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Abstract

Post-operative failures of joint replacement can only be detected by MRI after 50 microns of

displaced positioning. Surgeons need to be alerted of failure earlier, while this displacement

is as small as 10 microns.

This document details the specifications of an implanted wireless sensor system, which

utilises cylindrical wireless, externally powered sensors implanted within orthopaedic knee

replacements, to monitor health complications over time. The wireless sensor uses an

electromagnetic wave to measure the distance from the sensor to the bottom plate of the knee

replacement. This distance is monitored regularly via an external reader device which reports

the data and any complications to the clinician. This system allows wireless, non-invasive

monitoring of the health of the implant, to eliminate the need for invasive procedures such as

surgery. This initial implementation is designed specifically for knee replacements, but can

be applied in the future for other joint replacements.

This document will support the development of a prototype for the implanted wireless sensor

system, along with further testing and final implementation.
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1
Introduction

1.1 Project Overview

If a person’s knee is severely damaged by arthritis or injury, this can create complications and

difficulties when performing even simple day-to-day activities. If non-surgical treatments do

not prove effective, total knee arthroplasty (knee replacement surgery) may be considered

as a solution [1]. In this procedure, an orthopaedic surgeon removes damaged cartilage and

bone from the joint, and positions newmetal and plastic implants to restore the alignment and

function of the knee [1]. While this process is becoming more effective over time, implant

surfaces still wear down over time and the components may loosen [1].

Currently, post-operative failures of joint replacement can only be detected using MRI after

50 microns of displaced positioning. Surgeons need to be alerted of failure earlier, while this

displacement is still much smaller, as being able to identify complications early and apply

proper treatment could eliminate the need for a second orthopaedic surgery to fix the problem.

The aim of this document is to outline the design specification for a system which can detect
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knee replacement prosthesis displacements as small as 10 microns. From early analysis, 10

microns is a reasonable target for accuracy, given the technologies to be implemented, and

the relative advantage over the accuracy of existing systems, at 50 microns. The proposed

system is the implanted wireless sensor system, which utilises cylindrical wireless, externally

powered sensors implanted within orthopaedic knee replacements, to monitor health compli-

cations over time. The wireless sensor uses an electromagnetic wave to measure the distance

from the sensor to the bottom plate of the knee replacement. This distance is monitored

regularly via an external reader device which reports the data and any complications to the

clinician. This system allows wireless, non-invasive monitoring of the health of the implant,

to eliminate the need for invasive procedures such as surgery. This document will support

the development of a prototype for the implanted wireless sensor system, along with further

testing and final implementation.

1.2 Report Structure

The remainder of this document details the design, system specification and research behind

the implanted wireless sensor system. Chapter 2 discusses some background research and

existing work related to this project, which was used as guidance and a basis for the design and

implementation. Chapter 3 gives an overview of the system specification for the implanted

wireless sensor system, including its functionality, structure, and operating parameters. It also

discusses some of the research and design decisions that were made, based on the different

options that were available for each function. Finally, Chapter 4 provides an overview of

some of the possible future work that could be implemented for the implanted wireless sensor

system, and Chapter 5 provides a summary of the project and its successes.
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Background and Related Work

This chapter covers some background research and previous work related to this project,

which was used as the basis for my research and implementation. Section 2.1 introduces

knee replacement surgery and the issues this project aims to address. Section 2.2 then analyses

past experiments into implanted RFID communication within the body, and the associated

successes and challenges. Section 2.3 discusses radio frequency identification (RFID) in

general, before delving into more detail regarding the power configurations and operating

frequencies implemented by RFID technology. Section 2.4 outlines the use of RFID tags as

sensors, as this is an important aspect of this sensor system. Finally, Section 2.5 outlines

near field communication (NFC), a wireless communication technology linked and related to

RFID, and Section 2.6 covers Far-Field RF, another possible radio frequency communication

method.

I have selected the literature discussed within for my background research, as it covers a broad

selection of material related to this project. Some older, well-known texts have been used as

the basis of my research for a historical background and as an overview, while more recent
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and focused literature has been used to cover specific topics and provide detailed information.

2.1 Total Knee Arthroplasty

If a person’s knee is severely damaged by arthritis or injury, this can create complications and

difficulties when performing even simple day-to-day activities. If non-surgical treatments do

not prove effective, total knee arthroplasty (knee replacement surgery) may be considered

as a solution [1]. In this procedure, an orthopaedic surgeon removes damaged cartilage and

bone from the joint, and positions new metal and plastic implants to restore the alignment

and function of the knee [1].

2.1.1 The Knee

The human knee functions as a type of "biological transmission" whose purpose is to accept

and transfer a range of mechanical loads between the femur, patella, tibia, and fibula without

causing structural or metabolic damage. Damaged or arthritic knees are like living transmis-

sions with worn bearings that have limited capacity to safely accept and transmit forces [12].

One method of representing the functional capacity of the knee is the "envelope of function",

a load and frequency distribution that describes the range of loads the joint can sustain while

still maintaining homeostasis of all tissues [12].

The fundamental principle of any orthopaedic treatment is to restore and maintain normal

musculoskeletal function. Therefore, the purpose of joint replacement surgery is to maximize

the envelope of function for a given joint as effectively as possible [12].

2.1.2 Reasons for Knee Replacement

There are several reasons why knee replacement surgery may be recommended, but the most

common reasons for undergoing this procedure are if the patient experiences moderate or

severe knee pain which limits everyday activities, chronic inflammation or swelling that does

not improve, or knee deformity, which have failed to improve substantially through treatments

such as medications, injections, or physical therapy [1].

The most common cause of chronic knee pain and disability is arthritis [13]. Most knee pain

is caused by three of the possible types of arthritis:
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• Osteoarthritis / Arthrosis – caused by the softening and wearing away of the protective

knee cartilage over time, resulting in the bones rubbing against each other and causing

pain and stiffness

• Rheumatoid Arthritis – a disease in which the synovial membrane surrounding the

joint becomes inflamed and thickened

• Post-traumatic arthritis – follows from serious knee injury, where fractures or tearing

of ligaments damages the articular cartilage over time, causing pain and limiting knee

function [1]

2.1.3 How Knee Replacement Works

Figure 2.1 provides an overview of the anatomy of a normal knee.

There are four basic steps to a knee replacement procedure:

Figure 2.1: Normal knee anatomy [1]

1. Prepare the bone – The damaged cartilage surrounding the ends of the femur and tibia

are removed along with a small amount of underlying bone. The distal femur and

proximal tibia are cut perpendicular to the mechanical axis of the bones [13].
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2. Position the metal implants – The removed cartilage and bone is replaced with metal

components to recreate the joint surfaces. These parts may be cemented or fitted into

the bone [1, 13].

3. Resurface the patella – If damaged, the under-surface of the kneecap can be cut and

resurfaced with a polyethylene button [1, 13].

4. Insert a spacer – A plastic spacer is inserted between the metal components to create a

smooth gliding surface [1].

The anatomy of the replaced joint is outlined in Figure 2.2.

The indicators that joint replacement surgery has been successful are the absence of pain

Figure 2.2: Anatomy of knee after total knee arthroplasty (patella not shown) [1]

and swelling, and a large range of motion and muscle control [12].

2.1.4 Implant Complications

Significant advances have occurred in the design of artificial knees, as well as the surgical

techniques used to implement them. The type and quality of the metals, polyethylene, and

ceramics used in the prosthesis manufacturing process are constantly improving, leading to

improved longevity of the joint [13]. However while this process is becoming more effective

over time, implant surfaces may still wear down over time and the components may loosen
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[1].

Implant wear is the primary mechanical factor limiting the long-term outcome of total knee

replacement. The day-to-day motion of the knee is a critical factor influencing wear at the

joint [14, 15]. The secondary motions of the knee such as rolling and sliding of the joint

can also have a substantial influence on wear, and contribute to fatigue of the polyethylene

components [12, 15]. Over time, this motion of the joint can lead to long-term failure modes

such as wear and loosening [12].

Currently, post-operative failures of joint replacement can only be detected using MRI after

50 microns of displaced positioning. This system is designed to detect displacements as

small as 10 microns.

2.2 Implanted RFID Communication

Various experiments have been carried out, testing the feasibility of implanting tags within

the human body, and communicating wirelessly using RFID to obtain information gathered

and stored within the body. The key idea is to add communication and sensing capabilities

to implanted biomedical devices in order to collect data about the health state of the device.

Orthopaedic prostheses, in particular, would greatly benefit from these capabilities because

of the many possible pathological complications to be monitored along years, such as tissue

regrowth, infections and displacement [6, 16]. They also offer an effective surface to host

electronics for sensors and communication. Due to their low profile and size, RFID tags

are suitable for integration inside polymeric/metallic parts of orthopaedic prostheses. Being

able to identify complications early and apply proper treatment will eliminate the need for

a second orthopaedic surgery to fix the problem, and so it is believed that RFID tags with

sensor applications will have a huge market value [16].

When creating an implanted wireless radio system, the critical issues to focus on in the design

are the feasibility of a reasonable link range [17], low power consumption [18], biocompati-

bility [19] and miniaturization [20]. The final selection of an appropriate tag structure, power

source, carrier frequency and communication bandwidth are dependent on many properties

of the human body. In the case of an implanted RFID tag within an orthopaedic implant,

some important factors to be considered include the surrounding materials that make up the

implant, and how deep within the body the tag would be implanted.
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In [6], Lodato, Lopresto, Pinto andMarrocco reported on the proposition of using RFID to de-

velop implanted radio-sensors to be integrated into orthopaedic prostheses. They investigated

the feasibility of wireless links for UHF RFID (860-960 MHz) tags implanted into human

limbs, which are interrogated by a non-contacting reader’s antenna, with the purpose to label

and, in the near future, to collect data about the health status of an implanted orthopaedic

prosthesis [6]. Performance tests were carried out using electromagnetic simulations over

an anthropomorphic phantom as well as experimentation with a real RFID communication

link involving a simplified in vitro setup, using minced meat and a bovine bone segment to

reproduce a human limb [6]. The required power level, maximum achievable read distance,

and link sensitivity to reader-tag alignment were analysed to determine feasibility.

The results of these experiments suggest that using current RFID technology, and the specific

tag (loop antenna) and reader antenna (SPIFA) considered, a stable communication link with

tags implanted inside limbs may be already feasible up to 10-35 cm from the body, whilst

successfully complying with health constraints regarding electromagnetic exposure [6]. An-

other important result from this experiment is that the addition of an aluminium coating to the

bone surrounding the tag, simulating a metallic prosthesis, had a negligible effect on signal

power, proving it is still possible to establish a stable RFID link in close proximity to metallic

surfaces [6].

In [16], Liu, Stachel, Sejdic, Mickle and Berger aimed to solve the issue of implanted RFID

tag communication interfering with pacemakers and other sensitive medical equipment, by

communicating with an implanted tag via transcutaneous near field communication (TNFC)

based on capacitive coupling between the reader and the tag. A maximum reading range of

4.1 cm was achieved through pork skin using 30 dBm power from the reader. This proposed

UHF RFID system is a feasible solution to provide high efficiency for transcutaneous oper-

ation while can eliminating any issues of interference with other medical or RFID devices

[16]. The main issue with this proposed system is that it requires its reader and tag to be in

direct contact with the tissue to work properly and respond to each other.

Experiments into implanted wireless sensor networks, such as those carried out in [6] and

[16], are what we intend to use as a foundation for the design and production of this system.

We will use the information and results from studies such as these to assist with design

decisions when developing a specification for our system.
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2.3 Radio Frequency Identification

Radio frequency identification (RFID) involves small transponders (tags) attached to physical

objects, which are wirelessly interrogated by RFID transceivers (readers), to retrieve identi-

fying information [8]. Typically, RFID systems have been used as automatic identification

systems, for applications such as electronic toll collection, proximity cards for access con-

trol, and contactless payment systems [8, 9]. While initially developed in the 1970s, recent

advancements in chip technology have allowed the expansion and use of RFID technology in

countless new applications in many industries.

RFID systems involve three core components:

• Tags (transponders), which carry data

• Readers (transceivers), which read and write tag data

• Host systems / Databases, to provide information or operational function [9]

Figure 2.3 outlines a typical RFID system.

RFID tags are typically composed of an antenna and an integrated circuit (IC). The

Figure 2.3: Overview of an RFID system [2]

antenna is responsible for receiving and transmitting signals, while the IC is responsible

for computation, storage and collecting power from an incident reader signal [8]. Once

manufactured, the antenna and IC are commonly packaged into a glass capsule or foil inlay,

to be incorporated into the final product [8, 21]. Figure 2.4 shows an example of a capsule

design RFID tag, used to microchip pets.
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Figure 2.4: RFID capsule tag used to microchip pets [3]

RFID readers communicate with tags through a radio frequency (RF) channel to obtain

identifying information. The reader transmits radio signals at a pre-set frequency and interval

to interrogate the tag. Any tag within range receives this signal via its antenna, and responds

with a signal containing its identification and other information [21].

Readers come in many forms and may offer a wide range of functionality. They may also be

integrated into hand-held mobile devices [8].

2.3.1 RFID Power Sources

RFID tags can obtain their power in many different ways. The method they use for this will

determine the tag’s potential read range, lifetime, cost, and possible functionalities, along

with the physical design of the tag [8].

There are three main classes of tag power sources; active, semi-passive, and passive [9].

These classes are summarised in Figure 2.5.

Active tags are equipped with an on-board power source such as a battery, and may initiate

communication with a reader or periodically transmit signals. Having their own power

source means these tags typically have a much longer operating range than passive tags

[8, 21]. However an in-built battery results in a bulkier tag structure, and a requirement

for recharging or replacing the battery, which are inconvenient for implanted devices, where

miniaturisation and a long lifetime are paramount.

By contrast, a semi-passive (or semi-active) tag is one which has an internal battery, but is

unable to initiate communications with a reader. This ensures that semi-passive tags are only

active when queried by a reader [2, 8]. Semi-passive tags have the advantages of a long

read distance [2] and the ability to remain idle most of the time to save power, but are more
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Figure 2.5: The three classes of RFID tag power configurations [2]

expensive to produce [8].

Passive tags have no on-board power source, and rely solely on a reader to operate. They

obtain energy by harvesting it from an incoming RF communication signal from a reader

[8]. At lower frequencies, this energy is typically harvested inductively, while at higher

frequencies it is harvested through capacitance. The read range of an inductive tag is roughly

comparable to the size of the reader antenna, and is dependent on the relative orientation

of the tag and the reader [2]. While they have the shortest read range, passive tags are the

cheapest to manufacture and the easiest to integrate into products, and are therefore the most

commonly used RFID tags [8]. Due to their simplicity, passive tags may also rely on a reader

to perform computation as well.

2.3.2 RFID Operating Frequencies

RFID systems can operate at a variety of different radio frequencies. These are classified

into ranges, each with their own operating range and power requirements. Some ranges are
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Frequency Range Frequencies Data Rate Passive Read Distance

Low Frequency (LF) 120-140 KHz Low 10-30cm

High Frequency (HF) 13.56 MHz Low to Moderate 10cm-1m

Ultra-High Frequency (UHF) 860-930 MHz Moderate 3m

Microwave 2.45 and 5.8 GHz High 3-5m

Ultra-Wide Band (UWB) 3.1-10.6 GHz High 10m

Table 2.1: Common RFID operating frequencies [2, 8–10]

also subject to regulations and restrictions that limit the applications that they can be used for

[2, 8]. These available frequency ranges are outlined in Table 2.1.

The selected operating frequency determines which physical materials will effectively

propagate the radio frequency signals. It can also have an effect on the physical dimensions

of an RFID tag, as different sized and shaped antennae will operate at different frequencies

[8]. Selection of a carrier frequency for an implanted RFID tag within an orthopaedic implant

is dependent on many properties of the human body and the implant, such as the surrounding

materials that make up the implant, and how deep within the body the tag would be implanted.

The human body is not an ideal medium for radio frequency wave transmission. It consists

of materials of different dielectric constants, thickness, and impedance. Therefore depending

on the radio frequency, body tissue can lead to high losses caused by power absorption,

central frequency shift, and radiation pattern destruction, varying with frequency and tissue

characteristics [22].

Low frequency (LF) RFID tags are normally passively powered through induction, and

therefore have short read ranges. They are able to operate in close proximity to metals and

liquids, but have a low data rate compared to other operating frequencies [8].

High frequency (HF) RFID tags offer a higher data rate than LF tags, but are still limited to

a short read range. They also do not perform as well as LF tags in proximity to metals or

liquids [8]. The HF frequency range lies on a heavily regulated part of the radio spectrum,

in a worldwide industrial, scientific and medical (ISM) radio band. Broadcasts must operate

within a narrow frequency band, which presents an issue due to interference with other signals

[8]. This has been considered as a possible issue for medical applications, due to concerns

regarding interference with sensitive medical devices or other wireless implants [16, 23].

The availability of high power at short range means HF tags can support large amounts of
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memory, allowing users to record and retrieve substantial amounts of information from a tag

[2].

Ultra high frequency (UHF) RFID tags offer a longer read range than lower frequency

tags. When considering implanted RFIDs, tags in the UHF band may offer some attractive

advantages overHF tags because of the higher data-rate and longer activation distances [6]. As

attenuation through tissue increases with frequency [24, 25], UHF systems experience higher

power losses than HF and LF systems. However, UHF RFID systems have the advantages

of less signal degradation due to metallic implants than HF and LF systems, and the tag

can be made smaller in size because of the much shorter wavelength [16]. Furthermore,

UHF systems follow standards with more industry support for medical devices such as MRI

compatible RFID integrated circuits [16].

Microwave RFID tags are typically semi-passive or active, and offer higher read ranges than

UHF tags. However, microwave tags consume more energy than comparable UHF tags, and

generally cost more to produce [8].

Ultra-wideband (UWB) RFID communication uses low-power signals on a very broad range

of frequencies, rather than sending a strong signal on a particular frequency [8]. UWB has a

long read range, relatively low power consumption, and is compatible with metals and liquids.

Since the signal on any particular frequency is very weak, UWB also does not interfere with

sensitive equipment [8]. Compared to other RFID frequency bands, UWB technology is

highly attractive for implantable devices due to its ability to transmit less energy per Hz

within a wide spectrum, thereby moderating radiative tissue absorption [25].

2.4 RFID Sensors

One novel idea when designing an RFID system to monitor the health state of an orthopaedic

implant is the possibility of passive sensing, using the RFID tag itself as a sensor. By

processing the response signal of an implanted tag, RFID technology has been recently

recognized as potentially capable to produce additional information about the hosting object

or nearby environment, such as its physical state and time-evolution, without any specific

embedded sensor or local power supply [26, 27].

In [26], this idea is examined with the purpose of using implanted RFID tags to sense changes

in some human physiological and pathological process, by investigating local variations of
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effective permittivity inside the body. This theory relies on the relationship between the tag’s

input impedance and its surrounding environment. Using periodic data acquisition, changes

in the geometrical or chemical features of tissues could be detected, thus providing an indirect

way to monitor the health state of the orthopaedic implant and possible complications [26].

The big challenge here is controlling the sensitivity of the sensor tag with regard to biological

processes, to correlate with the process under observation. This is further complicated by

the high permittivity of human tissue. Early experimentation suggests this method of passive

tag sensing is feasible, by observing the small-scale effects on the electromagnetic response

of the tag-sensor produced by biological processes [26].

2.5 Near Field Communication

Near field communication (NFC) is a technology for contactless short-range communication

between NFC enabled devices [28]. Based on RFID, NFC uses inductive coupling between

the NFC initiator and target to enable communications, making it possible to support passive

operation, where the target tag does not have its own power supply [4, 28]. NFC’s specifi-

cations are outlined in ISO/IEC 14443 and IOS/IEC 18000-3 [4, 29]. ISO/IEC 18000-3 is

a standard for NFC devices communicating wirelessly at 13.56MHz, the same frequency as

HF RFID readers and tags [4, 30]. NFC technology uses the same working standards and is

compatible with RFID infrastructure [28].

2.5.1 Inductive Coupling

Passive operation in NFC is accomplished by using inductive coupling to transfer power from

the NFC initiator to the tag over the air [4].

When current moves in a wire, a magnetic field is created around the wire, with strength

proportional to the amount of current. When this wire is bent into a coil, the magnetic field

grows stronger and increases in proportion to the number of coil turns [4]. If a second coil is

placed in the magnetic field, a current is induced in it [31].

During passive NFC operation, the initiator (which can be an NFC capable phone) creates

magnetic fields, which reach the passive tag and induce a current in the tag’s coil, which is

then rectified by a diode, and powers the circuit. The target tag then transfers data back to the

initiator using the magnetic field channel [28, 32, 33]. To modulate data from the tag to the
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reader, the tag circuitry changes the load on its coil (load modulation) and this is detected by

the reader as a result of the mutual coupling [33].

Figure 2.6 represents the inductive coupling between two coils. The magnetic field is created

by a Read/Write antenna, and powers the Data Carrier antenna.

The current induced in the passive NFC tag is proportional to the mutual inductance between

Figure 2.6: NFC inductive coupling between coils [4]

the coils and the strength of the magnetic field [33–35]. Based on the mutual inductance of

the coils, it is possible to calculate the voltage at the passive tag. This information is useful

for determining the maximum read distance between the tag and reader [35].

Inductive coupling is a near field effect, so for the NFC tag to work, the distance between the

coils must be less than the wavelength of the magnetic field divided by two times pi [33, 36].

Many smartphones are embeddedwith NFC technology, with this number increasing in recent

years [32]. Smartphones are able to transfer power to passive NFC tags, with the amount of

power transferred depending on the distance and angle of alignment between the NFC phone

and tag, and the environmental conditions in which the NFC is operating [4]. One issue,

highlighted in a study by Vena and Roux, is that as RFID technology advances and tags are

manufactured smaller, smaller antennas pose challenges related to maintaining acceptable



16 Background and Related Work

reading range and interoperability [36]. This leads to a requirement for more efficient antenna

design.

2.6 Far-Field RF

Inductive coupling, which is used for wireless communication in technologies such as NFC,

is effective at powering and communicating with low-power passive tags, however it is very

sensitive to alignment of tags and readers, as well as depth [33, 36, 37]. As outlined earlier

in [16], a UHF RFID system using NFC was only able to achieve a maximum read range

of 4.1cm, when the reader was in direct contact with the tissue. For this reason, inductive

coupling is not a good candidate for powering or communicating with multiple devices

implanted in the body. The development of far-field power and communication is essential

to the development of implantable RFID sensor networks [37].
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Proposed System

This chapter details the specifications and the decision making behind the proposed design for

the implanted wireless sensor system. Section 3.1 gives a brief overview of the system and the

sensors used. Section 3.2 outlines the different system states involved in the use of this system,

and how each performs. Section 3.3 details the actual functionality of the system, and how

the displacement measurements are made. Section 3.4 discusses the physical structure of the

system, and how physical parameters such as angles and distances affect operation. Section

3.5 discusses the factors considered when selecting the different operating frequencies for

each function of the sensor system. Finally, Section 3.6 discusses the power transfer method

implemented by this system, how this method was chosen, and the results of its use.

3.1 Overview

As outlined in Chapter 2, there are many possible options for frequency, power transmission,

and circuit design when producing an implanted wireless sensor network. The selection of
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techniques is dependent on each particular case and the environment that the system will be

operating within.

The main focus of this system specification is to utilise existing literature and basic radio

frequency theory to determine how little energy the sensor circuitry can run on, and what

is the best way to deliver this energy to and from the wireless sensor. This is expressed in

Figure 3.1.

Figure 3.1: Implanted wireless sensor system overview [5]

3.1.1 Implanted Sensors

The sensors to be used in the wireless implanted sensor system are integrated circuits encased

within a 3mm by 10mm cylindrical capsule. One sensor is inserted into each of the three

guide holes used to screw the knee prosthesis to the existing bone. As discussed in Section

2.3, the sensors are passive circuits with no local power supply, so they are powered wirelessly

by the external reader device. Each sensor measures the distance between itself and the metal

plate of the knee prosthesis, to detect displacement. Together, the three sensors define a

plane, so the angle of displacement of the metal plate can also be calculated using further



3.2 System States 19

computation. The functionality of the sensors to detect prosthesis displacement is discussed

in more detail in Section 3.3.

3.2 System States

When in operation, the wireless sensor system cycles through multiple system states which

each serve a different purpose for functionality. The three states that are involved are the

calibration state, the charging state, and the measurement state.

3.2.1 Calibration State

• Occurs once, after tags are implanted into the knee.

• Involves calibrating each of the sensor tags so that they are all equally sensitive to

movements in the knee. This is important for calculating displacements as small

as 10 microns. Calibration for each sensor will be saved to the reader for future

measurements.

3.2.2 Charging State

• Occurs each time measurement is required.

• Involves wirelessly transferring power from the reader to the implanted tags to activate

them, before measurement.

3.2.3 Measurement State

• Occurs each time measurement is required.

• Involves transmitting signals from the sensor tags to the reader device to provide

information regarding the knee implant.
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Figure 3.2: Implanted wireless sensor system states

3.3 Functionality

3.3.1 Overview

The wireless implanted sensor system uses an electromagnetic wave to measure the distance

from the sensor to the bottom plate of the knee replacement. This distance is monitored

regularly via an external reader device which reports the data and any complications to the

clinician. The sensors used are displacement sensors, and they are designed to make distance

calculations. There are two possible methods to detect whether there are any issues with the

joint replacement:

• Measuring the distance between the sensor and the metal plate once, statically, on

numerous occasions over a period of time. This involves calculating any relative

change in distance between current and previous measurements.

• Measuring the distance between the sensor and the metal plate continuously over a
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short interval of time, while moving the knee joint. This tests whether there is any

relative movement between the knee and the prosthesis while using the knee, indicating

a loosening of the plate.

Because we are testing for such small displacements (approximately 10 microns), we are

forced to proceed with the second method of issue detection. If we were to use the first

option, small changes in the sensor’s environment such as water content changes in the knee

would produce slightly different responses, so measuring relative displacement over multiple

days or weeks would be impossible. This means the system must function by detecting rel-

ativemovement between the knee joint and themetal prosthesis plate during themeasurement.

3.3.2 Measurement

The actual measurement of distance from the implanted sensor to the prosthesis metal plate

is calculated using signal phase difference. This involves the sensor using a built-in antenna

to broadcast a directional radio wave at a very specific wavelength towards the metal plate.

The signal will reflect off of the plate and return to the sensor antenna for computation.

During initial calibration of the sensors (after joint replacement), we will calculate the ex-

pected phase of the signal once it is reflected and returns to the sensor chip.

During measurement, the patient will swing their knee back and forwards while the sensor

is constantly transmitting the signal and receiving the reflected signal. If there is any relative

movement between the sensor and the metal plate when the knee is moved, the distance that

the signal travels will change, and this will result in a reflected signal with a different phase

to that calculated during the initial calibration. This is summarised in Figure 3.3. This is

easier to calculate if the wavelength used for transmission is similar to the expected distance

between sensor and metal plate. For example, if the distance is normally half a wavelength,

any relative movement will result in a reflected signal with a different phase to the original

transmitted wave.

A circulator will be used to separate the original transmitted signal and the reflected signal

for comparison. The input to port 1 of the circulator is our original input signal. This signal

outputs to port 2, which is reflected off the metal plate and returns back into port 2. This

reflected signal outputs to port 3. So now port 1 is the original input, and port 3 outputs the

returned signal. This is summarised in Figure 3.4. If there is relative movement between the



22 Proposed System

Figure 3.3: Displacement measurement using calculated phase difference (assuming there is

an issue present)

sensor and the plate, this returned signal will have a different phase to the original input.

The original transmitted signal and reflected signal are both fed into an IQ modulator, which

produces a DC value as its output. If there is no relative movement, then transmitted signal

Tx should be equal to reflected signal Rx, and the output DC should be zero. However, if

there is a phase difference between these signals, then there should be a resultant non-zero

DC value. For example, if the selected transmission signal has a wavelength of 1mm, then

a 10 micron displacement during measurement would result in a phase difference of 0.01

wavelengths in the reflected signal, which equals a 3.6 degree phase difference.
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The complications with this measurement method come from the resolution of the compo-

nents used, and how small of a displacement can be detected by the IQ modulator. The

resultant phase difference in the reflected signal from a 10 micron movement depends on

the selected frequency for transmission by the sensor. Therefore the selected transmission

frequency and required component resolution are very closely linked. This is discussed more

in Section 3.5.

Displacement measurements can be taken either daily or weekly. The basis of this system

Figure 3.4: Functionality of the circulator in the implanted displacement sensor

design is to detect knee replacement complications very early on, before they begin to cause

problems such as joint movement restriction. Also, each measurement is discrete and does

not depend on the history of previous measurements or the interval between each. Therefore,

measurement frequency is not a vital factor for the operation of this system.

3.4 System Structure

As outlined earlier, the implanted wireless sensor network is composed of two main com-

ponents; an implanted radio frequency displacement sensor, and an external reader antenna.
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These two components communicate wirelessly, with the effectiveness of communication

largely reliant on the physical parameters of the system and the surrounding environment

of the knee. The physical arrangement of the sensor and reader, as well as the build of

the patient, both largely affect system efficiency, and factors such as transmitted power and

therefore maximum achievable read distance.

3.4.1 Geometric Parameters

With reference to Figure 3.5, the features of this radio frequency channel involving implanted

sensors depends on the particular configuration, which is a function of the body region where

the sensor is implanted, the distance between the reader’s antenna and the body surface (d),

and the depth of the implant from the body surface (h).

Experimental results have shown significant differences in the reliable available power levels

Figure 3.5: Geometric parameters of the through-the-body radio frequency link between

implanted sensor tag and external reader [6]
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when implants are located at differing tissue depths. For example, in [6], identical sensor

arrangements implanted at depths of 70 and 27millimetres in the knee and elbow respectively,

resulted in a difference of 8dB. This corresponds to the tissue layers and overall power loss

of the body tissues between sensor tag and skin.

As the implanted sensor system is initially intended for use in knee replacements only, we

can simplify this function for consideration within this paper. The body region considered

will only be the knee joint, and an average depth of h = 70mm for the considered implant will

be used, as obtained from [6]. This means the only largely variable factors are the biological

make-up of the particular knee joint, and the placement of the external reader (distance and

angle).

3.4.2 Link Performance versus the User Build

Another factor to consider is the effect of user build (percentage of muscular and fat mass) on

link performance. This variation can be due to normal physiological build as well as patho-

logical conditions such as obesity. In [6], computations were performed using a simplified

cylinder model of the knee (with implanted tag), using different thicknesses of fat and muscle

layers. The corresponding electromagnetic parameters used in these experiments are derived

from [38].

The results concluded that in the three cases investigated (normal, muscular and obese build),

and at a constant distance d = 15cm from the skin, the difference in transducer gain within the

implanted tag between the worst case (muscular/obese) and the normal build is about 1 dB,

due to the different absolute depth of implant and to the different percentage of surrounding

muscle/fat [6]. These results are summarised in Figure 3.6.

Overall, the absolute depth of the implant due to a muscular or obese build had a much

greater effect on transducer gain than the percentage of muscle or fat present in the limb.

Another interesting result is that at lower frequencies, the high fat percentage in the obese

case resulted in a larger gain than the muscular case, while at higher frequencies, the muscular

build performed better. This is due to the differing electromagnetic properties of different

human tissue types, and how they vary with frequency. Appendix A contains the results

of experiments into the calculation of dielectric properties of body tissues for the design of

implanted electrical systems. The conductivity and relative permittivity of both muscle and
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Figure 3.6: Simulated transducer gain for implants in knee-like cylindrical phantoms corre-

sponding to three cases of normal, muscular, and obese builds. Black markers indicate the

position of the tag. GT is transducer gain. [6]

fat tissues are calculated over a frequency range of 10Hz to 100GHz. The results contained

within this appendix are summarised in Figures 3.7 and 3.8.
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Figure 3.7: Conductivity versus frequency of muscle and fat tissue over a frequency range of

10Hz to 100GHz
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Figure 3.8: Relative permittivity versus frequency of muscle and fat tissue over a frequency

range of 10Hz to 100GHz

As can be seen from Appendix A and Figures 3.7 and 3.8, while fat tissue has an overall

lower conductivity value than muscle for all frequency values, it also has a lower relative

permittivity across this frequency range. However, muscle tissue’s conductivity increases

much more rapidly as frequency increases, resulting in the better performance in a muscular

build when communicating at higher frequencies.
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3.4.3 Reader-Tag Alignment

Along with geometric parameters such as implant depth, and user build, a third factor which

affects the power transfer between the reader and tag is the angular alignment between the

reader and tag.

In [6], the effect of reader-tag alignment on transducer gain is tested using a meat-bone

phantom with bone diameter equal to 4cm, implant depth of h = 40mm, and reader at a

fixed distance of 22cm from the tag. The reader was rotated at this fixed distance around

the phantom, and the transducer gain was monitored over 360 degrees. The results of this

experiment (displayed in Figure 3.9) found that angular offset had only a small effect on

transducer gain, except when the reader is placed in an opposite angular position with respect

to the implant [6]. Due to the thicker layers of bone and tissue to transmit through, larger

power attenuation contributed significant losses, and the tag was unable to activate at these

angles.

These findings have recommended that the exact alignment between the implanted tag and

the reader device is not expected to be a significant issue, provided that the reader-tag

misalignment does not exceed ±130 degrees [6].

Figure 3.9: Measured transducer gain around the phantom with respect to angular alignment.

The dark area represents the blind angular region where the reader cannot detect the tag [6].
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3.4.4 Maximum Achievable Read Distance

When transmitted from one antenna to another over free space, it is quite easy to estimate the

power received from one antenna, when transmitted from another antenna. This is estimated

using the Friis Transmission Equation (see Equation 3.1).

Pr

Pt
= GtGr (

λ

4π ∗ R
)2 (3.1)

In this equation, the ratio of power available at the receiving antenna, Pr , to output power of

the transmitting antenna, Pt , can be found using the respective antenna gains, Gt and Gr , the

wavelength of transmission, λ, and R, the distance between the antennas [39]. Unfortunately,

this model is not as accurate at predicting transmitted power once the space between the

antennas is obstructed, especially in this case, where the receiver antenna is implanted within

the human body.

In a similar wirelessly powered system in [6], a meat-bone phantom with bone diameter equal

to 4cm and an implanted depth of h = 40mm, the reader antenna was gradually moved away

from the model, and the attenuation with distance variance was monitored. The resulting

gain-distance dependence exhibited a 0.3 dB/cm attenuation with a 1/d profile, as found by

linear regression of measurement data. The achieved maximum read distance of the tag was

d = 35cm, after which the implanted circuit stopped responding [6]. Measured and simulated

data from this experiment was compared with the values predicted by the Friis Transmis-

sion Equation. As predicted, the formula clearly overestimated the gain, especially when the

reader is placed in the close proximity of the body (more than 5 dB in excess for d ≤ 15cm) [6].

3.5 Operating Frequency

3.5.1 Overview

The frequency to be used for powering and communicating with implanted RF devices is

one of the most important considerations when designing a system. At low frequencies,

electromagnetic energy has a significant penetration depth, and the body can therefore be

used to support communications channels. For example, at 10MHz, the penetration depth

is about 200mm for muscle and over 1 metre for fat. However at 2.45GHz, the depths are
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25mm and 120mm respectively [40].

It is for this reason that many existing implantable radio frequency devices currently operate

in low-frequency ranges, such as the widely accepted 13.56 MHz industrial, scientific, and

medical (ISM) band. Unfortunately, using frequency bands like this has the disadvantage

of requiring relatively large implanted antennas, and it also imposes difficulties in designing

efficient high data rate transceivers [41].

Recent work considering the effects of tissue on miniature implants has demonstrated that

millimetre-sized antennas in biological tissue achieve optimal power transfer efficiency in

the sub-gigahertz to low-gigahertz range [42], depending on the dimension of the external

reader antenna, which we have relative freedom in designing. Using this higher frequency

range simplifies the design of the data link, as well as desensitizing the link gain to antenna

orientation [41].

In the design of the implanted wireless sensor system, there are three separate radio com-

munication functions, which each require selection of an appropriate and effective operating

frequency. There are two separate radio waves which travel between the implanted sensor

tag and the external reader, which function to power the passive sensor, and to query it for

results of the measurements for computation, and the wave which will be transmitted by the

sensor towards the metal plate, used for the measurements.

3.5.2 Medical Implant Communication Service (MICS)

The Medical Implant Communication Service (MICS) is a specification outlining the use

of the frequency band from 402-405MHz for communication with medical implants [22].

This frequency range was selected by the Federal Communications Commission (FCC) as

the most appropriate range for use with medical implants for a number of reasons:

• The 402-405MHz frequencies have propagation characteristics conducive to the trans-

mission of radio signals within the human body.

• Equipment designed to operate in the 402-405 MHz band satisfies the requirements of

the MICS with respect to size, power, antenna performance and receiver design.

• The use of the 402-405 MHz band is compatible with international frequency alloca-

tions.
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• The use of the 402-405 MHz frequency band for the MICS does not pose a significant

risk of interference to other radio operations in that band. [43]

The maximum power level for operating within the MICS is limited to 25µW of effective

radiated power (ERP), to reduce the risk of interfering with other devices operating in the

same band [22]. The maximum used bandwidth at any one time is 300 kHz [40].

The main advantage of using the MICS is the possibility of communication range up to a

couple of meters, compared to previously used inductive technologies discussed in Section

2.5.1, which required the external transceiver to touch the skin of the patient.

3.5.3 RF Characteristics of the Human Body

The main tissues that need to be considered in the selection and design of an implanted

communication system are muscle and fat. The electrical properties of these tissues depend

strongly on the water content of the particular tissue [7]. As can be seen in Appendix A, for

both muscle and fat, with higher frequencies, average conductivity rises slowly and permit-

tivity gradually declines. The differences in these values for muscle and fat are due to the

high water content in muscle, and low water content in fat [7].

While the electrical properties of tissues vary over a large range of frequencies, there are

some frequencies which can be immediately ruled out for applications such as implanted

communications. For example, frequencies above 2.4GHz result in massive absorption of

power by the water in human tissues, which in turn heats up the tissue above safe levels. For

this reason, these frequencies are not applicable. Furthermore, as can be seen by the gradient

of permittivity and conductivity of human tissues in Figures 3.7 and 3.8, operation above

approximately even 1GHz is not reasonable, as conductivity sharply increases. From the

dielectric properties of human tissues, it can be concluded that a suitable carrier frequency

for communication with an implanted antenna would be between 50 MHz and 1 GHz, corre-

sponding to free-air wavelength from 6m - 30cm [7].
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3.5.4 Carrier Frequencies

The wireless sensor is powered and queried by the external reader device on potentially

separate frequencies to optimize both. In [7], an investigation of transmission losses is

carried out through 10cm of tissue, over a frequency range of 50MHz to 700MHz. As can be

seen in Figure 3.10, losses increase almost monotonically with frequency increase from about

43dB at 50MHz to 63dB at 700MHz. Two minor resonances are observed that correspond

fairly to the size of the tissue cube and the permittivity [7]. The results of this experiment

show that transmission is possible within the whole frequency range. For this reason, usage

of the 402 - 405MHz MICS band is the best options for communication between the external

reader and implanted sensor, due to the advantages of this frequency range outlined above.

While a higher frequency could be used to transmit more information or power the implanted

circuit easier, it would require more power, and would result in more power absorption by

water in the tissues. Therefore, it is more advantageous to transmit using the 402 - 405MHz

MICS band, and to focus the sensor circuit design on operation using the minimum required

power possible.

Figure 3.10: Calculated transmission loss through tissue over frequency range of 50 - 700MHz

[7].
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3.5.5 Sensing Frequency

For the sensing wave, the important factors to be considered when selecting an operating

frequency are the design of the implanted antenna, which will be required to fit within a

3mm by 10mm cylindrical capsule, the resolution of the computation components used, and

how small of a displacement can be detected by the IQ modulator, and losses due to power

absorption by water in the tissues.

In terms of appropriate antenna design, the available sensing frequency range is approximately

1 - 15GHz. At the lower frequencies within this range, sourcing or making an appropriate

integrated circulator with the required accuracy may be impossible, as most circulators only

have a resolution of approximately 50dB on average.

Once transmitted by the sensor antenna, the sensing wave travels 1.5cm from the sensor to

the metal plate, and 1.5cm back. This causes losses in the tissue. As frequency increases, the

phase difference for a 10 micron movement (and therefore the minimum resolution we require

from our components) increases, but losses are also increased dramatically. This rules out

the highest frequencies within our workable range, as losses due to absorption will become

too high, and small displacement measurements will not be possible.

Therefore, the window of possibility for an appropriate sensing frequency is approximately 4

- 9GHz. Below this, the resultant phase difference from a 10 micron movement is too small to

measure, and above this, losses by absorption are too high. Within this range, the selection of

a sensing frequency depends on the available resolution of the selected / designed circulator

and IQ modulator. Based on the smallest phase difference that can be detected, this should

correspond to a 10 micron displacement. This way, the lowest possible frequency is being

utilised, resulting in minimum losses.

3.6 Power

Section

When designing a passive implanted system to be powered wirelessly, there are two major

factors that will limit the success of the power transfer method. These are the received open

voltage at the implanted antenna, and the amount of power that can be safely delivered to the

implanted circuit while still complying with the SAR (specific absorption rate) regulation,

which determines the safety of wirelessly transferring power through the human body [41].
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To successfully activate the implanted device, the received open voltage at the tag antenna

must be above a certain value. While complying with the IEEE safety regulations regarding

the maximum allowable SAR, the received open voltage is likely to be the factor determining

how deep the implant can be located within the body [41]. Successfully achieving a high

enough activation voltage while still satisfying safety regulations relies of the selection of an

appropriate power transfer method.

3.6.1 Powering Method

As discussed in Chapter 2, the two main methods for wirelessly powering a passive circuit

from an external reader are inductive coupling and far-field RF. Inductive coupling has the

advantage that the sensor could be powered via an NFC-enabled smartphone, which would

eliminate the need to design an external reader. Also, inductive coupling allows for a

single connection to both power the sensor and read data from it, via load modulation. The

disadvantage of inductive coupling is that it is a near field effect, so for an implanted circuit

to work, the distance between the reader and sensor must be less than the wavelength of the

magnetic field divided by two times pi [33, 36]. This severe limit on the maximum achievable

read distance is the main reason why inductive coupling is not appropriate for this system.

Inductive coupling is also very sensitive to the alignment of the reader and implanted tag

[33, 36]. Far-field RF is necessary to wirelessly power an implanted sensor network within

knee replacements.

3.6.2 Electromagnetic Exposure

While it is technically possible to operate and implanted sensor system and power it wirelessly,

the social acceptance of such devices cannot avoid the concerns about the compliance of

radio emission with safety issues for an antenna placed within the human body [6]. Specific

absorption rate (SAR) is a measure of the rate at which the human body absorbs energy,

when exposed to a radio frequency electromagnetic field [41]. For a system such as this, the

parameter that must be analysed is the localized SAR averaged over 10 g of tissue. SAR is

required to be smaller than 4W/kg for the exposure of limbs and less than 2W/kg for head and

trunks averaged over 10 g of tissues and time-averaged over 6minutes of exposure [6]. For an

implanted system to be approved for human use, it must comply with these regulations [41].
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The challenge with any implanted passive system is wirelessly transferring enough energy

through the body to activate the implanted circuit, while still complying with IEEE safety

regulations regarding the maximum allowable SAR.

3.6.3 Analysis

In similar implanted systems in [6] and [37], received available power at the implanted antenna

has been easily sufficient to power the circuitry, with SAR regulations easily satisfied. In [6],

an average of 1W was available at the reader antenna for the worst case scenario, with 15cm

between external reader and implanted circuit. In [37], up to 100µW of power was available

for on chip circuit operation with losses. Only 35µW after losses was required for signal

conditioning, spike detection, analog to digital conversion, and control and communication

circuits for a viable circuit. In both these cases, far-field RF within the same frequency ranges

that this system considers, successfully powered an implanted circuit, while complying with

maximum allowable SAR regulations.
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Future Work

This report is a system specification, which serves as the basis for the design and implemen-

tation of the implanted wireless sensor system. Using this report and continued research into

existing literature and general RF theory, the first aim for the future is to complete the circuit

design for the implanted sensors and external reader devices, and to use this to develop a pro-

totype for the implanted wireless sensor system. Before physical construction of a prototype,

system simulations can be used to verify any calculations and support decisions.

Once a circuit prototype has been designed, it will be important to vigorously test this using

meat-bone analogues, as actual human testing will not initially be possible. This stage is

important to verify that the predicted results for transmitted power and displacement mea-

surements can be achieved. The important results to test for here are the resolution of the

displacement measurements by the sensor (must be at least 10 microns), the power required

by the passive sensors for on-chip circuit operation, and the power received by the implanted

circuit once transmitted by the external reader, after all losses. If the received power is not

equal or higher than the required circuit activation power, design changes will be necessary.
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It is also important at this stage to test the final SAR results, to check that they comply with

the necessary safety regulations.

Once the prototype is successful and the results are up to standard, an industry partner will

most likely be approached to help develop the final commercial product. The system’s final

commercial use in medicine will then just depend on safety approval by governing bodies.
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Conclusion

This document outlines the design specification of the implanted wireless sensor system,

which can detect knee replacement prosthesis displacements as small as 10 microns, using

implanted wireless, externally powered sensors to monitor health complications over time.

The wireless sensors use electromagnetic waves to measure the distance between implanted

sensors and the metal plate of the knee replacement. This distance is monitored regularly via

an external reader device which reports the data and any complications to the clinician. This

system allows wireless, non-invasive monitoring of the health of the implant, to eliminate the

need for invasive procedures such as surgery.

As outlined in Chapter 2, there were many possible options for frequency, power transmis-

sion, and circuit design when designing an implanted wireless sensor network. Extensive

research into existing literature and basic radio frequency theory was required for me to make

calculated decisions about wireless power transfer, circuit design, and system structure. My

processes for conducting this research and designing the system based on my findings are

summarised in Chapters 2 and 3.
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To support my design decisions outlined within this report, I looked to existing literature out-

lining similar systems, and analysed their success with regard to this system. Systems such

as those detailed in [6] and [37] support the specifications selected for this system, as they

have reported similar success in terms of implant depth and alignment, operating frequency,

received power and achievable read distances. The details of this analysis is contained within

Chapter 3.

This report is a system specification, which serves as the basis for the design and implemen-

tation of the implanted wireless sensor system. Using this report and continued research into

existing literature and general RF theory, the aim for the future is to complete the circuit

design for the sensors and external reader, and to use this to develop a prototype, and further

on, a final implementation. Once developed, the goal is for this system to provide early

detection of joint replacement failure, so that proper treatment can be applied, eliminating

the need for a second orthopaedic surgery to fix the problem. The development of a final

commercial version of the implanted wireless sensor system, to be implemented within the

healthcare system, is the end goal of this project.



A
Dielectric Properties of Body Tissues in the

Frequency Range 10 Hz - 100 GHz

This Appendix contains the results of experiments into the calculation of dielectric properties

of body tissues for the design of implanted electrical systems. These values are obtained

from [11]. Table A.1 contains the conductivity and relative permittivity of muscle tissue

over a frequency range of 10Hz to 100GHz. Table A.2 contains the conductivity and relative

permittivity of fat tissue over a frequency range of 10Hz to 100GHz.
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Frequency (Hz) Conductivity (S/m) Relative Permittivity

10 0.20197 2.57e+07

25.119 0.21122 2.3337e+07

63.096 0.24424 1.4944e+07

158.49 0.28446 5.1102e+06

398.11 0.30557 1.4618e+06

1000 0.32115 434930

2511.9 0.33162 123590

6309.6 0.33813 40496

15849 0.34348 18055

39811 0.34973 11009

100000 0.36185 8089.2

251190 0.39591 5749.1

630960 0.46549 2962.4

1.5849e+06 0.53413 1082.7

3.9811e+06 0.58063 386.74

1e+07 0.61683 170.73

2.5119e+07 0.65126 99.06

6.3096e+07 0.68761 72.482

1.5849e+08 0.73007 61.765

3.9811e+08 0.79582 57.144

1e+09 0.97819 54.811

2.5119e+09 1.7812 52.654

6.3096e+09 5.5818 47.801

1.5849e+10 19.114 35.36

3.9811e+10 43.034 18.313

1e+11 62.499 8.6307

Table A.1: Dielectric Properties of Muscle Tissue in the Frequency Range 10 Hz - 100 GHz

[11]
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Frequency (Hz) Conductivity (S/m) Relative Permittivity

10 0.012207 7.9735e+06

25.119 0.016711 3.9402e+06

63.096 0.02012 1.0017e+06

158.49 0.021175 214090

398.11 0.021658 62295

1000 0.022404 24104

2511.9 0.023218 7529.4

6309.6 0.02368 2028.4

15849 0.023959 605.43

39811 0.024191 216.23

100000 0.024414 92.885

251190 0.024644 48.701

630960 0.024906 31.565

1.5849e+06 0.025325 24.204

3.9811e+06 0.026418 19.454

1e+07 0.029152 13.767

2.5119e+07 0.032668 8.7363

6.3096e+07 0.035242 6.5246

1.5849e+08 0.037407 5.822

3.9811e+08 0.041088 5.5806

1e+09 0.053502 5.447

2.5119e+09 0.10725 5.2737

6.3096e+09 0.32677 4.9087

1.5849e+10 0.99337 4.2154

3.9811e+10 2.2044 3.4086

1e+11 3.5624 2.8891

Table A.2: Dielectric Properties of Fat Tissue in the Frequency Range 10 Hz - 100 GHz [11]
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List of Abbreviations

The following list is neither exhaustive nor exclusive, but may be helpful.

dBm . . . . . . . . decibel-milliwatts

ERP . . . . . . . . Effective radiated power

GHz . . . . . . . . Gigahertz

HF. . . . . . . . . . High frequency

IC . . . . . . . . . . Integrated circuit

IEEE. . . . . . . . Institute of electrical and electronics engineers

ISM . . . . . . . . Industrial, scientific and medical

KHz . . . . . . . . Kilohertz

LF . . . . . . . . . . Low Frequency

MHz . . . . . . . . Megahertz

MRI . . . . . . . . Magnetic resonance imaging

NFC . . . . . . . . Near field communication

RF . . . . . . . . . . Radio frequency

RFID . . . . . . . Radio frequency identification

SAR . . . . . . . . Specific absorption rate



46 List of Abbreviations

SPIFA . . . . . . Stacked planar inverted-F antenna

UHF . . . . . . . . Ultra high frequency

UWB . . . . . . . Ultra wide band
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