapsulation material provides more protection for the board from 

the surrounded environment, as mentioned in 4.2.3. 
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Figure 4-16: The designed 𝑷𝑪𝑩 for the overall system with (𝟒𝟎 × 𝟓𝟎 × 𝟏. 𝟓𝟓) 𝒎𝒎 
dimensions, the system prototype has been designed to examine the system 
performance in terms of ultrasound communication, energy and channel effect. 

 

 

Figure 4-17: (a) and (b) The designed 𝑷𝑪𝑩 for the overall system with (𝟓𝟎  𝟒𝟎) mm 
dimensions. The ultrasound transducer wire bonding shown in (a) and 
encapsulations of the ultrasound 𝑨𝑭𝑬 shown in (b). 
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4.8 Software Architecture 

The main communication software algorithm of the ultrasound communication link is 

presented in Figure 4-18, there are two different modes of operation:  

1. Transmit mode:  this mode is used when the implant device (𝐵𝑒𝑁𝑠 or the central 

unit) needs to transmit data, the microcontroller wakes up, by switching from 

the standby mode to the run mode, as a response to the internal interrupt 

source. The packet is set by appending the overheads and 𝑅𝑆 parity bits, by 

calling the 𝑅𝑆 initiates and 𝑅𝑆 encode functions, to build the packet before the 

transmission via the ultrasound transducer. The packet includes three main 

parts: header, payload, and the 𝑅𝑆 parity bits as presented in Figure 3-19. The 

implant switches from the run (full operation mode) to the listening mode. 

 

2. Receive mode: this mode receives the incoming data packet (bit by bit). The 

received data bits are passed through the comparator (hard decision) to decide 

if bit “1” or “0” is transmitted. The comparator compares the incoming signal 

amplitude with the reference signal amplitude which is set to be 1.804 𝑉. The 

data integrity is verified by feeding the received bits to the 𝑅𝑆 code, the 𝑅𝑆 

decode function is called after initialising the function, the verified data will be 

processed otherwise the packet will be rejected. All the above processes are run 

in the full operation run mode after finishing the data processing the 

microcontroller switches to the standby mode. The guard interval period to 

overcome the multipath effect is considered in the software algorithm by turning 

off the data receiving for 800 µ𝑠 then turned on again to be ready for the next 

data bit. During the guard interval period, the microcontroller supposed to 

switch to the standby mode to save power. 
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Figure 4-18: Ultrasound communication software algorithm for both the 
transmitter and receiver.  
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Chapter 5. System Level Testing 

5.1 Introduction 

This chapter presents the system calibration and testing of reliable and efficient 

ultrasonic communication telemetry using omnidirectional transducers to implement 

intra-body communication inside the human body tissue phantom. The system 

specifications were presented in Table 5-1. The prototype was implemented to evaluate 

the system performance first in saline and up to 30 𝑐𝑚 distance between the 

transmitter and receiver. Short pulses sequences with guard intervals were employed 

to minimize the multipath effect. A 𝑅𝑆 error correction coding scheme has been 

employed to achieve reliable communication at low 𝑆𝑁𝑅 (at longer distances). Energy 

per bit and current consumption for the transmitter and receiver main parts were 

presented and discussed in terms of battery life. 

     Table 5-1: System prototype main specifications. 

Parameters Description 

Prototype dimensions (mm) (40 ×  50 ×  1.5) 
Operating frequency (kHz) 320 

US active element shape Soft PZT tube 

Active element dimensions 

(mm) 
(3.5 ×  2.5 ×  3) 

Encapsulation material Polyurethane 

Operation mode Radial 

Clock frequency 100 𝑀𝐻𝑧 

Application 
Deep implantable bioelectronic 

sensors 

 

5.2 Tissue Phantom Experimental Setup  

A test system was developed to provide an initial analysis of our system. This consisted 

of a tank of dimensions: (50 ×  30 ×  25) 𝑐𝑚 to mimic a simplified human body. The 

transducer and 𝐴𝐹𝐸 were encapsulated in order to be safely immersed in saline. Two 

tests setup were used: 

1. The transmitted signal generated by waveform generator: the wave generator 

was employed to transmits a signal with three different amplitude voltages 
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(1.8, 3.3 and 20) V. In addition, to investigate the communication through the 

channel, a sinusoidal waveform was employed first. 

2. The transmitted signal generated by the microcontroller: this setup was used 

to test and evaluate the final designed system prototype, square pulses were 

generated by the microcontroller and transmitted through the tissue phantom 

medium.  

5.2.1 AFE Frequency Response Results and Discussion 

As explained earlier, the receiver analog circuitry requires a precise amplification and 

filtration design. The 𝐴𝐹𝐸 capable of improving the 𝑆𝑁𝑅 performance and filter out the 

band noise, which makes the signal recovering at the receiver less complicated. Figure 

5-1 illustrates the frequency response of the designed circuit and compared with the 

simulation result, the bandwidth of the measured result was 50 𝑘𝐻𝑧 and the achieved 

quality factor was 6.4 at 320 𝑘𝐻𝑧 cutoff frequency. However, the simulated circuit 

frequency response shows a higher gain from the measured circuit due to the 

component tolerance a 4 𝑑𝐵 gain difference between the simulated and measured 

results. The designed 𝐴𝐹𝐸 circuit consumes 250 µ𝐴 current when supplied 3.3 𝑉 and 

consumes 70 µ𝐴 when supplied with 1.8 𝑉 voltage. 
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Figure 5-1:  Simulated and measured frequency response of the designed amplifier 
and multiple feedback bandpass filter, the gain is 𝟑𝟔 𝒅𝑩 at 𝟑𝟐𝟎 𝒌𝑯𝒛 and the 
bandwidth is 𝟓𝟎 𝒌𝑯𝒛. 

 

5.2.2 Channel Impulse Response 

The channel impulse response was investigated by sending a short burst sine wave signal 

of five cycles at 320 𝑘𝐻𝑧 that launched every 5 𝑚𝑠, the signal was generated using 

waveform generator Agilent (33500𝐵) and applied directly to the transmitter 

transducer, the ultrasound waves will travel through the channel to the receiver 

transducer. The received signal was captured by the receiver transducer and pass 

through the 𝐴𝐹𝐸 then displayed using a digital oscilloscope Agilent (DSO-X 3034A). 

Figure 5-2 represents the impulse response of the channel at 6 𝑐𝑚 distance between 

the transmitter and receiver. The first arrived signal is the primary signal, and the 

subsequent signals represent the multipath spread caused by the reflection and 

scattering of the transmitted wave. From this figure, the time 𝑇1 which represents the 
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consumed time of the signal to travel through the channel can be measured. 

Furthermore, this time depends on two factors: first the distance between the 

transmitter and receiver. Second the speed of sound in water. The time 𝑇2 represents 

the primary signal plus the multipath spread. This time indicates the waiting time 

between each consecutive two pulses. Sending another pulse of data before the end of 

𝑇2 will cause data loss and interference. In order to differentiate between the received 

signal and its multipath, a threshold voltage (𝑉𝑡ℎ) was set as the minimum amplitude 

that needed to be set at the receiver to detect the primary signal. For such a multipath 

channel, continuous wave data transmission is not suitable to be adopted. Therefore, 

the most promising solution is the data burst transmission; however, on the price of the 

data transmission rate.  

 

Figure 5-2: Channel impulse response of the experiment setup. The first channel 
shows the transmitted signal of 𝟑𝟐𝟎 𝒌𝑯𝒛 frequency and 𝟏. 𝟖 𝑽 amplitude. The 
second channel shows the received acoustic signal and the multipath, the results 
were captured with the aid of averaging. 

5.2.3 Signal to Noise Ratio Measurements  

The 𝑆𝑁𝑅 was measured for three different transmission voltages ( 1.8, 3.3 𝑎𝑛𝑑 20)𝑉 

and over a distance ranging from (1 − 38 ) 𝑐𝑚. A short burst sine wave signal of five 

cycles was generated at 320 𝑘𝐻𝑧  frequency and launched every 5 𝑚𝑠, the signal was 

generated using waveform generator Agilent (33500B). The transmitter was fixed in 

T 

R 
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front of the receiver and the latter is moved apart gradually. The 𝑆𝑁𝑅 was calculated 

using equation 3-14. Figure 5-3  presents the SNR versus distance for three different 

input voltages. Three different measurements of the signal amplitude and noise values 

have taken to show the spread of data  around the mean value. It can be seen a gradual 

decay in the 𝑆𝑁𝑅 as the distance increases. It is obvious that the lowest 𝑆𝑁𝑅 is obtained 

at 1.8 𝑉 transmission voltage whereas the highest at 20 𝑉. 

 

Figure 5-3: Signal to noise ratio against the distance for different transmission 
voltages (𝟏. 𝟖, 𝟑. 𝟑 𝒂𝒏𝒅 𝟐𝟎)𝑽. It can be seen that a slight decaying in the 𝑺𝑵𝑹 as 
the distance increases. 

 

5.2.4 Latency Versus Distance 

The latency of the signal was measured by the oscilloscope for different input voltages 

and over a distance range (1 − 36) 𝑐𝑚.  The latency represents the 𝑇1 period (as shown 

in Figure 5-2) when the signal was generated by the function generator and after 

processed by the 𝐴𝐹𝐸. The latency of the primary signal as a function of distance was 

demonstrated in Figure 5-4, It can be seen a linear relationship between them, as the 

distance increases the time consumed for the primary signal to arrive increases. The 

recorded results were similar for the three transmission voltages. The reason behind this 

delay is generally due to the low speed of sound in water, this delay needs to be 
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considered in the receiver side to recover the received signal properly. The key point is 

that latency does not affect transmission data rate. But latency does slow down 

handshaking between devices considerably.  

 

Figure 5-4: The time consumed for the 𝟓 cycles transmitted burst to arrive at the 
receiver as a function of distance. It can be seen that for different transmission 
voltages (𝟏. 𝟖, 𝟑. 𝟑 𝒂𝒏𝒅 𝟐𝟎) V the time for the transmitted signal is similar. The time 
consumed for the signal to travel to the receiver increases as the distance increase. 

5.2.5 Transmission Loss Versus Distance 

The transmission loss of the signal during travelling from the transmitter to the receiver 

was determined as a function of distance. The transmission loss was calculated by 

subtracting the receiving power (output power) from the transmitting power (input 

power), the receive and transmitted power were calculated by measuring the voltage 

drop across a load resistor. The power loss of the transmitted waves during travelling 

through the channel is illustrated in Figure 5-5. The result was calculated for 3.3 𝑉 

transmission voltage. It can be observed as the distance increases the power loss 

increases slightly, unlike the electromagnetic signal, which dramatically changed as the 

depth of the implant increases. At a distance of 20 𝑐𝑚 the loss is increased by 150 𝑑𝐵. 
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Figure 5-5: Transmission loss through the channel during the transmission as a 
function of the distance between Tx and Rx, it can be seen that the power loss 
increases as the distance between the transmitter and receiver increases. 

 

5.2.6 Electromagnetic Crosstalk 

Ultrasound communication crosstalk appears as a relatively small amplitude signal 

arriving before the primary ultrasound signal at the receiver in Figure 5-6. Typically, this 

crosstalk electromagnetic signal appears concurrently in time with the transmitted 

ultrasound signal. Crosstalk can be appeared due to lack in the setup of the experiment 

in terms of sealing the components and improper grounding which creates an 

undesirable electromagnetic path between the transmitter and receiver. Both the 

transmitter and receiver were grounded with the saline to prevent electromagnetic 

crosstalk. 
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Figure 5-6: Transient response of the first experiment setup in saline, 𝟓 cycles of sine 
wave burst  are transmitted at 𝟑𝟐𝟎 𝒌𝑯𝒛 and 𝟑. 𝟑 𝑽 amplitude, the received signal 
shows the electromagnetic crosstalk that appeared exactly in the same time of the 
transmission, then followed by the ultrasound trains of signals. Signal captured with 
the help of averaging.       

 

5.3 Communication System Evaluation in the Tissue Phantom  

System evaluation was carried out at room temperature (23°𝐶) by placing the 

transmitter and receiver in the saline bath model as described in Section 5.2. Both 

transducers were fully submerged throughout the experiments. The receiver was fixed 

in the saline bath and grounded with saline, the transmitter was mounted in such a way 

to be able to move forward and backwards in front of the receiver and also grounded 

with saline. Figure 5-7 demonstrates the experimental setup of the system. At the 

transmitter (right side), the data was generated, encoded and the packet applied to the 

transmitter transducer. In the receiver (left side), the packet received by the transducer 

and fed to the 𝐴𝐹𝐸, then decoded at the control unit. Both the transmitter and receiver 

signals were observed by the digital oscilloscope Agilent (DSO-X 3034A) and the 

controlling, processing and debugging were performed using the Kinetis Design Studio 

(𝐾𝐷𝑆) development software environment that used for Kinetis 𝑀𝐶𝑈𝑠. 
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Figure 5-7: (a) Block diagram of the experimental set-up for the ultrasound 
communication link, measured results were recorded as a function of the distance 
between the Tx and Rx; (b) The experimental set-up of the communication link and 
the tank of dimensions (𝟓𝟎 𝒙 𝟑𝟎 𝒙 𝟐𝟓) 𝒄𝒎 was utilised for mimicking the human 
tissue environment. Both the transmitter and receiver were grounded with the 
saline in order to prevent any chance of the electromagnetic crosstalk. 

 

5.3.1 Timing and Multipath Analysis 

Figure 5-8 illustrates the transient response of the proposed system two bytes of binary 

data pulsed out from the transmitter transducer at 320 𝑘𝐻𝑧 frequency considering the 

minimum delay between each consecutive pulse (guard interval = 1 𝑚𝑠) to avoid the 

surface reflected and the multipath effect signals at the receiver. 𝑂𝑂𝐾 technique was 

employed to encode the binary data. 

 It can be seen in Figure 5-8 (a) the Rx-A that represents the received signal after 

filtration and amplification, each pulse has the primary signal (direct path) and the echo 

signal (multipath) that have lower amplitude from the primary signal, the multipath 

amplitude can be exploited to set the reference voltage input of the comparator. Figure 

5-8 (a) Rx-l signal represents the output of the comparator after comparing the received 

signal with the reference voltage to decide bit “1” or “0” is transmitted. 

The results from Figure 5-8 (a and b) show that there is a significant multipath effect 

(i.e., long propagation delay spread), As such a finite delay is required between each 

pulse which will limit the data rate. Furthermore, all systems will have a noise profile 

which will cause errors. As such, a communication scheme is required to ensure reliable 

communications. 
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The primary consideration from the impulse response analysis is the multipath effect 

and the need to provide a threshold to determine the bit-state of the signal at a specified 

time. There are a variety of possible modulation schemes. However, 𝑂𝑂𝐾 modulation 

scheme was utilised because of its simplicity, and robustness to the variability of 

different body conditions and dimensions when implanted. 

In the employed 𝑂𝑂𝐾 scheme the binary “1” was represented by the presence of the 

carrier and binary “0” was represented by the absence of the carrier signal. It can, 

therefore, be scalable to simple electronic hardware in future bioelectronic nodes. 

However, only one binary bit can be transmitted per symbol, which limits the data 

throughput that can be achieved in this modulation scheme. 
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Figure 5-8: (a) Operation transient results of the proposed system, trace 1 represents 

the transmitted pulses at 𝟑𝟐𝟎 𝒌𝑯𝒛, trace 2 is the received signal after filtering the out 

of operation band noise and amplification and shows the multipath effect, trace 3 is 

the output of the comparator and the trace 4 shows the received 𝟏𝟔 𝒃𝒊𝒕𝒔; (b) presents 

the direct path and multipath signals, a guard interval of 𝟏 𝒎𝒔 inserted at the receiver 

to mitigate the multipath effect. 
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5.3.2 Bandwidth and Received Signal Amplitude 

From the early characterization shown in Figure 5-8, the minimum pulse width, 

representing bit “1” was limited by the system bandwidth, which was showed to be 

50 𝑘𝐻𝑧. Therefore, to achieve the maximum amplitude of the received signal, the 

received signal amplitude was measured for each number of cycles of the transmitted 

pulses ranging from one cycle and up to eight pulse cycles. Figure 5-9 shows two 

different scenarios for the transmitted cycles when only one pulse cycle was transmitted 

the signal amplitude was low around 68 𝑚𝑉𝑝−𝑝. When six pulse cycles were transmitted 

the amplitude increases and detected at the receiver side. 

Figure 5-10 presents the received signal amplitude for the primary path and multipath 

as a function of the transmitted number of cycles. The optimal transmitted pulse cycles 

were four since the received signal amplitude was 52 𝑚𝑉 and it is around this value 

when the transmitted pulse cycles were 5, 6 and 7.   Since six cycles pulse achieves 

higher amplitude, a signal of six pulse cycles was generated at 320 𝑘𝐻𝑧. Pulse amplitude 

modulation-𝑂𝑂𝐾 was employed in this design, a data burst of 320 𝑘𝐻𝑧 was generated 

from the transmitter, each burst includes 16 bytes payload, a bit “1” represented by six 

cycles (on level) and in a bit “0” no pulse transmitted for the same previous period (off 

level). The multipath effect was allowed to decay prior to the transmission of 

subsequent bits by inserting a guard interval period of 1 𝑚𝑠.  
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Figure 5-9: Ultrasound signal transmission exemplar through tissue phantom for 
two different transmission pulses; (a) One pulse generated at the transmitter; (b) 
Six pulses transmitted through the channel. It can be seen that the signal amplitude 
higher when six pulses were transmitted. 

 

The data packet with 3.3 V amplitude is generated from the microcontroller and applied 

directly to the transmitter transducer to be transmitted through the channel. The 

receiver implant transducer receives the transmitted signal. The received signal is fed to 

the 𝐴𝐹𝐸 to be filtered and amplified and then applied to the threshold-based peak 

comparator, the reference voltage of the comparator is selected in such a way to 

prevent the false detection of noise then extract the digital bits. 
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Figure 5-10: Maximum amplitude at the receiver for the primary path and the first 
multipath signals as a function of number of pulse cycles at the transmitter. Six pulse 
cycles were employed in the transmitter as it achieves high amplitude at the 
receiver.  

 

5.3.3 Forward Error Correction Code 

A light version of the system 𝐹𝐸𝐶 code was adapted to negate transmission errors. For 

this task, 𝑅𝑆 code was utilised for two reasons: 

1. 𝑅𝑆 is capable of correcting burst errors since the correction occurs at the symbol 

level regardless of whether a signal bit or multiple bits in the symbol are in error. 

The symbol consists of several bits. For simplicity, in this system, the symbol 

represents one byte.  

2. 𝑅𝑆 can be efficiently implemented in software on a microcontroller which saves 

the need for any additional hardware (i.e., low complexity). In addition, 𝑅𝑆 is a 

hard decision decoder being suitable for a low power processor, its ability to 

operate with non-binary symbols and it has no error floor effect, so it eliminates 

the need for an additional 𝐶𝑅𝐶 for error checking. 
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As explained earlier in section 3.14, 𝑅𝑆 code is characterised by three main parameters 

𝑛, 𝑘 and 𝑡, for this system, 𝑡 equals 4 which means the 𝑅𝑆 code capable of correcting up 

to 4 bytes or symbols. The symbol size limits the codeword length (𝑛), for the 𝑅𝑆 code 

𝑛 = 2𝑚−1, where 𝑚 is the number of bits per symbol. For 8 bits per symbol (𝑚 =  8), 

the maximum codeword length is 255 bytes. The payload size can be adjusted by 

truncating the data symbol with zero paddings but only transmitting the payload and 

parity bytes, and at the receiver reinserting them before passing to the decoder. 

5.3.4 SNR, Latency and Data Throughput 

In order to examine the quality of the communication link, 𝑆𝑁𝑅 test was established to 

measure and evaluate the 𝑆𝑁𝑅 per pulse as a function of distance. Similar to the 

previously explained set-up that was employed for the experiment, the 𝑅𝑀𝑆 voltage of 

the received signal was measured. In order to measure the noise power, no transmission 

through the channel was established and the 𝐴𝐶 𝑅𝑀𝑆 value of the noise was measured 

using a digital oscilloscope Agilent (DSO-X 3034A). 𝑆𝑁𝑅 was calculated in decibels by 

Equation 3-14, from 1 𝑐𝑚 distance up to 30 𝑐𝑚.  

Figure 5-11 (a) presents the 𝑆𝑁𝑅 as a function of distance, it can be seen a nonlinear 

decay in the 𝑆𝑁𝑅 with distance. This can be easily explained in terms of the sonic 

wavefront expanding like a sphere over 3𝐷 space, with a spherical surface area of 

(4𝜋𝑟)2. As such, the 𝑆𝑁𝑅 can be expected to decrease with 1 ⁄ 𝑟𝑛. In the free space,  𝑛 

is equal to 2. However, with multiple echoes 𝑛 is less than 2 which is good for the signal 

strength but in practice results in multipath effects.  There will be additional multipath 

effects, but these will be temporally separated from the primary signal amplitude (which 

will come first). The recorded 𝑆𝑁𝑅 =  21 𝑑𝐵 at 1 𝑐𝑚 distance and this value decays to 

5 𝑑𝐵 at a distance of 40 𝑐𝑚—approximately the distance from the chest to the bladder. 

The latency test was established to measure the time consumed of the ultrasound pulse 

train when generated at the transmitter and travel through the channel till output by 
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the receiver. The test is performed for 1 𝑐𝑚 distance up to 30 𝑐𝑚 at each distance the 

latency is measured.  

Figure 5-11 (b) shows the latency of the ultrasound signal when generated at the 

transmitter until output by the receiver as a function of distance. It can be seen that the 

latency increases linearly as the distance between the implants increase, to reach 

500 µ𝑠 at a distance of 40 𝑐𝑚. This result is expected and can be calculated from the 

speed of sound in saline =  1540 𝑚/𝑠. It is nevertheless an important consideration in 

setting the synchronization timing between sender and receiver nodes. 
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Figure 5-11: (a) 𝑺𝑵𝑹 as a function of distance, a gradual decrease in 𝑺𝑵𝑹 
performance can be noticed as the distance between the Tx and Rx increases; (b) 
Latency of the ultrasound signal when generated by the Tx and after it received by 
the Rx through the channel as a function of distance. 

 

The data throughput was measured and evaluated while varying the distance for 

different payload sizes. The data throughput is accredited to the rate of the error-free 

received a packet at the receiver and calculated based on the following equation [148] 

from 1 𝑐𝑚 distance up to 30 𝑐𝑚: 

 𝐷𝑎𝑡𝑎 𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 =  
𝑃𝐿(1 − 𝑃𝐸𝑅)

𝑇𝑝
 

 

5-1 
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Where 𝑃𝐿 is the payload length per packet and 𝑇𝑝 is the time consumed data to be 

received at the receiver. 

Figure 5-12 illustrates data throughput as a function of distance. The highest achieved 

throughput is 612 𝑏𝑝𝑠 then this value decreases as the distance increases. The ultimate 

limit to the data rate is determined by the guard interval (1 𝑚𝑠) required to negate the 

multipath effect. Together with overhead from headers and error correction code, this 

leads to a data rate of less than 1 𝑘𝑏𝑖𝑡/𝑠.  

Once the 𝑆𝑁𝑅 drops below 10 (distance 20 𝑐𝑚 based on the measurements), errors 

start to present, increasing the packet error rate and thus decreasing the data rate. 
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Figure 5-12: Data throughput versus the distance between the transmitter and 
receiver for different payload bytes size. 

5.3.5 BER and PER 

Based on the literature in chapter two the accepted  𝐵𝐸𝑅 range for the implanted 

devices is around 10−4, however, they did not mention at what  𝑆𝑁𝑅  value this 𝐵𝐸𝑅 

value was achieved. 𝐵𝐸𝑅 performance and 𝑃𝐸𝑅 were demonstrated in order to 

examine the performance of data transmission of the implemented system. The 𝐵𝐸𝑅 

was calculated by dividing the number of erroneous bits by the total number of the 

transmitted bits, the 𝐵𝐸𝑅 presented as a function of the 𝑆𝑁𝑅 with 𝐹𝐸𝐶 and without 

𝐹𝐸𝐶. The transmitted block includes 200 bits (1-byte header +16-byte payload +8-byte 
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parity). The received payload was compared with the reference data (bit by bit) at the 

receiver, the 𝐵𝐸𝑅 test was run for 1000 iteration in order to achieve accurate results.  

Figure 5-13 (a) demonstrates the 𝐵𝐸𝑅 performance of the ultrasound communication 

link without and with the 𝑅𝑆 code. It can be seen that a significant 𝐵𝐸𝑅 performance 

improvement in the presence of the 𝑅𝑆 code at low 𝑆𝑁𝑅. For instance, at 12 𝑑𝐵 𝑆𝑁𝑅 

the 𝐵𝐸𝑅 was 10−1 without the 𝐹𝐸𝐶. On the other hand, at the same 𝑆𝑁𝑅 with the 𝐹𝐸𝐶 

the 𝐵𝐸𝑅 improved to be 10−3. This clearly demonstrates that accurate information 

transmission can only be achieved with error correction schemes. It is worth to highlight 

that this is highly important as commands to bioelectronics nodes need to be 

interpreted correctly for safe operation. Similarly, closed-loop activity needs accurate 

data from which to determine interventions. 

Similarly, the 𝑃𝐸𝑅  was calculated with and without the 𝐹𝐸𝐶 by dividing the 

inappropriately received packets by the total number of the received packets. 

Inappropriately received packet represents the packets that the decoder can detect but 

cannot correct. 

Figure 5-13 (b) presents the 𝑃𝐸𝑅 performance as a function of 𝑆𝑁𝑅 and distance, it can 

be seen a significant enhancement of the 𝑃𝐸𝑅 at low 𝑆𝑁𝑅 and larger distance when 

using 𝐹𝐸𝐶. For instance, at 6 𝑑𝐵 𝑆𝑁𝑅 there is no way to receive an error-free packet 

without the 𝐹𝐸𝐶, whereas, for the same 𝑆𝑁𝑅 in the presence of the 𝐹𝐸𝐶 only 1 packet 

out of 100 might be received with an error. It is worth mentioning that 𝑅𝑆 code is error 

correction and detection which mean even if the decoded data have more than the 

error-correcting capability, in our case 4 bytes errors, the decoder will detect that, in 

this case, the packet can be rejected and the receiver can ask to resend the data again. 

The achieved 𝑃𝐸𝑅 with no 𝐹𝐸𝐶 is 10−3 at 21 𝑑𝐵 𝑆𝑁𝑅. Whereas the same 𝑃𝐸𝑅 can be 

achieved at lower 𝑆𝑁𝑅 using the 𝐹𝐸𝐶. 

Figure 5-14 (a) and (b) present the 𝐵𝐸𝑅 and 𝑃𝐸𝑅 as a function of the normalised 𝑆𝑁𝑅 

𝐸𝑏/𝑁0, the 𝐸𝑏/𝑁0 calculated based on equation 3-15, both 𝐵𝐸𝑅 and 𝑃𝐸𝑅 were shifted 

by 1.8 𝑑𝐵. The achieved coding gain was 5.3 𝑑𝐵 with the channel coding. 



 145 

 

Figure 5-13: (a) Measured 𝑩𝑬𝑹 performance of the ultrasound communication link 
versus the 𝑺𝑵𝑹 for up to 𝟑𝟎 𝒄𝒎 distance in multipath channel, results presented 
with and without 𝑹𝑺 code; (b) Measured 𝑷𝑬𝑹 versus the 𝑺𝑵𝑹 for up to 𝟑𝟎 𝒄𝒎 
distance in multipath channel, results presented with and without 𝑹𝑺 code. 
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Figure 5-14: (a) Measured 𝐵𝐸𝑅 performance of the ultrasound communication link 
versus the normalised 𝑬𝒃/𝑵𝟎 in multipath channel, results presented with and 
without 𝑹𝑺 code; (b) Measured 𝑃𝐸𝑅 versus the normalised 𝑬𝒃/𝑵𝟎 in multipath 
channel, results presented with and without 𝑅𝑆 code. 

5.3.6 Current Consumption and Energy Per Bit 

energy per bit for the microcontroller, transducer, and ultrasound electronics were 

calculated. The current consumption also measured for each main part of the system. 

Figure 5-15 (a) shows the current consumption for the overall system in (mA). The 

current consumption of the system for the main parts includes the microcontroller in 

three different power cycling modes (standby, listen and run), ultrasound electronics 

and the 𝑃𝑀𝐶. The power management consumes 35 µA in both transmitter and 

receiver.  
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The ultrasound 𝐴𝐹𝐸 consume 250 µ𝐴, primarily to amplify the received ultrasound 

signal at the receiver. However, it should be noted that: (i) this power is only consumed 

in the periods when a signal is expected and thus the electronics are on. (ii) The 

ultrasound electronics were designed and implemented from off the shelf components. 

In a final system, the circuit current consumption and size can be significantly reduced 

to a few µ𝐴 if implemented and integrated as an 𝐴𝑆𝐼𝐶 chip. 

From Figure 5-15 (a) the Cortex-M4 microcontroller that was used in the system 

consumes (15, 0.5, 0.0035) 𝑚𝐴 in (full, listen, standby) modes, respectively. As a 

general rule, microcontroller units operate most efficiently when utilised at higher 

speeds, followed by sleep cycling. In the designed system, as it operates with a timed 

𝑂𝑂𝐾 protocol, the unit can wake up, receive data, and implement any action as a result, 

before going back to sleep. Furthermore, the microcontroller will generate the pulses 

when receiving and transmitting bit “1” only then it will enter into the standby mode 

during bit “0” and the guard interval. Those modes of operation are important and 

reflect the proposed communication protocol explained previously in section 3.15.  

Table 5-2 shows the microcontroller current consumption for three different modes. It 

should be noted that the microcontroller MK22FN512VLH12 was employed in the 

system design since it has been used previously in rodent animal systems in the 

Neuroprosthesis lab. However, there are lower power microcontrollers that can reduce 

the quiescent operating current requirement significantly.  

Table 5-2: Microcontroller current consumption in three operation modes.  

Operation Mode Current Consumption (𝒎𝑨) 

Full operation 15 

Standby 0.0035 

Listen 0.5 

 

Since the transmission of data is highly influenced by the energy consumption in the 

system electronics, processing of the signal and transmission antenna. This relation can 
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be addressed by capturing the energy efficiency metric that measured in Joule per bit.  

Figure 5-15 (b) presents the energy per bit for the 𝑇𝑥 and 𝑅𝑥 microcontrollers, 

𝑇𝑥 transducers and 𝑅𝑥 ultrasound 𝐴𝐹𝐸. It can be seen that reasonable energy can be 

achieved in the system during communication and processing. This result was expected 

for the system since it implemented with less complex receiver electronics and 

modulation schemes.  

It was found that the transmission power consumption is equal to 18 𝑚𝑊 and 49 𝑚𝑊 

for the ultrasound transmitter and the microcontroller in the run mode respectively as 

shown in Figure 5-15 (a), Consequently, the energy required to transmit one bit 𝐸𝑏 can 

be easily calculated as: 𝐸𝑏 = 𝑃 ×  𝜏 where: 𝜏 is the duration required to send one bit. 

The required energy cost is 642 𝑛𝐽 per bit data packet.  
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Figure 5-15: (a) Current consumption of both the transmitter and receiver, the 𝑨𝑺𝑰𝑪 
unit consumes 𝟑𝟓 µ𝑨, the US electronics at the receiver only consume 𝟐𝟓𝟎 µ𝑨, the 
microcontroller operates in three power modes to save the energy it consumes 
𝟏𝟓 𝒎𝑨, 𝟓𝟎𝟎 µ𝑨 in Tx only and 𝟑. 𝟓 µ𝑨 for the run, listen and standby modes 
respectively; (b) Energy per bit for the transmitter and receiver, the microcontroller 
consumes (𝟒𝟖𝟐 𝒂𝒏𝒅 𝟐𝟑𝟐) 𝒏𝑱 per bit as a transmitter and receiver respectively, the 
transducer energy is 𝟏𝟔𝟎 𝒏𝑱 per bit and finally the receiver US electronics energy 
per bit 𝟒𝟏𝟐 𝒏𝑱.    
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Chapter 6. Conclusion and Future work 

6.1 Conclusion 

In this thesis, a design and testing of reliable and efficient ultrasonic communication 

telemetry have been presented, omnidirectional transducers that vibrate at 320 𝑘𝐻𝑧 

radial resonance frequency have been employed to implement in the future intra body 

communication inside the human body. A prototype has been implemented to evaluate 

the system performance in a tissue phantom at up to 30 𝑐𝑚 distance between the 

transmitter and receiver. Short pulses sequences with guard intervals have been 

employed to minimize the multipath effect. 

Error-free data is a significant requirement for medical devices. In particular, although 

errors can be acceptable in collected data such as physiological data which may be 

inherently noisy – even at the neural signal level and specific data, the transmission of 

intervention protocols and commands needs to be accurate (error-free) – e.g. whether 

to release or not release a drug or the stimulus intensity. As such, error detection and 

correction low-overhead 𝑅𝑆 code has been implemented onto the microcontroller to 

achieve reliable communication even at low 𝑆𝑁𝑅 which is likely the case over longer 

distances.  

Results have been shown that for transmission within the body: ultrasound has a unique 

capability to transmit over tens of cm between implantable nodes with a very small 

energy budget. This is not realistically achievable with optical or RF transmission.  

Although the proposed prototype device is relatively large, it is scalable to much smaller 

dimensions which will be explained in the next section.  

 

6.2 Personal View on The Impact of this Work in The Bioelectronic 
Medicines Field  

I believe that bioelectronic medicines will have a promising future in the treatment of 

chronic conditions such as diabetes, inflammatory bowel disease, lupus etc. In the last 

few years, Galvani Bioelectronics (GSK) in the UK and SetPoint Medical in the US have 
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been developing new therapies for chronic diseases. Bioelectronic therapies’ next 

generation can be used as a personalised treatment for each patient's need. Hence it 

requires significant data collection from within the body and transmission to/ from the 

external wearable unit. Based on the designed prototype, ultrasound communication 

can be an effective and promising method to be employed for those scenarios. 

6.3 Personal Work Criticism  

The presented system in this thesis provides reliable and efficient ultrasonic 

communication telemetry. However, there are still some parts of the system that can be 

explored and improved further. Therefore, the main parts that can be improved will be 

listed in the following points, and the improvements will be discussed in more details in 

the next section.  

1- Transducer encapsulation: PU was used in the current system prototype. 

Although, this material has already been used in one of Medtronic pacemaker 

leads. More biocompatible silicon based materials can be used as they are 

already used for the implanted devices and some of them have good acoustic 

properties.  

2- Microcontroller type: the currently used microcontroller is based on Arm 

Cortex-M4 and includes a high 𝐷𝑆𝑃 computation function. This microcontroller 

with the DSP module is quite powerful and lots of modules not used by the 

designed system. Therefore, given the receiver energy budget and size 

constraints, it can be replaced by low power and small size microcontroller that 

can fulfil the requirements. 

6.4 Future Work 

The research work presented in this thesis establishes a substantial advancement over 

the previously reported systems for the intra body communication application. 

However, there are still some interesting research areas that can be explored further. 

The author’s ideas are explained in this section, the designed system developments are 

divided into hardware and software developments, each part is explained in detail.  
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As per Figure 4-16, the purpose was to implement a robust and optimal communication 

link, so these have been implemented using discrete components. Furthermore, the 

microcontroller and sensor electronics are also discrete as per Figure 4-17 (a) and (b). In 

a future/final micro-system, I would envisage much of the electronics to compress to a 

single 𝐴𝑆𝐼𝐶 for sensing and communications and perhaps a separate microcontroller 

chip for processing. Furthermore, a custom ceramic base can be used instead which 

would be more suitable for implantable devices compared to a 𝑃𝐶𝐵 base. A concept 

final configuration can be seen in Figure 6-1  that shows 3𝐷 model of the final 

configuration of the system before the passivation. 

 

 

Figure 6-1: (a) Side view with mm dimensions of the miniaturised system; (b) Top 
view 3D model of the system before the passivation that shows the main utilised 
components and how it can be miniaturized to be injectable. 

 

6.4.1 Hardware Improvement and Further Development 

1. Wire material 

In this work an ultrafine copper wire has been used for the 𝑃𝑍𝑇 crystal wire 

bonding, this copper wire has a diameter of 0.13 𝑚𝑚. Although it provides a 

good electrical conductivity, it can defect and susceptible to corrosion over long 

term operation. Therefore, for the future device, the gold wires are a good 

replacement since the gold wires are corrosion resistant and provide adequate 

electrical and mechanical properties. 

 



 154 

2. 𝑷𝒁𝑻 transducer material 

It is worth pointing out that any device would be encapsulated and thus would 

be safe at least for short periods and is thus suitable for in-vivo research, which 

would need to be performed before any clinical translation. Nevertheless, 

further into the future, the toxicity of 𝑃𝑍𝑇 will mean that (lead/heavy metal free) 

alternatives such as potassium sodium niobite [160] will need to be explored.  

3. Transducer encapsulation 

In this work, 𝑃𝑈 was utilised as a coating material for the transducer since it has 

an acoustic impedance that is close to the tissue impedance and it can achieve 

good mechanical robustness, provide excellent water resistance and reduce the 

possible interface reflections. Furthermore, 𝑃𝑈 has already been used in the 

pacemaker leads from a Medtronic model P1501DR [113], indicating 

biocompatibility. However, an alternative coating material can be explored and 

employed for the transducer encapsulation Table 6-1 provides a range of 

encapsulation materials that widely used in biomedical implanted devices and 

their acoustic impedance. The closest impedance of the encapsulation material 

to the medium impedance (Table 3-1) will result in less reflection and loss of 

signal power.  

Table 6-1: Encapsulation materials and their acoustic impedance.   

Polydimethylsiloxane (PDMS) 

Material name Acoustic impedance (𝟏𝟎𝟔𝒌𝒈 𝒎−𝟐 𝒔−𝟏) 

Sylgard 170 1.37 

Sylgard® 160 1.5 

GE® RTV-615 1.1 

Sylgard 184 1 

 

 

4. 𝑨𝑭𝑬 design 

The ultrasound 𝐴𝐹𝐸 was designed and implemented from off the shelf 

components, the current consumption of this design was 250 𝜇𝐴. In the future 

system, the circuit current consumption and size can be significantly reduced 
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into a few µ𝐴 if implemented and integrated as an 𝐴𝑆𝐼𝐶 chip to be more 

compatible for an injectable 𝐵𝑒𝑁𝑠.  

5. Microcontroller type 

In this work, the microcontroller MK22FN512VLH12 was employed in the system 

design since it already been used widely in rodent animal systems by the 

Neuroprosthesis lab team. This microcontroller is based on Arm Cortex-M4 and 

includes a high 𝐷𝑆𝑃 computation function. Since in the designed system floating 

point or a complex 𝐷𝑆𝑃 function are not used, there are two methods to reduce 

the unnecessary background power consumption. First, the 𝐷𝑆𝑃 of the 

microcontroller can be turned off when unused. However, this method can be 

useful for periodic computation tasks that can be compressed in time. 

𝐵𝑒𝑁𝑠 devices are assumed to spend most of their time in deep sleep and then 

wake up for periods of communication activity (as explained in section 5.3.6). 

However, during these periods when the devices are awake for communication 

activity, they spend most of their time in a moderately low energy “listening” 

mode where they are waiting for the arrival of a data packet. Likewise, when a 

packet arrives the processing of the data packet can only happen in real time (it 

is an event of fixed duration) and cannot be compressed into a shorter time 

period by upping the clock frequency. Therefore, the second method can be 

explored by choosing a processor that has just enough computational 

resources/memory to do the required amount of computation spread over the 

period of communication. There are lower power microcontrollers that can 

reduce the operating current requirement significantly. An example of other 

microcontrollers is MKL02Z32VFK4 microcontroller with 24 pin-QFN packages, 

the core processor based on Arm Cortex-M0+ which provide ultra-low power 

operation, the package dimensions are (4 ×  4 ×  1) mm. 

6.4.2 Communication Software Further Development 

1. Modulation type 

In the designed system, 𝑂𝑂𝐾 modulation technique has been used since it 

requires a less complex receiver in terms of hardware and processing. Another 

modulation approach is 𝑝𝑝𝑚 where the binary data bits are encoded by varying 
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intervals between pulses of equal duration. This can be very power efficient, 

multipath tolerant and can be detected with a very simple receiver, like the 

designed receiver, using minimal energy (which is what needed for 𝐵𝑒𝑁𝑠). In a 

multipath channel such as the human body, it is desirable always to send the 

shortest duration pulse that the channel bandwidth will support to minimise 

fading, longer pulse duration will cause the superposition of the multipath to a 

complete cancellation by destructive interference. 

In this work, the 𝑃𝑃𝑀 and Differential Pulse Position Modulation (𝐷𝑃𝑃𝑀) have 

been explored. The concept results are presented in the coming sections and the 

remaining experiments should be considered as an open area of future research.  

PPM and DPPM 

In the 𝑃𝑃𝑀, the binary data bits are encoded by varying the position of pulses of equal 

duration, hence the transmission power is constant for all the transmitted data.  The 

𝐷𝑃𝑃𝑀 is a modification for the 𝑃𝑃𝑀 that encode the binary data bits by varying 

intervals between pulses of equal duration. 𝐷𝑃𝑃𝑀 add several advantages over the 

𝑃𝑃𝑀 such as synchronisation pulse is not necessary for the 𝐷𝑃𝑃𝑀 (unlike the 𝑃𝑃𝑀), 

less bandwidth and less average power are required for 𝐷𝑃𝑃𝑀 and 𝐷𝑃𝑃𝑀 is less 

complex to implement. Figure 6-2 shows the difference between the 𝑃𝑃𝑀 and 𝐷𝑃𝑃𝑀. 

 

Figure 6-2: The key difference between the 𝑷𝑷𝑴 and 𝑫𝑷𝑷𝑴, it can be seen 
the 𝑫𝑷𝑷𝑴 remove the off period that followed after the on the pulse. 𝑻𝒎 
                               . 
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Data Encoding and Decoding using DPPM 

Using the same experimental setup of the 𝑂𝑂𝐾 modulation, the binary bits were 

encoded using the 𝐷𝑃𝑃𝑀, the key target of the 𝐷𝑃𝑃𝑀 is to improve the data rate, 

therefore, two bits per symbol are encoded, unlike the 𝑂𝑂𝐾 (transmit only one bit per 

symbol). Table 6-2 shows the time interval assigned for each two bits combination, each 

pulse encoded based on the previous pulse. Two pulses of 2 𝑚𝑠  time interval are 

inserted as a synchronisation pulse after that the data will be received. At the receiver, 

the difference between each consecutive pulsed will be measured to decode the binary 

bits. Out of the period, interval was added to return to standby mode in case the receiver 

missed the packet.   

Table 6-2: 2-DPPM bit mapping. 

Bit Combination DPPM time delay (𝒎𝒔) 

Synch pulse 2 

00 0.8 

01 0.85 

10 0.9 

11 1 

Out of period 1.2 

 

Figure Shows the transmitted data using the 2 − 𝐷𝑃𝑃𝑀 bit mapping, and the received 

data in the ultrasound 𝐴𝐹𝐸 then the data detection by the embedded control unit. It 

can be seen that the data symbols have variable durations based on the 2 − 𝐷𝑃𝑃𝑀 bit 

mapping. Further 𝑃𝐸𝑅 performance for 𝐷𝑃𝑃𝑀 needs to be examined and compare it 

with the 𝑂𝑂𝐾 in terms of data rate and energy efficiency. 

Finally, more sophisticated modulation schemes with 𝑃𝑆𝐾/𝑄𝐴𝑀,𝑂𝐹𝐷𝑀 etc. can be 

employed but such schemes require more complicated hardware, software and the 

receiver energy budget is equally as important as the transmit energy budget for 

implantable devices. Hence further development is needed on low power 

implementation with dedicated integrated circuit designs or programmable logic 

devices. In the case of an implant transmitting out to a receiver on the skin surface 
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(where a higher energy receiver could be used), more bandwidth efficient modulation 

schemes can be considered to achieve higher data rates if required. 

 

Figure 6-3: Bit encoding of the 𝑫𝑷𝑷𝑴, trace 1 shows the transmitter pulses started 
by the synch period, trace 2 shows the receiver 𝑨𝑭𝑬 and trace 3 shows the detected 
pulses at the receiver. 
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2. Power cycling 

Switching the microcontroller between run mode and low power modes can help 

energy saving and extend the implant lifetime.  Since the 𝐵𝑒𝑁𝑠 have a 

constrained energy budget, it is important to meet the energy required for 

appropriate operation without compromise the performance. As presented 

previously, Transmission can be achieved at an energy cost of 642 𝑛𝐽 per bit data 

packet using on/off power cycling in the electronics.  

The current consumption can be reduced significantly when replacing 

MK22FN512VLH12 based on Arm Cortex-M4 with MKL02Z32VFK4 based on Arm 

Cortex- M0+ core. For the future implementation of the 𝐵𝑒𝑁𝑠, the 

microcontroller MKL02Z32VFK4 have been explored in terms of the current 

consumption and the switching between power modes. Table 6-3 shows the 

measured current consumption of the MKL02Z32VFK4 microcontroller for four 

different power modes: normal run, very low power run (𝑉𝐿𝑃𝑅), Stop and very 

low power stop (𝑉𝐿𝑃𝑆).  

Table 6-3: Measured Current consumption of the MKL02Z32VFK4 
microcontroller. 

Core Speed 

(MHz) 

Bus/Flash 

Speed (MHz) 

Supply Voltage 

(V) 

Current 

Consumption (mA) 

Run 

48 24 3.3 5.7 

4 2 3.3 1.42 

4 2 1.8 1.63 

𝑽𝑳𝑷𝑹 

4 1 3.3 0.321 

4 1 1.8 1.56 

Stop 

48 24 3.3 0.27 

4 2 3.3 0.25 

48 24 1.8 0.26 

𝑽𝑳𝑷𝑺 

48 24 3.3 0.0028 

4 4 3.3 0.0024 

4 4 1.8 0.00215 
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6.4.3 Experimental Testing and Investigation 

1. In Vivo experiment 

At the current time, there are no clinical systems that utilise ultrasound as a 

communication method. However, it is widely used for in-body imaging, and in some 

forms of therapeutic intervention such as kidney stone removal. Its physiological effects 

are well understood, and thus clinical utilisation has no inherent regulatory barriers. 

Therefore, the designed system can be tested In Vivo on the human body safely. Both 

that transmitter and receiver can be placed on the surface of the skin with the aid of 

coupling gel on each side of the human abdomen area and test the communication 

through the body. The experiment can be repeated for different distances such as chest-

abdomen, neck-abdomen, and arm.  

2. Acoustic noise investigation  

The acoustic noise, that can appear when communicating inside the body, in the low 

operating frequency range (i.e. hundreds of 𝑘𝐻𝑧 range) is poorly understood at present 

and should be considered as an open area of research. Measurement of transmission 

loss versus distance in tissue at a low operating frequency can also be investigated. 
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Chapter 7. Appendix A 

The appendix data provides some additional data to support data analysis of the 

previous research work in chapter two. In particular, full summary tables for the 

following tables provide comparative data for transducers of different form factors: disc 

(Table A-1), directional plate (Table A-2), directional cube (Table A-3), directional PMUT 

(Table A-4), omnidirectional sonomicrometry (Table A-5) and omnidirectional Tube 

(Table A-6). It is worth highlighting some definitions that used in the aforementioned 

tables:  

Backscattering modulation: Detection of backscattered analog signal level from the 

device. 

Transmission distance: The distance between the Tx and Rx in the medium of 

transmission.  

Benchtop device: The device was implemented as a benchtop system with transducer 

and external benchtop electronics. 

PCB device: The device was implemented on a printed circuit board and encapsulated.  

ASIC device: The device electronics were implemented on an application specific 

integrated circuit chip. 
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Table A-1: Summary of all reported devices using a directional disc transducer form factor. 

Ref. Diameter 
size 

(𝒎𝒎) 

Application Resonance 
frequency 
(𝑴𝑯𝒛) 

Modulation Data 
rate(𝒌𝒃𝒑𝒔) 

Medium Distance 
(𝒎𝒎) 

𝑩𝑬𝑹 Device 

[85] 6 Comms/Power 1 𝐴𝑆𝐾, 𝐹𝑆𝐾 and 𝑃𝑆𝐾 25 Tissue 
phantom 

50 10−6 𝑃𝐶𝐵 

[74] 9.5 Comms 1 𝑂𝑂𝐾-𝐹𝐷𝑀 120 Saline 30 - Benchtop  

[75] 15 Comms 0.5 𝐹𝑆𝐾 0.5 Water 10 - Benchtop  

[84] 19 Comms 5 𝑄𝐴𝑀 5000-
30000 

Beef liver 50 - Benchtop  

[83] 19 comms 5 64 𝑄𝐴𝑀 30000 Pork loin 
and beef 

liver 

58.6 10−4 Benchtop  

[70] 9.5 Comms 5 16 𝑄𝐴𝑀 1300 Human 
kidney 

phantom 

100 10−4 Benchtop  

[78] 1.1 Comms/Power 1 𝑂𝑂𝐾 75 Water 37.5 - 𝑃𝐶𝐵 

[80] 9.5 Comms 5 𝑃𝑃𝑀 + time 
hopping and spread 

spectrum 

700, 70 Human 
kidney 

phantom 

100 10−6 Benchtop  
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[81] 9.5 Comms 0.7 𝑃𝑃𝑀 90 thoracic 
phantom 

180 10−6 Benchtop  

[76] 6 Comms 1 𝑂𝑂𝐾-𝑃𝑀 25 Animal 50 - 𝐴𝑆𝐼𝐶 

[77] 13 Comms 1 Backscattering - Water 50 - 𝑃𝐶𝐵 

[79] 15 Comms/Power 0.765 𝐴𝑆𝐾/Backscattering 0.110, 1.2 Water 150 - Benchtop  

 

Table A-2: Summary of all reported devices using a directional plate transducer form factor. The reported transducers of plate shape are a trade-

off between the transducer size and resonance frequency.   

Ref. Dimensions 
(𝒎𝒎) 

Applicatio
n 

Resonance 
frequency 
(𝑴𝑯𝒛) 

Modulatio
n 

Data 
rate

(𝒌𝒃𝒑𝒔) 

Medium Distance 
(𝒎𝒎) 

𝑩𝑬𝑹 Device 

[69] (1 x 1 x 1.4) Comms/Po
wer 

1 - - Chicken 
meat 

30 - 𝑃𝐶𝐵 

[68] (0.55 x 0.55 
x 0.4) 

Comms/ 
Power 

Tx 2.5 and Rx 1 𝑂𝑂𝐾 Tx 100 
and Rx 25 

Animal 
tissue and 
Castor oil 

60 and 
85 

10−4 in 
castor oil 

Fully packaged 

[86] (1.08 x 1.08 
x1.44) 

Comms 1 𝑄𝑃𝑆𝐾 250 Mineral oil 50 10−4 𝑃𝐶𝐵 
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Table A-3: Summary of all reported devices using a directional cube transducer form factor. 

Ref. Size 
(𝑚𝑚3) 

Application Resonance 
frequency 
(𝑴𝑯𝒛) 

Modulation Data rate 
(𝒌𝒃𝒑𝒔) 

Medium Distance 
(𝒎𝒎) 

𝑩𝑬𝑹 Device 

[87] 1.44 Comms/ 
Power 

1 𝑂𝑂𝐾 - Castor oil 60 - - 

[71] 0.75 Comm/ 
Power 

1.78 Backscatter 50 (average) Oil 50 - Fully packaged 

[82] 0.75 Comm/ 
Power 

1.85 Backscatter 500 Rat 8.9 - Fully packaged 

[90] 0.8 Comm/ 
Power 

1.6 Backscatter - Oil 20 - Benchtop 

 

Table A-4: Summary of all reported devices using a PMUT transducer form factor. 

Ref. Dimensions 
(mm) 

Applicatio
n 

Resonance 
frequency 
(𝑴𝑯𝒛) 

Modulatio
n 

Data rate 
(𝒌𝒃𝒑𝒔) 

Medium Distance 
(𝒎𝒎) 

𝑩𝑬𝑹 Device 

[72] (3 ×  3 ×
 0.5) 𝑚𝑚 

Comms 0.6 𝐵𝑃𝑆𝐾 and 
𝑄𝑃𝑆𝐾 

298 
(𝐵𝑃𝑆𝐾) 
and 596 
(𝑄𝑃𝑆𝐾) 

Tissue 
phantom 

50 10−6 
(𝐵𝑃𝑆𝐾) 

and  

10−5 
(𝑄𝑃𝑆𝐾) 

𝑃𝐶𝐵 + Benchtop  
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Table A-5: Summary of all reported devices using an omnidirectional sonomicrometry transducer form factor. With more sophisticated modulation 

scheme the bit error rate performance improved for the communication application experiments. 

Ref. Size (𝒎𝒎) 
(diameter) 

Applicatio
n 

Resonance 
frequency 
(𝑴𝑯𝒛) 

Modulatio
n 

Data rate 
(𝒌𝒃𝒑𝒔) 

Medium Distance 
(𝒎𝒎) 

BER Device 

[97] 1 Imaging 1.3 𝑂𝑂𝐾 1000 Chicken 
meat 

30 10−2 Benchtop  

[67] 2 Comms 1.2 4 𝑄𝐴𝑀 200 Gelatine 
bone 

phantom 

80 10−4 𝑃𝐶𝐵 

[66] 2 Comms 1.2 𝑂𝐹𝐷𝑀 340 Beef liver 100 10−4 𝑃𝐶𝐵 

[88] 2 Comms 1.1 𝑄𝐴𝑀 3200 Rabbit 
abdomen 

22 10−5 Benchtop 

 

Table A-6: Summary of all reported devices using a tube transducer form factor. 

Ref. Dimension 
(𝒎𝒎) 

Applicatio
n 

Resonance 
frequency 
(𝑴𝑯𝒛) 

Modulatio
n 

Data rate 
(𝒌𝒃𝒑𝒔) 

Medium Distance 
(𝒎𝒎) 

BER Device 

[42] (3 x 3.5 x 
2.5) 

Comms 0.32 𝑂𝑂𝐾 1 Saline Up to 
300 

10−5 𝑃𝐶𝐵 

[73] (3 x 3.5 x 
2.5) 

Comms 0.32 - 70 Saline Up t0 
360 

- Benchtop  
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