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Abstract 

The capture volume of near field communication (NFC) systems is limited by adverse scaling 

laws, antenna perimeter restrictions, and hardware overhead costs. Here, we develop complete, 

modular, and easily scalable NFC communication and localisation systems based on slow wave 

antennas. 

A review of conventional NFC is conducted, the history of radio-frequency identification 

discussed, and modern capture volume enhancement techniques considered. New methods for 

power flow modelling in periodic waveguides with complex characteristic impedance are 

developed and used to design directional filters for receiver isolation and carrier suppression. The 

tuneable filters comprise coupled sections of magneto-inductive (MI) waveguides and enable 

infinite carrier rejection and multiple-passband responses. 

We then develop a novel bistatic tag localisation method for slow wave MI antennas. 

ISO/IEC 14443 Type-A queries are injected as MI waves and corresponding tag signatures 

extracted from either antenna end via matched filter-couplers. Pair-wise cross-correlation of tag 

identifiers is used to calculate the differential TOF, which is converted to a position estimate using 

the antenna group velocity. Accurate localisation is demonstrated using a planar MI antenna, a 

custom reader, and off-the-shelf tags. We then design flexible antennas with distributed sensors by 

periodically loading coaxial cable with field-generating nodes. Various sensor topologies are 

considered and used in experimental antennas up to 48.5 metres long. Accurate one- and quasi-

two-dimensional bistatic localisation is demonstrated, and the feasibility of longer antennas 

discussed. 

Finally, we develop monostatic localisation, whereby tag location is achieved with a single 

receiver using the absolute TOF variation in the delay between the injected reader query and the 

tag response. Response characteristics of multiple tag classes are characterised, and the effects of 

carrier power, phase, and sensor-tag separation measured. Accurate one-dimensional positioning 

is achieved using a flexible loaded transmission line antenna. Conclusions are drawn and the 

outlook and limitations of slow wave NFC considered. 
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Chapter 1: 

Introduction 

1.1 History of radio-frequency identification 

Contrary to popular belief, the concept of radio-frequency identification (RFID) is 

approximately a century old and was developed concurrently with radar. For both technologies, 

the fundamental objective was to identify passive targets by their unique signatures, albeit the 

interpretation of “target” differed. In radar, successful identification often resulted in its 

destruction, meaning targets were uncooperative. In RFID, identification was done to establish a 

reliable communication channel to the target, typically comprising a passive transponder. Since 

RFID was employed in civilian applications, systems needed to become cost-effective and 

compact to justify their deployment, which required multiple decades of technological and 

industrial progress. In this Section, we briefly discuss the historical development of RFID systems. 

While the existence of radio waves was experimentally verified in 1887 by Herz, and wireless 

transatlantic communication demonstrated in 1901 by Marconi, no significant progress on radar 

technology was made until the 1930s due to the limitations of contemporary technology. 

Nonetheless, the concept of radar can be traced to Hülsmeyer’s 1904 German patent for a ship 

detection and angular localisation system based on the reflection of radio waves [1]. Similarly, a 

1925 U.S. patent for a radiotelegraphic system introduced the concept of bi-directional 

communication between an active transceiver and a passive transponder by load modulation using 

resonant inductively-coupled antennas – a fundamental principle employed by modern RFID 

systems [2]. Significant advances in military radar technology were made before and during World 

War II, such as the development of identification friend or foe (IFF) transponders for British and 

German aircraft, and the invention of the cavity magnetron by British engineers in 1940. The latter 

enabled the production of portable, short-wavelength and high-power radar sets, which further 

fuelled the development of radar technology. 

In 1945, to commemorate the alliance between the US and USSR during the Second World 

War, the American ambassador was gifted an intricate carved replica of the Great Seal of the United 

States by the Young Pioneers of the Soviet Union [3]. The present raised no suspicion and was 

subsequently placed in the library of the US ambassador’s residence. Unbeknownst to the 

Americans, imbedded within the Seal was a covert listening device (subsequently nicknamed ‘The 
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Thing’) weighing only 31 grams, and consisting of a monopole antenna connected to a sound-

sensitive cavity resonator. Sound waves from conversations taking place in the library generated 

vibrations in the resonator membrane, which modulated the antenna load. The transponder was 

then interrogated by an incident carrier signal originating from a nearby parked van, and the voice-

modulated backscatter signal picked up by a receiver tuned to the cavity’s resonant frequency. The 

novelty and simplicity of the transponder enabled its successful exploitation for years, despite 

extensive investigations commissioned by the US and Great Britain, until its discovery in 1952. 

Independently, a 1948 periodical by Harry Stockman defined and demonstrated a similar 

communication framework, described as “communication by means of reflected power” [4]. The 

systems comprised a generic high directivity transmitter and a modulated reflector. The transmitter 

illuminated the target reflector with an unmodulated microwave, ultrasound, or infrared carrier 

waveform. A physical property of the reflector could then be varied in real time to modulate the 

backscatter. It was also suggested that the modulating signal could be used to transmit information, 

such as voice messages, or employed as a unique identifier of the interrogated target. The work is 

often credited as the first publication on RFID. Still, over twenty years would pass before practical 

applications emerged. 

Between 1968 and 1971 several patents for electronic article surveillance (EAS) systems for 

monitoring and theft prevention of goods were filed, marking some of the first commercial 

applications of RFID [5]–[8]. The systems comprised transmitters which generated 

electromagnetic fields at a fundamental frequency and disposable resonant tags. The resonators 

were fitted with non-linear impedances such as ferrite film or diodes, designed to re-transmit a 

distinguishable signature at harmonic frequencies upon interrogation. The tags could be 

permanently deactivated by triggering a magnetic switch, a fusible link, or by saturating the ferrite 

layer with an external field. Such tags are often referred to as “1-bit” tags and are still employed 

today. In addition to EAS, RFID technology generated significant interest in automatic vehicle 

identification (AVI) applications, mostly for motor vehicles and trains [9]. Extensive field tests of 

AVI systems were conducted in the U.S. [10], [11]. Despite calls for regulation and standardisation 

of AVI systems, no agreement between industry and government officials was reached due to 

contradictory interests and a low technological readiness level. Consequently, a set of functional 

yet technologically incompatible AVI solutions were developed, such as the fixed-frequency 

Fairchild system using encapsulated transponders, or the swept-frequency Siemens system 

employing shorted aluminium waveguides with switchable cavity resonators. 

By the mid-1970s the widespread availability of inexpensive logic chips allowed for enhanced 

load modulation schemes which supported the exchange of digital identification codes. Electronic 
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license plates with CMOS logic modulators were proposed for remote identification of motor 

vehicles at X-band frequencies [12]. A sophisticated livestock monitoring system operating in the 

1 GHz band was deployed, with each transponder containing a pre-programmed 3-digit memory 

bank [13]. The design introduced novel features commonly used by modern RFID such as unique 

digital identifiers, subcarrier modulation, and an error detection system for transmitted codes. 

Additionally, the tags carried a built-in sensor which encoded the animal’s temperature in the 

subcarrier frequency. Similar systems were being tested on experimental farms in the United 

Kingdom, the Netherlands, Germany, and the United States [14].  One of the earliest uses of the 

term “radio frequency identification” can also be found in 1975 patent describing a primitive 

anticollision algorithm [15]. Another patent filed in 1979 described a portable personal 

identification device with a programmable identification code [16]. A follow-up patent 1980 patent 

spoke of a “portable identifier, preferably shaped like a credit card”, which could be used in 

business transactions and financial exchanges [17]. A need for personal identification to be 

performed very quickly and accurately was also noted. 

By the 1980s, technological advances in microelectronics and communication technology 

made AVI toll collection economically viable [18], with multiple systems deployed in the United 

States and Europe . Solutions included near field inductive systems with carrier frequencies below 

200 MHz, as well as microwave systems spanning 900 MHz to 4.2 GHz [19]. Similarly, miniature 

cost-effective tags for animal identification were being deployed. The tags used low-frequency 

inductive coupling in the 125 kHz frequency range, which is still true for modern animal 

identification systems [20], [21]. In retail, passive tags began to be regarded as viable alternatives 

to the barcode due to their programmable nature and their ability to be read without a direct line 

of sight [22]. The robustness of RFID systems in rugged and demanding maritime, rail, and 

highway environments made the technology suitable for logistics applications. Experimental 

testing in intermodal container shipping was initiated [23]. The acronym “RFID”, became adopted 

by industry professionals, appearing in a 1989 patent for an inventory control system [24], as well 

as a research publication [18]. By the 1990s the use of the acronym was commonplace. 

The 1990s saw a significant increase in RFID commercialisation and scientific research, 

triggering an exponential growth in the number of available systems, market players, and 

manufacturers. Mass adoption of RFID technology, however, was still being impeded by the lack 

of compatibility between available solutions, which kept the industry competition low and the 

system cost high [25]. The need to standardise was particularly evident in the AVI sector [26], 

since the technologies used in different regions were incompatible. Naturally, the 90s marked the 

beginning of RFID standardisation in all application fields. Specialist RFID divisions were being 
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established in global technology companies such as Philips, Bosch, Alcatel, Texas Instruments, 

and Mikron [25]. Notably, Texas Instruments developed the TIRIS system [27] which became 

adopted for ski-pass ticketing and vehicle access control, while Philips introduced the Mifare 1K 

chips [28] for automatic fare collection. By the mid-90s smart cards had gained widespread 

acceptance in Europe and Asia, with an estimated 1 billion cards produced in 1998 [29]. Smart 

cards were particularly popular in France, where the technology was uses to reduce 

telecommunication transaction costs and successfully lower credit card fraud by 75% over a five 

year period [30]. Owing to the wide range of communication protocols and card types already in 

use, three sets of standards were developed by the International Organisation for Standardisation 

(ISO) which all operated in the high-frequency (HF) band. ISO/IEC 10536 [31] was published in 

1992 for close-coupling smart cards, with support for both inductive and capacitive coupling. 

ISO/IEC 14443 [32] for proximity-coupling and ISO/IEC 15693 [33] for vicinity-coupling smart 

cards were published in tandem in 2000 after 13 years of development. Both card types exclusively 

utilise magnetic near fields, with vicinity cards operating at increased range at the cost of reduced 

communication security and lower data rates. ISO/IEC 14443 is inherently less vulnerable to 

malicious attacks and primarily used in data-sensitive applications such as contactless payments 

[34], [35], biometric passports [36], [37], electronic keys [38], and ticketing [39]. 

In 1999, the Auto-ID Center was established at the Massachusetts Institute of Technology in 

partnership with the Uniform Code Council (UCC), Gilette, and Procter & Gamble, and tasked 

with developing automated identification technologies and applications [40]. To design a global 

and standardised identification system for all traded physical objects, the Auto-ID Center 

introduced the Electronic Product Code (EPC).  The Center would subsequently split into Auto-

ID Labs and EPCglobal in 2003, with the former remaining a research centre, while the latter 

became the de-facto standardisation body for ultra-high frequency (UHF) RFID systems [41]. 

EPCglobal developed the passive backscatter air-interface protocol “Class-1 Generation-2 UHF 

RFID” in 2004, which operated in the 860 – 960 MHz Industrial, Scientific, and Medical (ISM) 

band. The protocol was ratified by the International Organization of Standardization as ISO 

18000 - 6 [42], intended to facilitate compatibility amidst strict international radio licensing 

regulations. 

The growing deployment of contactless smart card technology in ticketing, electronic 

identification, and access control was taking place alongside an equally booming mobile phone 

industry. Naturally, the potential benefits of integrating smart card technology and mobile devices 

were quickly noted by industry. In 2002, Sony and Philips entered a partnership to jointly develop 

near field communication (NFC) technology, incorporating smart-key and smartcard reader 
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functionality into NFC enabled devices such as mobile phones, digital cameras, and personal 

computers, enabling contactless payments and short-range data transfer [43]. Later that year the 

ECMA-340 Near Field Communication protocol was published [44] and subsequently ratified by 

the ISO and International Electrotechnical Commission as ISO/IEC 18092 in 2004 [45]. To further 

promote NFC technology, Sony, Philips, and Nokia founded the NFC Forum in 2004, with the 

Nokia 3220 mobile phone shipping with an optional NFC shell add-on the following year [46]. 

The ubiquitous integration of RFID in industry and everyday life, combined with the 

proliferation of mobile computing, wireless networks, and Internet technology created new 

opportunities, applications, and problems for RFID. The continued reduction in tag costs meant it 

became feasible to affix tags to individual objects, which was particularly useful in logistics. 

Naturally, this produced a demand for methods and systems capable of locating such items in 

physical space. Localisation functionality was unsupported by contemporary RFID systems in any 

frequency band, which could only detect the presence or absence of a tag within the antenna 

capture volume. The issue was recognised by academia, with some early solutions to tag 

localisation appearing around 2000 [47]. The research was mostly restricted to UHF frequency 

systems often employing multiple readers and reference tags, with tag position estimated using 

relative signal strength indicators. System performance was generally dependent on environmental 

parameters and was vulnerable to local disturbances and multipath effects. Subsequent UHF 

systems employed more advanced positioning techniques based on backscatter phase, time-of-

arrival, environment fingerprinting, and statistical methods [48]. Tag localisation in the HF band, 

however, remained underdeveloped in comparison to UHF due to its shorter achievable read range 

and lack of signal phase information, with the few available methods limited to multiple 

readers [49] or multiplexed antenna arrays [50]. 

Despite its short range, the potential of NFC technology was starting to be recognised for its 

utility in the Internet of Things; nowadays a popular academic research field and a hot topic in 

industry, which coincidentally has its roots in RFID [51]. The NFC framework offers a convenient 

means to design and integrate inexpensive, yet functionally sophisticated battery-less sensors [52], 

which can be powered and interrogated with a single tap from a smartphone. The continued 

reductions in tag costs and advances in fabrication techniques have further served to promote the 

technology [53], with notable sensing applications in healthcare and food quality monitoring. 

Examples of NFC sensors include miniaturised flexible skin-adhesive patches for heart rate and 

blood oxygenation monitoring [54], [55] and electrochemical fluid analysis [56], card-sized 

Hepatitis B virus detectors [57], subdermal implants for local tissue oximetry [58], and flexible 

cellulose water-soluble gas sensors embedded within food packaging for food quality 
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monitoring  [59]. Methods of interconnecting the various sensors into a single system using field-

generating metamaterial waveguides have also been proposed in the context of body-area 

networks [60]. NFC technology could also be used to control context-aware smart spaces 

populated with NFC-enabled devices [61]. 

Today, radio-frequency identification has become a prominent and established technology. The 

global RFID market is estimated to be worth $12.8 billion, with 39 billion passive tags sold in 

2023, valued at $7.9 billion [62]. Approximately 84% of tags sold operated in the UHF frequency 

band, 13% operated in the HF band, and only 3% were LF tags. In terms of market share, however, 

HF tags accounted for 67% of the total value, UHF accounted for 25%, and LF tags were 

responsible for 8%. The dominant market value share of HF tags arises from the added cost of 

enhanced security features required for contactless payments, access control, storage, and 

transmission of sensitive data. Most NFC tags are employed in smart card and fob packages (61%), 

with the most popular applications being financial transactions and security. The global RFID 

market is expected to sustain its expansion, with a projected market value of approximately $19 

billion in 2028. 

The operating frequencies of modern RFID systems are tightly regulated and range from 

135 kHz at LF to 5.8 GHz at super high frequency (SHF). Figure 1.1 presents a summary of 

prominent RFID standards and their corresponding position in the frequency spectrum, with NFC-

enabled standards highlighted by a dashed red outline.  

 

Figure 1.1.  Overview of prominent RFID communication standards spanning from LF (low 
frequency) to SHF (super high frequency). The dashed red outline highlights NFC-compliant 
standards. 



7 
 

1.2 Near field communication 

1.2.1 Overview 

Near field communication (NFC) is a high-frequency (HF) short-range wireless 

communication technology which operates in the 13.56 MHz industrial, scientific, and medical 

(ISM) band [63], [64]. NFC employs magnetic near fields for bi-directional data transmission 

between NFC-enabled devices, which include readers, passive and active tags, and smartphones. 

NFC was jointly developed by Sony and Philips, with the protocol first published in 2002 as the 

ECMA – 340 standard “Near Field Communication Interface and Protocol (NFCIP-1)” [44]. Both 

manufacturers had already invested heavily in HF RFID technology, with Philips owning the 

globally successful Mifare ® contactless product line, while Sony had developed the Felica® card 

systems which were widely deployed in Japan. The NFC protocol was designed to market the 

functionality of contactless smart cards to the booming portable consumer electronics market 

(particularly mobile phones), and thus included a new active communication mode in addition to 

the established reader-writer mode. The NFC Forum consortium was shortly founded by Sony, 

Philips, and Nokia in 2004 to lobby the adoption of near field communication technology to 

industry and develop system specifications and communication protocols on top of NFCIP-1 [65]. 

Although the original NFC standard was based exclusively on the Mifare ® and Felica® protocols, 

the NFC Forum specifications have been continuously evolving, with current protocols being 

compliant with all modern HF RFID standards for both proximity and vicinity tags [66]. As such, 

the lines between HF RFID, NFC, and ‘contactless’ have become blurred, with the three terms 

often used interchangeably. 

Near field communication has become ubiquitous, with most modern smartphones and tablets 

equipped with an NFC transceiver module for tag emulation and peer-to-peer communication, 

while most credit and debit cards support contactless payments [67]. Most countries now issue 

electronic passports [36], with the holder’s biometric data stored on an NFC tag embedded in the 

passport cover or data page. The use of NFC smartcards and smartphones in ticketing is also 

widespread [39]. The short operating range of NFC naturally appeals to high-security applications 

involving the transmission of sensitive data, as it makes eavesdropping more difficult for attackers 

[68], [69]. Furthermore, high magnetic coupling between the device antennas provides sufficient 

power for passive tags to include a cryptographical module for enhanced security [70]. Other 

established applications include access control [38], animal identification [71], and logistics [72]. 

Recently, the technology has also been used to power and communicate with battery-less 
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sensors [53]. Since NFC employs alternating magnetic fields as a communication medium, the 

framework can also be used for wireless inductive charging, with native support added to the NFC 

specifications in 2020. As such, NFC supports multiple operating modes as shown in Figure 1.2, 

each compatible with multiple communication standards and data rates. 

• Reader-Writer mode: an active reader uses its external magnetic field to power and interrogate 

a passive transponder in vicinity. Reader commands are transmitted by modulating the RF field 

using amplitude-shift keying (ASK), while the tag responds by load modulation. 

Communication can only be initiated by the reader. This is the classic operating mode of HF 

RFID systems. 

• Tag emulation mode: communication is established between a pair of active devices, with one 

operating as a reader, and the other mimicking a passive tag. Only the reader can act as initiator 

and uses ASK to modulate its RF field, while the listening device responds by load modulation. 

From the reader’s perspective, the emulator device functions a passive tag. 

• Peer-to-Peer mode: two active devices exchange data by alternately modulating their RF fields 

using ASK. Either device may act as the communication initiator, and both devices have their 

own power supplies. 

• Wireless charging mode: An NFC device continuously generates an external magnetic field to 

inductively charge another NFC device. 

Figure 1.2.  Near field communication operating modes. 
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It is important to note that an NFC device may be able to function in one, several, or all 

operating modes [73]. For example, an NFC payment terminal might only act as a reader, while 

the integrated NFC transceiver modules of modern smartphones can support all four modes. 

1.2.2 NFC standards 

NFC specifications are unwieldy and convoluted, mainly due to the number of competing 

contactless communication standards. The specifications are based on and compatible with three 

proximity and one vicinity HF RFID standards. The primary difference between proximity and 

vicinity tags is the latter’s reduced minimum field strength requirement, resulting in a roughly ten-

fold increase in maximum operating range when compared to proximity tags. The increased range, 

however, constrains the power transmitted to vicinity tags, meaning tag architectures are less 

complex and operate at reduced data rates in comparison to proximity tags. 

NFC-supported proximity standards include the ISO/IEC 14443 standard [74]–[77], which 

itself contains competing and independent Type-A and Type B interfaces, the JIS X 6319-4 

standard [78]–[81], which is a Japanese standard based on Sony Felica®, and the 

ISO/IEC 18092 [82], which is a ratified version of the ECMA-340. NFC also supports the ISO/IEC 

15693 vicinity tag standard [83]–[85]. These technologies are classified by the NFC Forum as 

Table 1.1. HF RFID standards supported by NFC. 
 

Standard ISO/IEC 14443 
Type-A 

ISO/IEC 14443 
Type-B JIS X 6319-4 ISO/IEC 15693 ISO/IEC 18092 

NFC Forum 
technology NFC-A NFC-B NFC-F NFC-V NFCIP-1 

Carrier frequency 13.56 MHz 
Data rate (kb/s) 106 106 212, 424 26.48 

As in NFC-A or 
NFC-F 

 
In P2P mode both 
devices operate as 
in Polling mode 

Approx. range (cm) 10 10 10 100 
Modulation 

(polling to listening) 100% ASK 10% ASK 10% ASK 100% ASK 
Bit coding 

(polling to listening) Modified Miller NRZ-L Manchester ‘1 out of 4’ PPC 
Modulation 

(listening to polling) 
OOK subcarrier 
load modulation 

PSK subcarrier 
load modulation 

OOK load 
modulation 

OOK subcarrier 
load modulation 

Bit coding 
(listening to polling) Manchester NRZ-L Manchester Manchester 

Subcarrier 
frequency (kHz) 847.5 847.5 None 423.75 

Mode support 
Reader-Writer 
Tag emulation 
Peer-to-Peer 

Reader-Writer 
Tag emulation 

Reader-Writer 
Tag emulation 
Peer-to-Peer 

Reader-Writer 
Reader-Writer 
Tag emulation 
Peer-to-Peer 

Based on 
Philips 

Mifare® Innovatron® Sony Felica® - 
ISO/IEC 14443 

Type-A 
JIS X 6319-4 

Prominent 
applications 

Contactless payment cards 
Key cards for access control 

Ticketing 
Inventory management 

Inventory 
management 

Access control 

Contactless 
payment 
Ticketing 

Digital wallets 
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NFC-A, NFC-B, NFC-F, NFC-V, and NFCIP-1, respectively. Table 1.1 provides an overview 

based on the NFC Forum’s “Analog” [86] and “Digital” [87] technical specifications. All 

technologies operate at 13.56 MHz using the half-duplex method, such that data is alternately 

transmitted between a polling and listening device. A polling device acts to initiate communication 

and employs ASK field modulation, with the modulation index varying between 10% and 100% 

across technologies. Data bit coding includes modified Miller, non-return to zero-level (NRZ-L), 

Manchester, and pulse position coding (PPC). Listening devices reply by modulating their antenna 

load, which creates time-varying disturbances in the RF field of the polling device. The only 

exception occurs when operating in P2P mode, in which case both devices alternately generate and 

modulate their own fields. For load modulation, either Manchester or NRZ-L coding is used. In all 

technologies except NFC-F the load is modulated using a subcarrier, derived from the RF field of 

the polling device. The subcarrier serves to separate the typically weak load modulation signal 

sidebands from the high-powered RF carrier in frequency. All technologies can operate in the 

Reader-Writer mode, which is also the only supported mode for vicinity tags. 

It is important to note that while NFC complies with current HF RFID standards, the scope of 

NFC specifications is limited and does not include all their features. Figure 1.3 shows a Venn 

diagram comparing NFC specifications with the HF RFID standards they are based on. Key 

differences include native NFC support of just the lowest data rate (106 kb/s) for ISO/IEC 14443 

Type-A and Type-B, namely 212 kb/s to 27.12 Mb/s data rates for Type-A, and 212 kb/s to 6.78 

Mb/s data rates for Type B. For ISO/IEC 15693, only the single subcarrier mode at the highest 

data rate is supported and vicinity tag emulation by an NFC device is unavailable. The 

Figure 1.3.  Venn diagram comparing NFC Forum specifications with their corresponding HF 
RFID standards. 
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JIS X 6319 - 4 is the only standard fully supported by NFC, but it is not commonly employed 

outside of Japan. ISO/IEC 14443 – on the other hand – is used worldwide, with all Mastercard® 

and Visa® contactless cards [34] and machine-readable travel documents [36] (such as biometric 

passports) in compliance with the standard. For all practical purposes, the ISO/IEC 14443 Type-A 

standard (specifically the 106 kb/s data rate), is the key contactless protocol owing to its 

compliance with NFC-A, support of all NFC communication modes, and its current use in billions 

of passive tags and active devices worldwide. 

1.2.3 Reader-writer operating mode 

The Reader-Writer operating mode is supported by most NFC-enabled active devices [73]. It 

is also the classic operating mode of all HF RFID systems. In this mode, a reader device 

continuously generates an external magnetic field at the carrier frequency 𝑓𝑓c = 13.56 MHz, which 

is used to power a passive tag. Reader-writer systems typically operate under the ‘reader talks first’ 

principle, meaning only the reader may act as the communication initiator. Both the reader and tag 

comprise three blocks: a resonant inductive antenna, an HF analogue interface, and a digital 

processing and control section. Figure 1.4 shows a simplified block diagram depicting the system 

architecture of a high-power NFC reader and a passive tag. 

Figure 1.4. Simplified system block diagram depicting the architecture of a high-power 
NFC reader and a passive tag. 
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For the reader, the digital processing and control block is responsible for facilitating the bi-

directional data flow between the host application software and the analogue HF interface. This 

includes processing incoming host commands and converting them into NFC-compliant data 

frames with appropriate bit-level coding, which are then supplied to the contactless interface via 

serial. Equally, received tag data frames must be decoded, checked for transmission errors, and 

relayed back to the host. The digital controller is also responsible for ensuring the correct timing 

of data frames. The analogue HF interface contains separate transmit (TX) and receive (RX) signal 

paths, which connect to a resonant inductive antenna via a matching circuit [88]. An HF carrier is 

generated by a precision crystal oscillator and supplied to the TX modulator, which up-converts 

the baseband reader message signal and applies the appropriate ASK modulation scheme based on 

the NFC technology used. Finally, the modulated signal is amplified to achieve the required field 

strength and supplied to the antenna. The tag response signal power typically constitutes only a 

fraction of the carrier power, especially if the tag is far away or the reader and tag coils are 

misaligned. Incoming tag responses thus need to be amplified before demodulation. For OOK load 

modulation, the RX demodulator may simply consist of a rectifier and low-pass filter, but for PSK 

demodulation a reference carrier signal is needed. 

Since the external RF field must be continuous to power the tag, the receiver cannot be isolated 

from the transmitter with a duplexer. In many conventional systems, the TX and RX are connected 

directly to the antenna [89], [90]. For high power readers, however, this is not possible, since the 

TX signal would cause non-linearity in the receiver or obscure the tag response. As such, the RX 

must be protected from the TX signal at the carrier frequency. Possible solutions have included 

attenuators [91], band-stop filters in the RX path [92], or separate TX and RX antennas [93]. An 

elegant solution, however, is to employ a frequency-selective passive coupler functioning as a 

form of circulator [94]. The reader antenna is typically formed by an inductive loop with multiple 

turns to increase the magnetic field strength and is often implemented as a planar spiral for 

compactness. The antenna is made resonant at 𝑓𝑓c by a tuning capacitance and matched to the reader 

interface. Step-down matching is often employed to boost the antenna current and increase the 

external field strength. 

NFC tags are available in a wide range of form factors, with dimensions ranging from the size 

of a passport cover to 1.6 mm x 1.9 mm x 0.5 mm coil-on-chip packages [95]. The antenna is 

typically the largest component, with all tag electronics contained in miniature application-specific 

integrated circuits. Tags magnetically couple to the reader and the reader signal is induced in the 

tag antenna. A diode bridge is used to rectify the induced voltage and feed a regulator circuit which 

provides a stable voltage supply to all tag systems. To ensure the correct timing of the half-duplex 
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communication protocol, the tag system clock is synchronised to the HF carrier using a clock 

recovery circuit [63]. The circuit also includes binary frequency division stages which are used to 

generate the subcarrier for load modulation (unless NFC-F technology is used). Similarly to the 

reader, the analogue front end includes separate TX and RX signal paths. ASK-modulated frames 

are demodulated using envelope detection and decoded by the digital processor. During 

transmission, the encoded baseband tag message is modulated onto the square-wave subcarrier 

waveform, and the resultant signal used to dynamically modulate the tag antenna load. This creates 

corresponding disturbances in the reader antenna, modulating the voltage across it with the tag 

message. The magnitude of coupling coefficients must be kept high to ensure the output of the tag 

voltage rectifier is sufficient to power tag circuits, as well as to ensure the tag response is 

detectable. 

1.2.4 ISO/IEC 14443 Type-A 

The ISO/IEC 14443 standard comprises four parts (Part1 – Part 4) and contains two 

independent communication signal interfaces: Type-A and Type-B. Originally, the data rates of 

both interfaces were limited to 𝑓𝑓c/128 b/s and employed different bit coding and modulation 

schemes. Following two decades of development and multiple revisions, Type-A now includes 

eleven data rates spanning 𝑓𝑓c/128 to 2𝑓𝑓c b/s, while Type-B includes seven data rates spanning 

𝑓𝑓c/128 to 𝑓𝑓c/2 b/s. An attempt to equalise the competing interfaces was also made with both types 

using the same modulation scheme and bit coding for data rates from 𝑓𝑓c/64 to 𝑓𝑓c/2 b/s. 

Nonetheless, the lowest data rate must be supported by all ISO/IEC 14443 compliant devices for 

anticollision, and is the only data rate native to NFC-A or NFC-B. Since the NFC-A technology is 

fundamental to near field communication, we will restrict ourselves to the 106 kb/s data rate of 

ISO/IEC 14443 Type-A. 

Part 1 of the Standard [74] describes the physical characteristics of compliant tags and defines 

six tag classes (Class 1 – Class 6) based on tag and antenna dimensions. Nonetheless, the tag 

packaging is not restricted to these classes, and a tag may constitute “an object of any other 

dimension”. Tag antenna dimensions are, however, restricted to 86 mm x 54 mm x 3 mm, which 

correspond to the dimensions of an ID-1 banking or identification card as per ISO/IEC 7810 [96]. 

Part 2 of the Standard [75] describes the RF power requirements and the signal interface 

including bit rates, bit modulation, bit representation and coding. To communicate, the reader 

produces an HF alternating magnetic field at the carrier frequency 𝑓𝑓c = 13.56 MHz ± 7 kHz. The 

minimum reader field strength requirements vary, ranging from 𝐻𝐻min = 1.5 A/m to 𝐻𝐻max = 8.5 
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A/m for tag classes with mandatory support (Class 1 – Class 3), with maximum permissible field 

strength reaching 𝐻𝐻max = 18 A/m for the optional Class 6. 

To communicate with the tag at a data rate of 𝑓𝑓b = 𝑓𝑓c/128 ≈ 106 kb/s, the reader uses ASK 

modulation with a modulation index of 100%. The modulation data signal comprises a stream of 

Modified Miller encoded data with a bit duration of 𝑇𝑇b = 128/𝑓𝑓c  ≈ 9.44  μs. The coding scheme 

is shown in Figure 1.5 (a) and consists of three symbols: X, Y, and Z, differentiated by the position 

of a pause of duration 𝑇𝑇1 during which the signal value is 0 or equal to 1 otherwise. The pause 

duration is such that 28/𝑓𝑓c ≤ 𝑇𝑇1 ≤ 40.5/𝑓𝑓c, with the start of pause located at 𝑇𝑇b/2 s for symbol X 

and at the start of symbol Z. No pause is present for symbol Y, resulting in a continuous RF field. 

Symbol X always represents a logic ‘1’, while symbols Y and Z both represent logic ‘0’. Priority 

is given to symbol Y, with Z used from the second contiguous ‘0’ onwards. The symbols are 

chained together and used to modulate the carrier, amounting to OOK of the reader field. Symbol 

Z is used to signify the start of communication, while a logic ‘0’ followed by symbol Y is used to 

indicate the end of communication. 

The tag responds at the same data rate and bit duration. During its response, the tag generates 

a subcarrier with frequency 𝑓𝑓s = 𝑓𝑓c/16 ≈ 847.5 kHz, which is modulated with the encoded tag 

data stream. The data bits are encoded using Manchester code, with a 1-0 transition representing 

a logic ‘1’ (symbol D), and a 0-1 transition representing a logic ‘0’ (symbol E), as shown in Figure 

1.5 (b), with the edge transitions occurring at 𝑇𝑇b/2 intervals. Symbol D is also used as the start of 

communication, while symbol F (no subcarrier) is used to signify the end of communication. 

Figure 1.5. Overview of the ISO/IEC 14443 Type-A communication interface: (a) reader to tag logic 
bit coding; (b) tag to reader logic bit coding; (c) a short data frame; (d) a standard data frame. 
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Part 3 of the Standard [76] describes how the bit streams are formatted in data frames during 

communication, the tag initialisation procedure, and the anticollision routine to differentiate 

between multiple tags. During the communication initialisation, the reader uses a short frame 

comprising a start bit, 7 data bits, and two end of communication bits as shown in Figure 1.5 (c). 

The data bits are chained such that the least significant bit (LSB) is transmitted first. In all other 

cases, the standard frame is used, as shown in Figure 1.5 (d). The standard frame consists of a 

variable number of data bytes, each transmitted LSB first. Each byte is followed by an odd parity 

bit, with the entire frame bounded by start and end of communication symbols. Standard frames 

are used in both communication directions. 

Figure 1.6 shows the simplified state diagram for a tag during communication on the left side 

and the anticollision loop diagram on the right side. In the absence of a sufficiently strong reader 

field, the tags remain in the “Power-off” state. Following the application of a compliant HF field 

for a minimum period of 5 ms, any tags in vicinity transition to the “Idle” state. In this state, the 

tag listens for a request command (REQA) or a wake-up command (WUPA) from the reader. Both 

commands are transmitted using short frames and both are used to probe the field for Type-A tags. 

Upon receipt of either command, all tags in the “Idle” state respond with an answer to query 

(ATQA) containing information about the tag such as the unique identifier (UID) size. The ATQA 

is transmitted using a two-byte standard frame with the least significant byte sent first. Following 

transmission, the tags enter the “Ready” state. Tags are now ready to enter the anticollision routine, 

intended to acquire the unique identifier (UID) of each transponder and enable the reader to 

differentiate between tags and select a particular tag for further communication. Tag UIDs are 

Figure 1.6. State transition diagram of an ISO/IEC 14443 Type-A compliant tag 
and corresponding anticollision loop diagram. 
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reminiscent of serial numbers and are usually stored in read only memory, with manufacturers 

responsible for their uniqueness. However, temporary randomised UIDs may be permitted under 

special circumstances for single-size UIDs. 

The reader initiates the anticollision loop by issuing a “select” (SEL) command byte, followed 

by a “number of valid bits” (NVB) byte. The coding of SEL defines the cascade level CLn, where 

n specifies the number of anticollision loop iterations necessary to acquire the complete UID. UIDs 

have three possible sizes: single, double or triple, which contain 4, 7, or 10 bytes, respectively. The 

CLn equals the UID size (for example n = 3 for a triple-size UID). The NVB specifies the number 

of all valid data bits which have been transmitted by the reader in the “Select” frame. Initially, the 

reader specifies CL1 and NVB = 0x20, to which all tags synchronously respond with the first four 

bytes of their UID (or complete UID if single-sized) followed by a block check characters (BCC) 

byte, calculated as exclusive-or over the four previous bytes. If multiple tags were present and a 

collision was detected by the reader, the reader increments the NVB by the position of the first 

collision bit and transmits the “Select” frame, the updated NVB, and a part of the valid UID bits 

which were received before the collision occurred. Upon receipt of the updated “Select” frame, 

tags with UIDs matching the valid bits transmitted by the reader respond with the remainder of the 

first four UID bytes. This loop continues until the first four UID bytes have been acquired for all 

tags, with the maximum number of iterations equal to 32. 

The reader can now select a particular tag by transmitting a “Select” frame, NVB = 0x70, the 

four UID bytes, and a cyclic redundancy check error detection code (CRC_A). The selected tag 

replies with a select acknowledge (SAK) byte, specifying whether the full UID had been received 

by the tag. If the UID was complete, the tag enters the “active” state and becomes available for 

higher-level communication. Otherwise, the CL is increased and the anticollision routine is 

repeated. Tags may transition into the “Halt” state from the “Active” state when issued with a valid 

HLTA command. 

The delay between the end of a reader data frame and the start of a tag response data frame is 

strictly regulated to ensure synchronous operation of the half-duplex communication protocol. The 

delay is referred to as the frame delay time (FDT) 𝑇𝑇D, which varies depending on the command 

type issued by the reader and the value of the last transmitted bit prior to the end of communication. 

The FDT is measured between the end of the last pause transmitted by the reader and the first 

modulation edge of the start bit of the tag response, as shown in Figure 1.7. For the “REQA”, 

“WUPA”, or “SEL” commands, the FDT = 1236/𝑓𝑓c ≈ 91.15 μs if the value of the last data bit is 

‘1’, or FDT = 1172/𝑓𝑓c ≈ 86.43 μs if the last data bit was ‘0’. For all other command types, the 
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duration of the FDT also depends on the number of data bytes transmitted by the reader within a 

standard frame. 

Part 4 of the Standard [77] describes the transmission of application protocol data units 

(APDUs) containing arbitrary data. Part 4 is beyond the scope of this thesis. 

1.2.5 Signal characteristics 

The topology of the NFC analogue interfaces, as well as the antenna design parameters are 

determined by the characteristics of the RF interface signals. Figure 1.8 (a) shows the time-domain 

field variation of an REQA command issued by a reader (highlighted in red) and a corresponding 

ATQA tag response (highlighted in green). The plot was obtained by measuring the HF field 

between a reader and an NFC-A smart card using a small inductive probe connected to an 

oscilloscope. The field is completely dominated by the HF carrier, with weak reader and tag 

modulation signals separated in time by frame delay pauses. 

Figure 1.8 (b) shows the power spectrum of the reader signal, normalised by the HF carrier 

power at 𝑓𝑓c. The modulation signal sidebands are at least 15 dB below the carrier signal and mostly 

obscured by it. The minimum forward-link bandwidth 𝐵𝐵𝑊𝑊R (highlighted in red) required for 

communication is determined by the minimum bit code feature width in the modified-Miller 

encoded symbols. This is defined by the minimum permitted value of 𝑇𝑇1 [Figure 1.5 (a)], given by 

𝑇𝑇1𝑚𝑚𝑚𝑚𝑚𝑚 = 28/𝑓𝑓c. The minimum approximate bandwidth which is required is thus 𝐵𝐵𝑊𝑊R = 2/𝑇𝑇1𝑚𝑚𝑚𝑚𝑚𝑚 =

2 ⋅ 𝑓𝑓c/28 ≈ 969 kHz. 

Figure 1.7. Frame delay timing between reader and tag data frames for 
ISO/IEC 14443 Type-A. 
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Figure 1.8 (c) shows the power spectrum of the tag response signals, also normalised by the 

reader carrier power. The modulating signal sidebands are centred around 𝑓𝑓c ± 𝑓𝑓s, with the 

subcarrier power at least 30 dB below the carrier, while subcarrier harmonics remain below -40 dB. 

The minimum backward-link bandwidth (highlighted in green) is 𝐵𝐵𝑊𝑊T = 2𝑓𝑓s + 4𝑓𝑓b = 2𝑓𝑓c/16 +

4𝑓𝑓c/128 = 5𝑓𝑓c/32 ≈ 2.12 MHz, where the first term is the subcarrier separation, while the 

second term is the minimum bandwidth required by the Manchester-encoded tag modulation 

signals. The minimum required NFC-A bandwidth is thus determined by the backward link due to 

the presence of subcarriers. 

1.2.6 RF interface 

NFC devices communicate by modulating the magnetic near field using resonant inductive 

antennas, designed to maximise field strength, power transmission, and range. Figure 1.9 shows a 

simplified lumped-element equivalent circuit of the reader and tag antennas [63]. The reader 

antenna has an inductance 𝐿𝐿1 and resistance 𝑅𝑅1, with an additional in-series load resistor 𝑅𝑅L1. The 

antenna is fed by the reader front-end, represented by a voltage source of power 𝑃𝑃R and output 

impedance 𝑍𝑍s. To maximise power transmission, the antenna is matched to the source impedance 

at 𝑓𝑓c using an L-section with capacitors 𝐶𝐶M1 and 𝐶𝐶M2, which also make the antenna resonant [97]. 

Figure 1.8. Measured ISO/IEC 14443 Type-A RF interface signals; (a) HF field modulation during 
tag initialisation; (b) energy spectral density of the reader signal (forward link); (c) energy spectral 
density of the tag response (backward link). Dashed lines show the carrier and subcarrier 
frequencies 𝑓𝑓c and 𝑓𝑓c ± 𝑓𝑓s. 
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The tag antenna has inductance 𝐿𝐿2 and resistance 𝑅𝑅2, with a parallel capacitance 𝐶𝐶2 tuned to 

resonate with 𝐿𝐿2 at 𝑓𝑓c. The tag load is represented by resistance 𝑅𝑅L2. The reader and tag antennas 

are coupled by mutual inductance 𝑀𝑀A with a coupling coefficient 𝑘𝑘A = 𝑀𝑀A/�𝐿𝐿1𝐿𝐿2. 

For practical systems, the value of 𝑘𝑘A is variable, so reader antennas are matched under the 

assumption 𝑘𝑘A = 0. Denoting 𝑅𝑅A1 = 𝑅𝑅L1 + 𝑅𝑅1,  the matching conditions at 𝜔𝜔c = 2𝜋𝜋𝑓𝑓c are as 

follows, provided 𝑍𝑍s is real and 𝑍𝑍s > 𝑅𝑅A1. 

At the carrier frequency, 𝑉𝑉s = �𝑍𝑍s𝑃𝑃r and the current flowing through the reader antenna is 

given by 

The absolute value of the current |𝐼𝐼1| = �𝑃𝑃𝑟𝑟/𝑅𝑅A1, meaning the maximum reader antenna 

current is limited by antenna resistance, while the power dissipated in the antenna is 𝑃𝑃R = |𝐼𝐼1|2𝑅𝑅A1. 

Since the magnetic field strength is proportional to the current flowing through the antenna, it 

appears desirable to minimise antenna resistance and set 𝑅𝑅L1 → 0. However, the antenna 

bandwidth must be sufficiently high to accommodate the reader and tag modulation sidebands. 

Consequently, conventional systems require reader and tag antenna Q-factors to approximately 

remain between 10 and 30 [88]. The 3dB reader antenna bandwidth 𝐵𝐵𝑊𝑊1 is determined by the 

𝐶𝐶M1 =
1

𝜔𝜔c𝑍𝑍s
�
𝑍𝑍s
𝑅𝑅A1

− 1 
(1.1) 

𝐶𝐶M2 = �𝜔𝜔c �𝐿𝐿1𝜔𝜔c − �𝑅𝑅𝐴𝐴1(𝑍𝑍s − 𝑅𝑅A1)��
−1

 

𝐼𝐼1 =
�𝑍𝑍s𝑃𝑃r

𝑅𝑅A1 + 𝑗𝑗�𝑅𝑅A1(𝑍𝑍s − 𝑅𝑅A1)
 . (1.2) 

Figure 1.9. Simplified equivalent circuit of an NFC reader and tag. 
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loaded antenna Q-factor 𝑄𝑄A1, typically an order of magnitude below the unloaded Q-factor 𝑄𝑄1 

(𝑅𝑅L1 = 0).  

Figure 1.10 shows the S21 scattering parameters for the equivalent circuit in Figure 1.9, which 

have been numerically simulated using Matlab®. The reader source is across Port 1 and the tag 

load is across Port 2, with 𝐿𝐿1 = 2 μH, 𝐿𝐿2 = 4 μH, 𝑘𝑘A = 0.01, 𝑄𝑄1 = 200, 𝑅𝑅L2 = 3.6 kΩ, 𝐶𝐶2 = 

34.4 pF, while 𝐶𝐶M1 and 𝐶𝐶M2 were set according to (1.1). The blue line shows the S21 parameters 

for the unloaded reader antenna (𝑄𝑄A1 = 𝑄𝑄1), while for the red line the reader antenna Q-factor has 

been lowered to 𝑄𝑄A1 = 10 using 𝑅𝑅L1. The artificial loading results in a transmitted power reduction 

at the carrier frequency by Δ𝑃𝑃c (12 dB), but an increase of Δ𝑃𝑃s (5.5 dB) at the sideband frequencies 

𝑓𝑓c ± 𝑓𝑓s. Similarly, the difference in transmission between carrier and subcarrier frequencies is 

substantially reduced for the loaded case. In practice, the value of 𝑅𝑅L1 must be optimised to enable 

sufficiently high carrier transmission for tag powering, while also minimising attenuation of the 

modulation signal sidebands. The lost carrier power 𝑃𝑃D dissipated by the loading resistor typically 

accounts for most of the antenna loss and is easily calculated when 𝑘𝑘A = 0.  

1.2.7 Antenna field scaling 

The reader’s magnetic near field can be enhanced by increasing the antenna current 𝐼𝐼1, as well 

as optimising the antenna geometry. Typical antenna geometries include circular, square, 

rectangular, and spirals thereof. NFC systems generally operate at very short range due to the 

𝑄𝑄𝐴𝐴1 =
𝑓𝑓c
𝐵𝐵𝑊𝑊1

=
𝜔𝜔𝑐𝑐𝐿𝐿1

(𝑅𝑅L1 + 𝑅𝑅1)
 (1.3) 

𝑃𝑃D = 𝑃𝑃R �1 −
𝑄𝑄A1
𝑄𝑄1

� (1.4) 

Figure 1.10. Simulated variation of scattering parameters between the reader source and tag load 
with reader antenna Q-factor. Dashed lines show the carrier and subcarrier frequencies. 
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inherently adverse scaling of magnetic near fields and the need to transmit sufficient power to 

ensure tag power-up. [98]. Operating range is strongly dependent on reader and tag antenna 

orientations, requiring axial alignment for optimal performance [99]. For a circular loop lying in 

the x-y plane with diameter 2𝑏𝑏, the axial z-component of the magnetic field is given by 

At small range such that 𝑧𝑧 ≪ 𝑏𝑏, the field 𝐻𝐻z is approximately constant, but for 𝑧𝑧 ≫ 𝑏𝑏, the field 

𝐻𝐻z ∝ 1/𝑧𝑧3. Although the inverse cubic decay is already poor, the implications for reader power 

are more drastic. To achieve a minimum axial field strength 𝐻𝐻zmin, the required reader power is 

For 𝑧𝑧 ≫ 𝑏𝑏, we have 𝑃𝑃R ∝ 𝑧𝑧6, implying that the reader power must increase by a factor of 64 

to achieve a field strength of 𝐻𝐻zmin at twice the range. The field and power scaling can be improved 

by employing alternative antenna geometries. For example, the centreline magnetic field of two 

parallel conductors with opposing currents separated by 2𝑏𝑏 and parallel to the x-axis is given by 

The range scaling of the parallel conductor pair is preferable to a circular loop with the same 

diameter as the conductor separation, since the field decays as 1/𝑧𝑧2 for the former. Similarly, 

reader power scaling is also improved for the parallel conductors, with 𝑃𝑃𝑟𝑟 ∝ 𝑧𝑧4 in (1.8). 

Naturally, the fields from (1.7) cannot be realised in practice since conductors of infinite length 

are needed. A good approximation is provided by a rectangular current loop with a high aspect 

ratio. Similarly, the field scaling of a square current loop is similar to that of a circular loop (1.5). 

The z-component of the magnetic field of a rectangular current loop lying in the x-y plane and 

centred around the origin with width 2𝑎𝑎 and height 2𝑏𝑏 in the x- and y-directions, respectively, may 

be calculated using well-known analytic expressions [100], [101]. 

𝐻𝐻z =
𝐼𝐼1𝑏𝑏2

2(𝑏𝑏2 + 𝑧𝑧2)3/2 
. (1.5) 

𝑃𝑃R =
2𝜔𝜔c𝐿𝐿1𝐻𝐻zmin

2 (𝑏𝑏2 + 𝑧𝑧2)3

𝑄𝑄A1𝑏𝑏4
 . (1.6) 

𝐻𝐻z =
𝐼𝐼1𝑏𝑏

𝜋𝜋(𝑏𝑏2 + 𝑧𝑧2)
 . (1.7) 

𝑃𝑃𝑟𝑟 =
𝜔𝜔c𝐿𝐿1𝐻𝐻zmin

2 (𝑏𝑏2 + 𝑧𝑧2)2

2𝑄𝑄A1𝑏𝑏2
 . (1.8) 
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Figure 1.11 (a) compares the axial field of the circular loop (1.5), parallel conductor pair (1.7) 

and rectangular loop (1.9), with 𝑏𝑏 = 0.35 m in all cases. For the rectangular loop, the aspect ratio 

𝐴𝐴 = 𝑎𝑎/𝑏𝑏 is varied from 𝐴𝐴 = 1 (square) to 𝐴𝐴 = 4, approximating a parallel conductor pair (1.7). 

At short range (𝑧𝑧 < 𝑏𝑏), the strongest field is produced by the circular loop followed by the square 

loop, which closely approximates it. The field is reduced as 𝐴𝐴 increases and becomes weakest for 

the parallel conductors. This happens because magnetic fields are strongest in the immediate 

vicinity of the conductors. The opposite outcome is observed at long range (𝑧𝑧 > 𝑏𝑏), with the 

parallel conductor field decaying the slowest. Figure 1.11 (b) compares the reader power required 

to achieve a minimum field strength 𝐻𝐻zmin = 1.5 A/m at axial distance 𝑧𝑧 for the same antenna 

geometries. As 𝐴𝐴 increases, the reader power requirement for rectangular antennas approach those 

of parallel conductors but depart for large 𝑧𝑧. Rectangular loops thus offer improved performance 

at intermediate range. 

The above arguments suggest that if physical restrictions on reader antenna dimensions exist 

(for example, 𝑏𝑏 is fixed), then a rectangular antenna may provide the highest capture volume. The 

achievable aspect ratio is, however, limited by the need to keep the loop perimeter length below 

𝜆𝜆c/2 ≈ 11 m to prevent radiation, where 𝜆𝜆c is the wavelength at 𝑓𝑓c. Additionally, for loop 

𝐻𝐻z =
𝐼𝐼1
4𝜋𝜋

� �
(−1)𝑛𝑛𝑑𝑑𝑛𝑛

𝑟𝑟𝑛𝑛[𝑟𝑟𝑛𝑛 + (−1)𝑛𝑛+1𝑐𝑐𝑛𝑛] −
𝑐𝑐𝑛𝑛

𝑟𝑟𝑛𝑛[𝑟𝑟𝑛𝑛 + 𝑑𝑑𝑛𝑛]�
4

𝑛𝑛=1

 

  (1.9) 
𝑐𝑐1 = −𝑐𝑐4 = 𝑎𝑎 + 𝑥𝑥,   𝑑𝑑1 = 𝑑𝑑2 = 𝑦𝑦 + 𝑏𝑏 

𝑐𝑐2 = −𝑐𝑐3 = 𝑎𝑎 − 𝑥𝑥,   𝑑𝑑3 = 𝑑𝑑4 = 𝑦𝑦 − 𝑏𝑏 

𝑟𝑟1 = �(𝑎𝑎 + 𝑥𝑥)2 + (𝑦𝑦 + 𝑏𝑏)2 + 𝑧𝑧2  𝑟𝑟2 = �(𝑎𝑎 − 𝑥𝑥)2 + (𝑦𝑦 + 𝑏𝑏)2 + 𝑧𝑧2 

𝑟𝑟3 = �(𝑎𝑎 − 𝑥𝑥)2 + (𝑦𝑦 − 𝑏𝑏)2 + 𝑧𝑧2, 𝑟𝑟4 = �(𝑎𝑎 + 𝑥𝑥)2 + (𝑦𝑦 − 𝑏𝑏)2 + 𝑧𝑧2 

Figure 1.11. Theoretical variation of the (a) axial magnetic field component and (b) required 
reader power to achieve 𝐻𝐻zmin = 1.5 A/m with range for a range of antenna geometries. 
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perimeters in excess of ~𝜆𝜆c/10, the achievable magnetic field strength becomes reduced due to 

phase differences along the antenna conductors, which are not accounted for by (1.5), (1.7) or 

(1.9). Furthermore, the tag must physically remain in the reactive near field of the reader antenna 

for communication to occur, such that 𝑧𝑧 ≪ 𝜆𝜆c/(2𝜋𝜋) ≈ 4 m [98], [102]. Consequently, increasing 

the antenna perimeter may in fact reduce the axial range, meaning the capture volume of a single 

antenna is fundamentally limited. We also note that the antennas in Figure 1.11 have different 

inductances, which may be restricted in practice by matching requirements. A fairer comparison 

would be to compute the axial antenna fields with the inductance fixed for all geometries. 

Figure 1.12 (a) compares 𝐻𝐻z for circular and rectangular loop antennas, with the additional 

restriction that 𝐿𝐿1 = 2 μH. Under this condition, the range scaling is the opposite to Figure 1.11, 

with the circular loop achieving the lowest field strength at short range and the highest field 

strength at long range. Likewise, the rectangular loop with 𝐴𝐴 = 4 has the poorest scaling at long 

range, but the highest field strength at short range due to the short conductor separation required 

to achieve the desired inductance. Furthermore, in contrast to Figure 1.11, the field scaling at range 

is less pronounced, with all antennas exhibiting similar performance. Due to the adversity and 

limitations imposed by near field scaling, conventional readers typically favour small-perimeter 

loops with multiple turns, sacrificing long-range performance for strong fields in the immediate 

vicinity as illustrated by Figure 1.12 (b), which depicts the axial fields of antennas with two turns. 

1.2.8 Capture volume limitations 

As discussed in the previous Section, the capture volume of NFC reader antennas is 

fundamentally limited in the transverse direction by extremely poor field scaling, as well as 

longitudinally by restrictions on maximum antenna perimeter. A trivial enhancement method is to 

Figure 1.12.  Theoretical variation of the axial magnetic field component for a range of antenna 
geometries, with antenna inductance fixed at 2 μH using (a) one and (b) two turns. 
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increase the reader carrier power for a minor increase in transverse range. This method, however, 

requires non-trivial receiver isolation techniques and may generate fields exceeding permissible 

safety regulations. Another solution is to employ physically large antennas with optimal loop 

geometry [98]. Both methods are usually employed in conjunction, with [91] achieving a 25 cm 

NFC-A tag activation range using a circular loop antenna with a diameter of 40 cm and a 12-V 

battery-powered reader, while in [93] a range of 40 cm was achieved using a 50 cm x 50 cm square 

loop antenna and a 60 W reader. The drawbacks of these methods are apparent from the latter 

work: “While increasing the amplification, the matching components necessary (to adapt the 

antenna impedance to a 50 Ω regime for maximum power transfer) heated up to 120 oC within two 

minutes and resulted in a mismatch that eventually broke the antenna and the reader”. Other 

methods of increasing transverse range include artificially lowering the minimum operating field 

strength requirements by using active tags [103], or detecting higher tag response harmonics [93], 

[104]. 

A more efficient means for capture volume enhancement is to employ reader antenna arrays 

[105], which enables lateral scaling of the capture volume and bypasses the perimeter restrictions 

imposed on individual antenna elements. Arrangements allowing arbitrary tag orientations [106], 

[107], and arrays with null zone compensation [108] have been demonstrated. Common array 

feeding methods include multiplexing [50], [109], with the reader sequentially powering each 

antenna element to scan for tags in vicinity [110]. The hardware complexity of multiplexed 

systems, however, scales poorly with the number of antenna elements. The hardware overhead is 

most significant for arrays with direct element addressing but can be substantially reduced by 

employing active matrix arrays [111]. For example, given an N-by-M antenna array, the number 

of reader channels is 𝑁𝑁 ⋅ 𝑀𝑀 for direct addressing, but reduces to 𝑁𝑁 + 𝑀𝑀 for active matrix 

implementations. It must also be noted that multiplexed arrays generally cannot power multiple 

antennas simultaneously, which makes communication with multiple distributed tags problematic. 

Clearly, more efficient and practical methods of increasing capture volume are required. An 

alternative has been suggested in a recent study [94], which employs multiple-element travelling-

wave antennas to increase lateral capture volume with no added cost to reader complexity, while 

also powering all the constituent antenna elements simultaneously. The antenna comprised a 

periodic arrangement of low-loss field-generating resonant loops, capable of supporting band-

limited wave propagation over the NFC frequency band. Although multiple travelling-wave 

antenna topologies exist, the study employed a magneto-inductive (MI) waveguide antenna owing 

to its continuous axial magnetic fields. A reader was placed at one end of the antenna, with the 

other end terminated with a high-power absorptive load. The reader could then inject Type-A-
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compliant queries, powering and interrogating all tags in vicinity. The background theory on MI 

waveguides and the study in question are reviewed in the following Section. 

 

1.3 Magneto-inductive waveguides 

1.3.1 Overview 

Magneto-inductive waveguides comprise a metamaterial formed by periodic arrays of 

magnetically coupled resonators, which can support the propagation of forward or backward 

magneto-inductive waves. Despite the recent attention, neither concept is entirely new. The 

propagation and filtering properties of periodic materials (both naturally occurring and artificial), 

including those comprising electrical circuits, have been known in the 1940s [112]. The recent 

proposition regarding the existence of media with simultaneously negative permittivity and 

permeability [113] which founded the metamaterial field can be traced back to 1968 [114]. One-

dimensional MI waveguides were formally defined in 2002 [115], shortly after the first 

experimental verification of negative refraction index metamaterials [116]. It was suggested that 

MI waveguides were both dispersive and band-limited, with MI waves identified as a type of slow 

wave. The theoretical models were extended to two- and three-dimensional MI waveguides [117] 

and shown to agree with experimental results [118], [119]. MI waves have been observed at 

frequencies ranging from RF to optical, with resonators formed by split-rings, Swiss rolls, lumped-

elements, and capacitor grids [120]–[126]. Sophisticated theoretical models accounting for the 

effects of retardation [127], radiation [128], higher-order non-nearest neighbour coupling [129], 

refraction [130], and loss [131] have been developed. MI waveguides with non-trivial 

characteristics have also been proposed and methods of tailoring their properties using dispersion 

engineering were discussed [132]. MI waveguides with multiple frequency passbands have been 

implemented as well as coupled waveguide pairs, ring resonators, and waveguides comprising 

doubly resonant elements. 

Multiple applications of MI waveguides have been developed, which vary in terms of their 

practical usefulness. Since the waveguide dispersion characteristics can be tailored by simply 

changing the relative physical positioning of constituent resonators, the waveguides are capable of 

internally filtering MI waves. MI equivalents of mirrors, Fabry-Perot resonators, Bragg gratings, 

power couplers, splitters, phase shifters, and delay lines have all been proposed [133]–[136]. The 

latter have been applied in chip-less RFID tags, since the slow wave nature of MI waveguides 

allows long delays to be implemented using short waveguide sections. MI waveguides have been 
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employed as communication channels [137], [138], with performance generally inferior to 

conventional systems owing to signal dispersion, susceptibility to external interference, limited 

bandwidth, and substantial loss per unit length. MI communication systems can, however, 

outperform conventional systems in RF-challenged environments, such as underwater [139], 

underground [140], or inside oil reservoirs and mine tunnels [141]. Naturally, the external 

magnetic fields inherent to all MI waveguides make them suitable candidates for wireless power 

transfer [142]–[146], with MI relay elements used to improve the efficiency and range of wireless 

power delivery systems. Near field imaging applications are also abundant, with MI slabs 

employed as lenses [147]–[151]. Perhaps the most promising applications, however, are in 

magnetic resonance imaging (MRI) systems, with MI waveguides employed as both flux guides 

and detectors [152]–[155]. The use is justified by improved patient safety owing to the lack of 

direct connections between MI waveguide elements, which eliminates the risk of overheating in 

the presence of strong MRI fields. Furthermore, flexible thin-film MI waveguides may be 

employed in catheters for high-precision patient imaging [156]–[158]. Finally, MI systems can be 

employed for capture volume enhancement in near field communication systems [94], which is 

the focus of the following Sections. Before proceeding, however, we review key theory on MI 

waveguides. 

1.3.2 One-dimensional MI waveguides 

The simplest magneto-inductive waveguide topology is that of a uniform one-dimensional 

waveguide. Provided the element dimensions are substantially smaller than the operating 

wavelength, the waveguide may be accurately modelled by a lumped-element equivalent circuit. 

Such a circuit is shown in Figure 1.13, which consists of magnetically coupled resonators with 

inductance 𝐿𝐿, capacitance 𝐶𝐶, equivalent resistance 𝑅𝑅, physical length 𝑎𝑎, and nearest neighbour 

mutual inductance 𝑀𝑀. Although non-nearest neighbour coupling is a common problem, the effect 

can be minimised by appropriate element spacing. Here, we assume the unwanted coupling is 

Figure 1.13. Equivalent circuit of a lossy one-dimensional magneto-inductive 
waveguide. 
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negligible. If the loop current in resonator 𝑛𝑛 is 𝐼𝐼𝑛𝑛, we can obtain a circuit equation relating the 

currents in adjacent elements at angular frequency 𝜔𝜔. 

The series inductance and capacitance form a resonator with angular resonant frequency 𝜔𝜔0. 

The resistance 𝑅𝑅 can also be related to the unloaded element Q-factor 𝑄𝑄. 

Finally, we define the nearest-neighbour coupling coefficient 𝜅𝜅. 

The coupling coefficient is positive for axial resonator orientations and negative for planar 

configurations [132]. The value range is fundamentally limited by −2 < 𝜅𝜅 < 2. Typical values, 

however, fall within the range −0.2 < 𝜅𝜅 < 0.7, with inherently weaker coupling in the planar 

configuration [159]. 

We now assume a travelling-wave solution propagating from the left of the form 𝐼𝐼𝑛𝑛 =

𝐼𝐼0𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗, where 𝐼𝐼0 is the current amplitude at 𝑛𝑛 = 0 and 𝑘𝑘 = 𝑘𝑘′ − 𝑗𝑗𝑘𝑘′′ is the complex propagation 

constant, where both 𝑘𝑘′ and 𝑘𝑘′′ are purely real quantities. The assumed solutions for 𝐼𝐼𝑛𝑛, as well as 

equations (1.11) – (1.13) can be substituted into (1.10), which yields the dispersion equation (1.14). 

For lossless waveguides, the Q-factor is infinite, and the right-hand side of (1.14) is purely 

real. Wave propagation is then permitted when |cos(𝑘𝑘𝑘𝑘)| < 1. The ideal frequency passband is 

thus given by 

𝐼𝐼𝑛𝑛 �𝑗𝑗𝑗𝑗𝑗𝑗 +
1
𝑗𝑗𝑗𝑗𝑗𝑗

+ 𝑅𝑅� + 𝑗𝑗𝑗𝑗𝑗𝑗(𝐼𝐼𝑛𝑛−1 + 𝐼𝐼𝑛𝑛+1) = 0 (1.10) 

𝜔𝜔0 =
1

√𝐿𝐿𝐿𝐿
 (1.11) 

𝑄𝑄 =
𝜔𝜔0𝐿𝐿
𝑅𝑅

 (1.12) 

𝜅𝜅 =
2𝑀𝑀
𝐿𝐿

 (1.13) 

cos(𝑘𝑘𝑘𝑘) =
1
𝜅𝜅
�
𝜔𝜔0
2

𝜔𝜔2 + 𝑗𝑗
𝜔𝜔0

𝜔𝜔𝜔𝜔
− 1� (1.14) 

1

�1 + |𝜅𝜅|
≤
𝜔𝜔
𝜔𝜔0

≤  
1

�1 − |𝜅𝜅|
 . (1.15) 
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The propagation constant is purely real in the passband and purely imaginary in the stopbands. 

In lossy waveguides, however, attenuated out-of-band propagation is allowed. For lossy, high Q-

factor waveguides, the real and imaginary parts of (1.14) can be simplified, yielding useful 

approximations for 𝑘𝑘′𝑎𝑎 and 𝑘𝑘′′𝑎𝑎. 

Equation (1.16) suggests that 𝑘𝑘′𝑎𝑎 can be approximated by the ideal dispersion relation for low-

loss waveguides. Equation (1.17) suggests that the wave attenuation is inversely proportional to 

the product of 𝜅𝜅𝜅𝜅. All practical MI systems should thus maximise nearest-neighbour coupling, as 

well as element Q-factors (as opposed to conventional NFC readers). It has also been shown that 

the presence of non-nearest neighbour coupling may significantly hinder performance [129]. 

Figure 1.14 shows the theoretical frequency variation of 𝑘𝑘′𝑎𝑎 and 𝑘𝑘′′𝑎𝑎 obtained using (1.14) 

for lossy waveguides with  𝜅𝜅 = {±0.3, ±0.6} and 𝑄𝑄 = 200. It is well-known that the dispersion 

equations for periodic media have periodic solutions [112]. In (1.14), for example, 𝑘𝑘′𝑎𝑎 + 2𝜋𝜋𝜋𝜋 are 

all valid propagation constants, where 𝑣𝑣 is an integer. It is also well-known that such media may 

be right- or left-handed, characterised by codirectional group and phase velocities for the former, 

and opposite for the latter [160]. We choose to restrict the solutions for 𝑘𝑘𝑘𝑘 such that 𝜋𝜋 ≤ 𝑘𝑘′𝑎𝑎 ≤ 𝜋𝜋, 

for which the group velocity 𝑣𝑣𝑔𝑔 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑘𝑘′

≥ 0. Waveguides with positive 𝜅𝜅 support the propagation 

of forward waves, while negative 𝜅𝜅 results in backwards waves. Wave propagation is both band-

limited and dispersive, with 𝑘𝑘′𝑎𝑎 = ± 𝜋𝜋/2 at resonance, depending on 𝜅𝜅 polarity. The effect of loss 

cos(𝑘𝑘′𝑎𝑎) ≈
1
𝜅𝜅
�
𝜔𝜔0
2

𝜔𝜔2 − 1� (1.16) 

𝑘𝑘′′𝑎𝑎 ≈
1

𝜅𝜅𝜅𝜅𝜅𝜅𝜅𝜅𝜅𝜅(𝑘𝑘′𝑎𝑎) . (1.17) 

Figure 1.14. Theoretical variation of 𝑘𝑘′𝑎𝑎 and 𝑘𝑘′′𝑎𝑎  with frequency for lossy one-dimensional MI 
waveguides with 𝜅𝜅 = {±0.3, ±0.6} and 𝑄𝑄 = 200. Dotted lines indicate the frequency passband 
edges for lossless waveguides. 
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is to increase the passband width beyond the constraints of (1.15), with higher attenuation for 

smaller 𝜅𝜅 values as suggested by (1.17). 

1.3.3 Characteristic impedance and matching 

Infinitely long lines cannot be implemented in practice, but reflections can still be eliminated 

by terminating the waveguide with its characteristic impedance 𝑍𝑍0. For an MI waveguide, 𝑍𝑍0 is 

given as follows [117]. 

The MI characteristic impedance is frequency-dependent and complex, both in the passbands 

and in the stopbands. This is true even if the waveguide is lossless, in contrast to the characteristic 

impedance of ideal transmission lines and RF instruments, which is both constant and real. This 

makes matching MI waveguides to conventional systems difficult. Such properties also complicate 

the modelling of internal power flow, with conventional models often generating seemingly 

anomalous scattering parameters, as will be shown in Chapter 2. 

At resonance, 𝑘𝑘′𝑎𝑎 = ± 𝜋𝜋/2, and the characteristic impedance becomes purely real such that 

𝑍𝑍0(𝜔𝜔0) = 𝑍𝑍0M = 𝜔𝜔0|𝑀𝑀|𝑒𝑒−𝑘𝑘′′𝑎𝑎. For high Q-factors, 𝑍𝑍0M ≈ 𝜔𝜔0𝑀𝑀, which means MI waveguides 

can always be matched to a real load 𝑅𝑅𝐿𝐿 at 𝜔𝜔0. It has also been shown that broadband matching 

can be achieved at two or three frequencies simultaneously [161], [162]. Examples of possible 

𝑍𝑍0 = 𝑗𝑗𝑗𝑗𝑗𝑗𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 . (1.18) 

Figure 1.15. (a) Possible candidates for MI waveguide termination impedances, including 
ideal (i), narrowband, and broadband (iii). Real (b) and imaginary (c) parts of impedances 
(i)-(iii) for a waveguide with 𝐿𝐿 = 2 μH, 𝑄𝑄 = 200, 𝑍𝑍0M = 50 Ω, and 𝜔𝜔0 = 2𝜋𝜋𝑓𝑓c. 
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termination impedances 𝑍𝑍 are shown in Figure 1.15 (a). Termination (i) corresponds to the ideal 

characteristic impedance, which is not realisable in practice but useful for numerical and analytic 

calculations. Impedance (ii) is for narrowband matching at 𝜔𝜔0, which is often sufficient. It consists 

of a standard waveguide element with an in-series 𝑍𝑍0M load. Lastly, termination (iii) may be 

employed for broadband matching at two frequencies, namely 𝜔𝜔0 and 𝜔𝜔0/√1 − 𝜅𝜅2, achieved by 

halving the self-inductance and doubling the capacitance of the terminating element. 

Figure 1.15 (b) shows the real parts of impedances (i)-(iii) and Figure 1.15 (c) shows their 

imaginary parts, given a waveguide with 𝐿𝐿 = 2 μH, 𝑄𝑄 = 200, 𝜔𝜔0 = 2𝜋𝜋𝑓𝑓c, and 𝑍𝑍0M = 50 Ω. 

Dashed lines indicate the waveguide frequency passband according to (1.15), while the dotted 

lines show the matching frequencies. The real part of characteristic impedance (i) is approximately 

zero outside of the passband, while its imaginary part is zero at resonance. The narrowband 

termination (ii) offers good matching around 𝜔𝜔0, but its real part quickly diverges from 𝑍𝑍0. 

Termination (ii) provides excellent matching throughout most of the passband and can be 

employed in high-performance MI systems. 

The terminations in Figure 1.15 (a) can only be used at the end elements of otherwise uniform 

MI waveguides. It may, however, be desirable to perform internal matching within a waveguide, 

or seamlessly join a pair of MI waveguides with minimal internal reflections. An example of such 

a problem is shown in Figure 1.16. The first semi-infinite uniform waveguide has an element 

inductance 𝐿𝐿1, capacitance 𝐶𝐶1, mutual inductance 𝑀𝑀1, resonant frequency 𝜔𝜔01, and stretches from 

𝑛𝑛 = −∞ to 𝑛𝑛 = 0. The second waveguide has an inductance 𝐿𝐿2, capacitance 𝐶𝐶2, mutual inductance 

𝑀𝑀2, resonant frequency 𝜔𝜔02, and stretches from 𝑛𝑛 = 1 to 𝑛𝑛 = +∞. The mutual inductance at the 

interface between the waveguides is 𝑀𝑀. Standard physics suggests that an incident MI wave from 

the left side should be partially reflected at the discontinuity, with the remaining power appearing 

as a transmitted travelling wave in the second waveguide. We thus assume the following solutions 

for the current 𝐼𝐼𝑛𝑛, with the amplitudes of the incident, reflected, and transmitted waves are given 

by 𝐼𝐼0, 𝑅𝑅0 and 𝑇𝑇1, respectively. The propagation constants are 𝑘𝑘1𝑎𝑎1 and 𝑘𝑘2𝑎𝑎2. 

Figure 1.16. Internal matching of an MI waveguide pair. 
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The currents at the junction can be found by summing the voltages at elements 0 and 1. 

Equations (1.19) can then be substituted into (1.20). The element self-impedances may also be 

related to the propagation constants by their respective dispersion relations. The resultant equations 

may be solved for the wave reflection (𝛤𝛤) and transmission (𝑇𝑇) coefficients. 

In practical systems, the waveguides are likely to have the same resonant frequency 𝜔𝜔01 =

𝜔𝜔02 = 𝜔𝜔0. Furthermore, we assume that the coupling coefficients may be equalised, such that 𝜅𝜅 =
2𝑀𝑀1
𝐿𝐿1

= 2𝑀𝑀2
𝐿𝐿2

= 2𝑀𝑀
�𝐿𝐿1𝐿𝐿2

. Under these conditions, (1.21) simplifies to Γ = 0 at all frequencies. Similarly, 

𝑇𝑇 simplifies to 

The above observations imply that perfect internal matching may be achieved, provided that 

the coupling coefficient is constant throughout the combined waveguide. Equation (1.23) also 

suggests that the loop current amplitudes scale according to the square root of the mutual 

inductance ratio between the matched sections. Furthermore, the impedance transition may be 

abrupt (such as in Figure 1.16) or occur gradually over multiple elements. The latter approach is 

more practical for large impedance steps. 

𝐼𝐼𝑛𝑛 = �𝐼𝐼0𝑒𝑒
−𝑗𝑗𝑘𝑘1𝑛𝑛𝑎𝑎1 + 𝑅𝑅0𝑒𝑒𝑗𝑗𝑘𝑘1𝑛𝑛𝑎𝑎1 , 𝑛𝑛 ≤ 0

𝑇𝑇1𝑒𝑒−𝑗𝑗𝑘𝑘2𝑛𝑛𝑎𝑎2 , 𝑛𝑛 ≥ 1
  (1.19) 

𝐼𝐼0 �𝑗𝑗𝑗𝑗𝐿𝐿1 +
1

𝑗𝑗𝑗𝑗𝐶𝐶1
� + 𝑗𝑗𝑗𝑗𝑀𝑀1𝐼𝐼−1 + 𝑗𝑗𝑗𝑗𝑗𝑗𝐼𝐼1 = 0  

𝐼𝐼1 �𝑗𝑗𝑗𝑗𝐿𝐿2 +
1

𝑗𝑗𝑗𝑗𝐶𝐶2
� + 𝑗𝑗𝑗𝑗𝑗𝑗𝐼𝐼0 + 𝑗𝑗𝑗𝑗𝑀𝑀2𝐼𝐼2 = 0 

(1.20) 

𝛤𝛤 =
𝑅𝑅0
𝐼𝐼0

= −
𝑀𝑀2𝑒𝑒−𝑗𝑗𝑘𝑘2𝑎𝑎2 − 𝑀𝑀1𝑀𝑀2𝑒𝑒−𝑗𝑗𝑘𝑘1𝑎𝑎1
𝑀𝑀2𝑒𝑒−𝑗𝑗𝑘𝑘2𝑎𝑎2 − 𝑀𝑀1𝑀𝑀2𝑒𝑒𝑗𝑗𝑘𝑘1𝑎𝑎1

 (1.21) 

𝑇𝑇 =
𝑇𝑇1
𝐼𝐼0

= −
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 (1.22) 
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1.3.4 MI antennas for NFC 

Magneto-inductive waveguides have been employed as field guides or antennas in several NFC 

applications. One example is the use flexible textile-integrated MI waveguides to interconnect 

wearable or implantable passive NFC sensors in body-area networks [60], [163]. Another 

application used two-dimensional MI grids in commercial NFC-compliant wireless charging 

stations for mobile devices [164]. Lastly, travelling-wave MI antennas have been used in high 

capture volume NFC readers for communicating with off-the-shelf NFC-A tags [94]. A system 

block diagram of the latter application is shown in Figure 1.17. 

The system employed a low-loss antenna with rectangular resonators of width 𝑤𝑤 = 1 m, height 

ℎ = 0.35 m, inductance 𝐿𝐿 = 2 μH, and 𝑄𝑄 > 300. The resonators were arranged in a quasi-axial 

formation with nearest neighbours overlapping each other, resulting in positive 𝜅𝜅 values. The 

nearest-neighbour coupling coefficients could then be tuned to achieve 𝑍𝑍0M = 50 Ω by adjusting 

the separation distance 𝑠𝑠, resulting in  𝜅𝜅 ≈ 0.59. The high coupling, combined with high quality 

factors meant 𝑘𝑘′𝑎𝑎 ≈ 1/(300 ⋅ 0.59) ≈ 0.006 at 𝜔𝜔0 according to (1.17), amounting to a modest 

power loss of 0.05 dB per element. A transmitter injected NFC-A queries into the left end, which 

propagated along the antenna as MI waves. End reflections were minimised by broadband 

matching. A frequency-selective filter could be placed at either end, which was used to suppress 

the HF carrier and extract either the reflected, or transmitted tag response signals. 

The operating principle of the antenna can be explained by a simple theoretical model. 

Assuming a tag was magnetically coupled to element 0, the load modulation may be described as 

a time-varying element resistance 𝑅𝑅′(𝑡𝑡). 

𝑅𝑅′(𝑡𝑡) = 𝑅𝑅 + Δ𝑅𝑅0 + Δ𝑅𝑅1 cos(𝜔𝜔s𝑡𝑡) (1.24) 

Figure 1.17. High capture volume NFC system using a magneto-inductive travelling-wave 
antenna. Tag responses may be acquired by reflection or transmission at either end. 
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Δ𝑅𝑅0 and Δ𝑅𝑅1 represent the DC and AC load modulation amplitudes, with the DC term ensuring 

modulation is always lossy, and 𝜔𝜔s = 2𝜋𝜋𝑓𝑓s is the load modulation frequency. The circuit equation 

for the loaded element is 

For the other resonators, the circuit equation is as follows. 

The carrier signal may be modelled as an incident travelling wave from the left side. The load 

modulation should result in transmitted and reflected MI waves at element 0, both at the carrier 

frequency and modulation sidebands 𝜔𝜔+ = 𝜔𝜔c + 𝜔𝜔s and 𝜔𝜔− = 𝜔𝜔c − 𝜔𝜔s. This may be summarised 

by the following travelling-wave solutions for 𝐼𝐼𝑛𝑛. 

𝐴𝐴I, 𝐴𝐴R, 𝐴𝐴R−, and 𝐴𝐴R+  are the incident and reflected waves at 𝜔𝜔c, 𝜔𝜔−, and 𝜔𝜔+, respectively. 𝐴𝐴T,  

𝐴𝐴T− , and 𝐴𝐴T+are the amplitudes of the transmitted carrier and modulation sidebands, respectively, 

while cc represents the complex conjugate of the preceding term. Finally, 𝑘𝑘, 𝑘𝑘−, and 𝑘𝑘+ are the 

propagation constants at 𝜔𝜔c and 𝜔𝜔c ± 𝜔𝜔s. The assumed solutions and the dispersion relation (1.14) 

may be substituted into (1.25) and (1.26), and the resultant simultaneous equations solved for the 

reflection and transmission coefficients at carrier and load modulation frequencies. 

Equations (1.28) describe the effects of load modulation on the waveguide antenna. For static 

load modulation (tag is silent), some of the carrier becomes reflected back to the reader from the 

loaded resonator. The effect of time-varying load modulation (tag is responding) is to induce 

𝐿𝐿
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� = 0 . (1.25) 
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 (1.27) 
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harmonic waves at the loaded element, which propagate away from the element in both directions. 

The receivers may thus be placed at either antenna end, or at both ends for improved signal-to-

noise ratio. The magnitude of the reflection and transmission coefficients (1.28) is dependent on 

the coupling strength between the tag and antenna resonator, with stronger signals induced at 

smaller antenna-tag separations. 

1.3.5 Magneto-inductive antenna fields 

Like conventional NFC antennas, the external magnetic field strength of travelling-wave MI 

antennas is dependent on the resonator geometry and loop currents. In contrast to conventional 

antennas, however, the MI antenna layout is restricted by the need to achieve high |𝜅𝜅| for low loss 

propagation and adequate NFC bandwidth, while simultaneously minimising non-nearest 

neighbour coupling and satisfying matching constraints. A good compromise can be achieved with 

high-aspect ratio rectangular resonators [159]. 

 Figure 1.18 shows the magnitude of the 𝐻𝐻z component of the external magnetic field at 

resonance for a quasi-axial MI antenna with 𝑤𝑤 = 1 m, ℎ = 0.35 m, 𝐿𝐿 = 2 μH, and 𝑍𝑍0M = 50 Ω. 

The Figure also includes a schematic representation of the antenna resonators, which lie in the 

x – y plane. The fields have been analytically calculated using (1.9), while the element currents 

were obtained using (1.10). The resonator separation 𝑠𝑠 (as indicated in Figure 1.17) can be used to 

adjust 𝑀𝑀 between nearest neighbours to satisfy the matching constraint 𝑀𝑀 = 50/𝜔𝜔c. The field is 

strongest in regions where the neighbouring loops overlap due to the partial addition of their 

individual fields, which are 𝜋𝜋/2 out of phase at resonance. It should be noted that the magnitude 

of the 𝐻𝐻x component (not shown) from the vertical conductors is also significant. 

 

Figure 1.18. Magnitude of the 𝐻𝐻z magnetic field component for uniform quasi-axial MI 
waveguide antenna, with 𝑤𝑤 = 1 m, ℎ = 0.35 m, and 𝐿𝐿 = 2 μH. 
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As previously discussed, the characteristic impedance of MI waveguide antennas may be 

internally scaled with no reflections, provided 𝜅𝜅 and 𝜔𝜔0 are constant throughout. Figure 1.19 

shows a field plot for a 9-element waveguide, with resonator self-inductances scaled from 𝐿𝐿0 =

2 μH to 𝐿𝐿8 = 4 μH in uniform steps of 0.25 μH by adjusting loop dimensions accordingly. The 

resonator currents have also been scaled according to (1.23) such that 𝐼𝐼8 = 1/√2 ⋅ 𝐼𝐼0, and the 

resonator separation adjusted to achieve a uniform 𝜅𝜅. While the capture volume of each resonator 

is incremented by the perimeter scaling, loop currents become weaker, such that no meaningful 

increase in transverse range is obtained. Nonetheless, the technique offers a convenient means to 

shape the lateral capture volume in the x-y plane. 

1.3.6 Power scaling 

We now draw a performance comparison between NFC readers employing conventional 

antennas (Figure 1.9) and readers using MI travelling-wave antennas (Figure 1.17) in the context 

of high-capture volume systems. Conventional reader antennas must be artificially loaded to lower 

their Q-factor, which accounts for most of the dissipated reader power. The antennas may be 

assembled into arrays, but each element must still be powered individually. In contrast, the 

resonators in MI antennas can maximise their Q-factors, with most of the reader power dissipated 

in the terminating resistive load. Furthermore, the reader signal need only be injected at a single 

antenna end to simultaneously power all elements. This has significant implications the scaling of 

reader power with antenna capture volume. 

Figure 1.20 compares the reader power required to produce a minimum current of 0.1 A (rms) 

in 𝑁𝑁 identical antenna elements with inductance 2 μH and unloaded Q-factor of 200 at 𝑓𝑓c = 

13.56 MHz using conventional and magneto-inductive antenna arrays. For conventional arrays 

 

Figure 1.19. Magnitude of the 𝐻𝐻z magnetic field component for a non-uniform MI waveguide 
antenna, with loop inductances scaled from 2 μH to 4 μH in steps of 0.25 μH.  
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(dashed lines), the resonator Q-factors have been artificially reduced to 10 (red), 15 (green) and 

20 (blue). For the MI antenna, 𝜅𝜅 ≈ 0.59, such that 𝑍𝑍0M = 50 Ω. In conventional arrays, the total 

reader power scales linearly with the number of elements, with the slope determined by the loaded 

Q-factor value. For MI antennas, the scaling is approximately constant, particularly so for low 𝑁𝑁. 

For high 𝑁𝑁, increases in reader power are required to offset propagation losses (1.17). Clearly, MI 

antennas are preferable if high antenna capture volume is required. For example, if 𝑄𝑄A1 = 10, MI 

antennas with more than 3 elements require less power to achieve the same element current, and 

thus the same field strength. In addition to superior power scaling, the hardware overhead of MI 

systems is also reduced. 

1.4 Summary and thesis overview 

In this Chapter, we briefly reviewed the history of radio-frequency identification, discussed the 

operating principles and limitations of near field communication, and examined capture volume 

enhancement methods using travelling-wave antennas. We first explained how the development of 

RFID systems was influenced by contemporary technological advances and applications. NFC was 

then identified as a recent extension of RFID in the high-frequency regime, and the complex 

relationships between established HF RFID standards and NFC specifications were examined. The 

NFC-A technology based on ISO/IEC 14443 Type-A was then identified as the pivotal NFC 

protocol due to compatibility with prominent smart card systems and its widespread adoption. We 

then discussed the architecture and operating principles of generic readers and tags, reviewed the 

NFC-A protocol, and analysed the signal characteristics of forward- and backward-link 

Figure 1.20. Reader power required to achieve a minimum loop current of 0.1 A (rms) in 𝑁𝑁 elements 
simultaneously using a conventional NFC reader array (dashed lines) and magneto-inductive antenna 
array (solid line). The elements have an inductance of 2 μH and unloaded Q-factor of 200 at 𝑓𝑓c. 
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communication. The need to artificially load reader and tag antennas for bandwidth expansion was 

explained and its implications for reader power dissipation noted. The range and power scaling of 

magnetic near fields for various antenna shapes and dimensions were then examined. Fundamental 

limitations in antenna capture volume due to adverse power scaling and antenna perimeter 

constraints were discussed. 

We then examined capture volume enhancement methods using travelling-wave magneto-

inductive antennas. First, we reviewed basic theory on MI waveguides including design equations, 

dispersion relation, characteristic impedance, and waveguide matching techniques.  It was then 

shown that the longitudinal capture volume can be increased with no hardware overhead by 

propagating reader signals as travelling current waves along a magneto-inductive antenna. The 

system architecture was described, and antenna operating principles were reviewed. The external 

magnetic fields of quasi-axial antennas were then simulated for both uniform and non-uniform 

waveguides. Finally, the scaling of capture volume with input power was compared between 

conventional antenna arrays and MI antennas, with the former shown to be linear and the latter 

approximately constant. These observations suggested a few obvious new directions for the 

development of MI-based NFC systems. The arrangement of the remainder of the thesis is 

therefore as follows. 

In Chapter 2 we develop novel discrete power-wave definitions for MI waveguides which 

address the ambiguities arising during power flow modelling using conventional MI waves due to 

the complex characteristic impedance. We then show how power waves can be used to extract 

scattering parameters at internal junctions and discontinuities in integrated MI devices. 

Although the signal-carrying sidebands in an NFC system can always be extracted by filtering 

in software, the effect of residual carrier can be damaging to front-end electronics, especially at 

the high RF powers needed for range extension. The new power-wave theory is therefore used in 

Chapter 3 to develop a family of MI filter-couplers for receiver protection in high-power MI NFC 

systems. The filters are experimentally characterised and advanced functionality such as infinite 

carrier rejection and multiple-passband responses is demonstrated. 

NFC systems are conventionally concerned with secure communication between a pair of 

devices and are deliberately designed to minimise the possibility of eavesdropping. However, 

additional functionality - for example, the ability to monitor the presence of an item or attendance 

of a user at a given location - might be possible in less secure systems if the tag position could also 

be determined. Localisation has been the subject of much attention in UHF RFID but is 

considerably more difficult in the HF band because of the lack of radiating fields. In Chapter 4 we 
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therefore develop a novel bistatic NFC tag localisation method, which estimates tag position from 

the time-of-flight (TOF) difference in the UID response extracted from either end of a one-

dimensional MI antenna via a pair of matched filter-couplers. A complete experimental system is 

implemented, including a custom NFC-A compliant reader, a planar transformer-coupled slow 

wave MI antenna, and a digital framework for TOF estimation using cross-correlation. 

System practicality is then vastly improved in Chapter 5, where we develop flexible slow wave 

loaded transmission line (LTL) antenna topologies with distributed and modular sensor nodes to 

address the intrinsic limitations of MI waveguides. LTL antennas up to 50 metres in length are 

constructed, and accurate tag localisation is demonstrated. 

In Chapter 6, we minimise the hardware complexity of bistatic positioning by developing a 

monostatic localisation method based on absolute TOF estimates using a single receiver. A 

monostatic slow wave system devoid of return signal cables is then constructed, and accurate 

positioning is again demonstrated. Finally, Chapter 7 draws conclusions and summarises potential 

directions for future research. 
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Chapter 2: 

Magneto-Inductive Power Waves  

In this Chapter, we consider the internal power flow in magneto-inductive systems – a 

fundamental aspect of MI wave propagation that might be expected to be well understood by now. 

However, serious anomalies in existing theory were found to arise when designing the new passive 

filter components needed for a MI-based NFC system. Here, discrete power waves are defined for 

magneto-inductive systems; metamaterials based on chains of magnetically coupled resonators. 

These waves are shown to satisfy the discrete power conservation equation for MI waves and are 

used to calculate the scattering parameters for multi-port MI devices without the anomalous 

predictions of conventional methods. These results will enable the correct evaluation of internal 

scattering parameters in MI systems but may also be relevant to other discrete metamaterials with 

band-limited propagation and complex characteristic impedance. 

2.1 Overview 

First, we consider power flow modelling in conventional waveguides. Scattering parameters 

are a standard method of characterisation, design, and analysis of electrical networks and 

electromagnetic media, particularly at high frequencies [165]–[167]. The method involves the 

decomposition of currents and voltages into incident and reflected waves at specific ports, allowing 

the computation of reflection and transmission coefficients. For lossless transmission lines and RF 

equipment with real characteristic and port impedances, the method is straightforward. 

Complications arise when the port impedances become complex – for example due to loss, 

sometimes yielding seemingly anomalous results such as reflection coefficients greater than unity 

for a passive load [168], [169]. This a well-understood, but not well-known consequence of the 

existence of multiple scattering wave definitions, which are identical for real port impedances, but 

possess fundamentally different properties otherwise. Namely, these are based on pseudo-waves 

and power waves [170]. The incident (𝑎𝑎) and reflected (𝑏𝑏) pseudo-waves for a port with 

characteristic impedance 𝑍𝑍0, port voltage difference 𝑉𝑉, and incoming current 𝐼𝐼 are defined as 

𝑎𝑎 =
𝑉𝑉 + 𝑍𝑍0𝐼𝐼

2�Re(𝑍𝑍0)
 𝑏𝑏 =

𝑉𝑉 − 𝑍𝑍0𝐼𝐼
2�Re(𝑍𝑍0)

 . (2.1) 
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Conveniently, 𝑉𝑉 = �Re(𝑍𝑍0) ⋅ (𝑎𝑎 + 𝑏𝑏) and 𝐼𝐼 = [�Re(𝑍𝑍0) /𝑍𝑍0]  ⋅ (𝑎𝑎 − 𝑏𝑏). Furthermore, 

standard transmission line theory suggests that 𝑉𝑉 = 𝑉𝑉+ + 𝑉𝑉− and 𝐼𝐼 = (𝑉𝑉+ − 𝑉𝑉−)/𝑍𝑍0, where 𝑉𝑉+ 

and 𝑉𝑉− are the incident and reflected travelling voltage waves at the port interface. Thus, the 

pseudo-waves can also be expressed as 𝑎𝑎 = 𝑉𝑉+/�Re(𝑍𝑍0) and 𝑏𝑏 = 𝑉𝑉−/�Re(𝑍𝑍0), meaning 

pseudo-waves are impedance-normalised mathematical abstractions of physical travelling waves 

at the port interface. The apparent simplicity of pseudo-waves conceals a pitfall, which may be 

illustrated with an example. Suppose that a port with 𝑍𝑍0 = 𝑅𝑅0 + 𝑗𝑗𝑋𝑋0 is terminated by a passive 

load 𝑍𝑍L. Let us also assume that the load is perfectly matched, such that 𝑍𝑍L = 𝑍𝑍0∗ = 𝑅𝑅0 − 𝑗𝑗𝑋𝑋0. The 

reflection coefficient 𝑆𝑆11 = 𝑏𝑏/𝑎𝑎 = 𝑉𝑉−/𝑉𝑉+ is then given by 

Clearly, 𝑆𝑆11 is non-zero for a conjugate-matched load. Furthermore, |𝑆𝑆11| > 1 when 𝑋𝑋0 > 𝑅𝑅0. 

Since most RF systems have Im(𝑍𝑍0) ≈ 0, such occurrences are misunderstood and misinterpreted 

by many. A good example of this is a recent article which identified ambiguous reflection 

coefficients as a novel discovery [171].  Such results are not anomalous, but a mathematical artifact 

of the pseudo-wave model, which may be explained by examining the power flow 𝑃𝑃 = Re(𝑉𝑉𝐼𝐼∗).  

It is well-known that while voltages and currents obey the principle of superposition, powers 

do not. A peculiar exception occurs when Im(𝑍𝑍0) = 0 and the third term on the right-hand side of 

(2.3) vanishes. In this special case, the net power flow is conveniently equal to the difference 

between individual powers of the incident and reflected pseudo-waves. Clearly, this is not true for 

the general case and pseudo-waves are unsuitable for power flow analysis. To address this issue, 

power-wave definitions were developed by Kurokawa in 1964 [172] and investigated by others 

[173]–[175]. 

The power waves are no longer directly related to travelling voltage waves but satisfy 𝑃𝑃 =

�𝑎𝑎p�
2
− �𝑏𝑏p�

2
, even if 𝑍𝑍0 is complex. They also ensure the scattering parameter magnitude may 

never exceed unity in a passive system. Interestingly, if 𝑍𝑍0 is real, (2.1) and (2.4) are the same. 

𝑆𝑆11 =
𝑍𝑍𝐿𝐿 − 𝑍𝑍0
𝑍𝑍𝐿𝐿 + 𝑍𝑍0
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𝑅𝑅0

 . (2.2) 

𝑃𝑃 = |𝑎𝑎|2 − |𝑏𝑏|2 + 2 Im(𝑎𝑎𝑏𝑏∗)
Im(𝑍𝑍0)
Re(𝑍𝑍0)

. (2.3) 

𝑎𝑎p =
𝑉𝑉 + 𝑍𝑍0𝐼𝐼

2�Re(𝑍𝑍0)
 𝑏𝑏p =

𝑉𝑉 − 𝑍𝑍0∗𝐼𝐼
2�Re(𝑍𝑍0)

 . (2.4) 
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These arguments also stand for magneto-inductive transmission lines, which (until now) have 

been analysed by travelling MI wave models. Similar to (2.1), standard theory yields valid but 

practically meaningless results, such as larger-than-unity reflection and transmission coefficients. 

Further difficulties arise from the more complicated characteristic impedance of MI waveguides 

in comparison to conventional transmission lines. For the former, 𝑍𝑍0 is complex even in the 

lossless case, as well as frequency dependent. The properties of 𝑍𝑍0 also differ in the passband and 

stopband frequency regions. As a result, internal MI wave scattering parameters are ambiguous 

even for lossless waveguides. Equivalent power-wave definitions for the increasingly complex MI 

systems are clearly required. Unfortunately, (2.4) are not applicable, since MI waveguides are a 

discrete medium. Neither can the voltage 𝑉𝑉 be unambiguously defined for the constituent 

resonators, which comprise closed conductive loops.  

The aim of this Chapter is to develop a power wave formulation for a periodic system 

supporting MI waves that can be used to extract the scattering parameters at junctions between 

media in addition to terminations. Important differences from Kurokawa’s work are introduced by 

the discrete nature of the system and lack of voltages at internal elements. In Section 2.2, we derive 

the power conservation relation for MI waves. In Section 2.3, we prove that discrete variants of 

power waves satisfy this relation and show how they may be used to find scattering parameters in 

MI systems. In Section 2.4, we illustrate the process with simple examples for 𝑁𝑁-port MI devices 

where conventional methods break down. Conclusions are drawn in Section 2.5. 

2.2 Power conservation in MI systems 

 We first consider the internal power flow in an infinite MI waveguide formed from 

magnetically coupled, lossy resonant loops, as shown in Figure 2.1 (a). We begin by multiplying 

the characteristic circuit equation (1.10) by 𝐼𝐼𝑛𝑛∗. 

Adding (2.5) to its own complex conjugate, dividing by 4 and re-arranging, we then get: 

Since the first term in (2.6) is the power 𝑃𝑃𝑑𝑑 dissipated in element 𝑛𝑛, (2.6) is a power 

conservation relation, with the second and third terms representing the powers 𝑃𝑃𝑛𝑛+1 and 𝑃𝑃𝑛𝑛 flowing 

into element 𝑛𝑛 + 1 from element 𝑛𝑛, and into 𝑛𝑛 from 𝑛𝑛 − 1, respectively. Figure 2.2 shows the 

(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗 + 1 𝑗𝑗𝑗𝑗𝑗𝑗⁄ )𝐼𝐼𝑛𝑛𝐼𝐼𝑛𝑛∗  + 𝑗𝑗𝑗𝑗𝑗𝑗(𝐼𝐼𝑛𝑛−1𝐼𝐼𝑛𝑛∗  + 𝐼𝐼𝑛𝑛∗  𝐼𝐼𝑛𝑛+1) = 0 (2.5) 

1
2
𝑅𝑅𝐼𝐼𝑛𝑛𝐼𝐼𝑛𝑛∗ + �

𝑗𝑗𝑗𝑗𝑗𝑗
4

� (𝐼𝐼𝑛𝑛∗𝐼𝐼𝑛𝑛+1 − 𝐼𝐼𝑛𝑛𝐼𝐼𝑛𝑛+1∗ ) = �
𝑗𝑗𝑗𝑗𝑗𝑗

4
� (𝐼𝐼𝑛𝑛−1∗ 𝐼𝐼𝑛𝑛 −  𝐼𝐼𝑛𝑛−1𝐼𝐼𝑛𝑛∗) (2.6) 
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variation of 𝑃𝑃𝑑𝑑, 𝑃𝑃𝑛𝑛 and 𝑃𝑃𝑛𝑛+1 with 𝑛𝑛 for a very lossy MI waveguide with parameters 𝜅𝜅 =

0.6 and 𝑄𝑄 = 10, assuming that 𝐿𝐿 = 100  nH and 𝜔𝜔 𝜔𝜔0 = 1⁄ . Figure 2.2 (a) shows the results 

obtained when there is only a forward-going wave present, so that 𝐼𝐼𝑛𝑛 = 𝐼𝐼F𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗, with 𝐼𝐼F = 1 mA. 

 
Fig. 2.1.  MI waveguide, showing the direction of power flow for Type 1 (a) and Type 2 (b) power waves. 

 
Fig. 2.2.  Variation of 𝑃𝑃𝑑𝑑, 𝑃𝑃𝑛𝑛 and 𝑃𝑃𝑛𝑛+1with 𝑛𝑛, for an MI waveguide with 𝜅𝜅 = 0.6,𝑄𝑄 = 10, assuming 
𝐿𝐿 = 100 nH,  𝜔𝜔 𝜔𝜔0 = 1⁄  and (a) 𝐼𝐼F = 1 mA, 𝐼𝐼B = 0, (b) 𝐼𝐼F = 𝐼𝐼B = 1 mA. 
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In this case, all three variations decrease exponentially with 𝑛𝑛 as expected. Figure 2.2 (b) shows 

the results when both forward- and backward-going waves are present, so that 𝐼𝐼𝑛𝑛 = 𝐼𝐼F 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 +

𝐼𝐼B 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗, with 𝐼𝐼F = 𝐼𝐼B = 1 mA. In this case, 𝑃𝑃𝑑𝑑, 𝑃𝑃𝑛𝑛 and 𝑃𝑃𝑛𝑛+1 are not (as might initially be expected) 

sums or differences of exponentials; there is additional oscillation caused by beating. In both cases 

we have verified that the power conservation relation (2.6) is satisfied. 

2.3 Discrete power waves and scattering parameters 

We now seek to express power flow for the discrete current waves that exist in MI systems. To 

do so we introduce a discrete form of power wave. We will need two types. For lines extending to 

the left we define Type 1 waves with amplitudes 𝐴𝐴1𝑛𝑛 and 𝐵𝐵1𝑛𝑛 at element 𝑛𝑛 as: 

Note that these expressions contain no voltages. However, analogies with Kurokawa’s 𝑎𝑎p and 

𝑏𝑏p coefficients follow from the fact that −𝑗𝑗𝑗𝑗𝑗𝑗𝐼𝐼𝑛𝑛−1 is the voltage induced in element 𝑛𝑛 by element 

𝑛𝑛 − 1. Multiplying out, we get: 

Subtracting these equations from each other and dividing by 2 we then get: 

In a similar way, we can obtain: 

Equations (2.9) and (2.10) may then be recognised as 𝑃𝑃𝑛𝑛 and 𝑃𝑃𝑛𝑛+1, respectively. Substituting 

into (2.6) and re-arranging the Equation so that all terms are positive, the result is: 

𝐴𝐴1𝑛𝑛 = (−𝑗𝑗𝑗𝑗𝑗𝑗𝐼𝐼𝑛𝑛−1 + 𝑍𝑍0𝐼𝐼𝑛𝑛) �2�𝑅𝑅𝑅𝑅(𝑍𝑍0)��  

𝐵𝐵1𝑛𝑛 = (−𝑗𝑗𝑗𝑗𝑗𝑗𝐼𝐼𝑛𝑛−1 − 𝑍𝑍0∗𝐼𝐼𝑛𝑛) �2�𝑅𝑅𝑅𝑅(𝑍𝑍0)��  
(2.7) 

|𝐴𝐴1𝑛𝑛|2 = �𝜔𝜔
2𝑀𝑀2𝐼𝐼𝑛𝑛−1𝐼𝐼𝑛𝑛−1∗ + 𝑗𝑗𝑗𝑗𝑗𝑗𝑍𝑍0𝐼𝐼𝑛𝑛−1∗ 𝐼𝐼𝑛𝑛
−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗0∗𝐼𝐼𝑛𝑛−1𝐼𝐼𝑛𝑛∗ + 𝑍𝑍0𝑍𝑍0∗𝐼𝐼𝑛𝑛𝐼𝐼𝑛𝑛∗

� {4𝑅𝑅𝑅𝑅(𝑍𝑍0)}�  

|𝐵𝐵1𝑛𝑛|2 = �𝜔𝜔
2𝑀𝑀2𝐼𝐼𝑛𝑛−1𝐼𝐼𝑛𝑛−1∗ − 𝑗𝑗𝑗𝑗𝑗𝑗𝑍𝑍0∗𝐼𝐼𝑛𝑛−1∗ 𝐼𝐼𝑛𝑛
+𝑗𝑗𝑗𝑗𝑗𝑗𝑍𝑍0𝐼𝐼𝑛𝑛−1𝐼𝐼𝑛𝑛∗ + 𝑍𝑍0𝑍𝑍0∗𝐼𝐼𝑛𝑛𝐼𝐼𝑛𝑛∗

� {4𝑅𝑅𝑅𝑅(𝑍𝑍0)}�  

 

(2.8) 

1
2

{|𝐴𝐴1𝑛𝑛|2 − |𝐵𝐵1𝑛𝑛|2} = �
𝑗𝑗𝑗𝑗𝑗𝑗

4
� (𝐼𝐼𝑛𝑛−1∗ 𝐼𝐼𝑛𝑛 − 𝐼𝐼𝑛𝑛−1𝐼𝐼𝑛𝑛∗) (2.9) 

1
2

{|𝐴𝐴1𝑛𝑛+1|2 − |𝐵𝐵1𝑛𝑛+1|2} = �
𝑗𝑗𝑗𝑗𝑗𝑗

4
� (𝐼𝐼𝑛𝑛∗𝐼𝐼𝑛𝑛+1 − 𝐼𝐼𝑛𝑛𝐼𝐼𝑛𝑛+1∗ ) (2.10) 
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Equation (2.11) then allows the direction of the separate power flows carried by each power 

wave to be identified as shown in Figure 2.1 (a).  

Before proceeding, we briefly consider some properties of these waves, namely when 𝑘𝑘 is real 

and the current consists of the sum of a forward-going wave of amplitude 𝐼𝐼F and a backward wave 

of amplitude 𝐼𝐼B, so that 𝐼𝐼𝑛𝑛 can be written as: 

Direct substitution shows that: 

Clearly 𝐴𝐴1𝑛𝑛 is only dependent on 𝐼𝐼F in this case, while 𝐵𝐵1𝑛𝑛 is only dependent on 𝐼𝐼B. The 

forward and backward power flows are then: 

These results imply that for real 𝑘𝑘 there will be no difference between calculations based on 

power waves and on the moduli squared of the separate current amplitudes. However, differences 

are to be expected when 𝑘𝑘 is complex (such as when 𝑄𝑄 is finite or within the stopband regions). 

We now consider the second type of discrete power wave for lines extending to the right, as 

shown in Figure 2.1 (b). For consistency with Kurokawa’s direction of current flow as ‘inward’, 

we define Type 2 amplitudes 𝐴𝐴2𝑛𝑛 and 𝐵𝐵2𝑛𝑛 at element 𝑛𝑛 as: 

Here 𝑗𝑗𝑗𝑗𝑗𝑗𝐼𝐼𝑛𝑛+1 is the voltage induced in element 𝑛𝑛 by element 𝑛𝑛 + 1. Carrying out similar 

manipulations, it is simple to show that: 

1
2
𝑅𝑅|𝐼𝐼𝑛𝑛|2 +

1
2

{|𝐴𝐴1𝑛𝑛+1|2 + |𝐵𝐵1𝑛𝑛|2} =
1
2

{|𝐴𝐴1𝑛𝑛|2 +  |𝐵𝐵1𝑛𝑛+1|2} (2.11) 

𝐼𝐼𝑛𝑛 = 𝐼𝐼F 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 + 𝐼𝐼B 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 (2.12) 

𝐴𝐴1𝑛𝑛 = +�𝑅𝑅𝑅𝑅(𝑍𝑍0) 𝐼𝐼F 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 

𝐵𝐵1𝑛𝑛 = −�𝑅𝑅𝑅𝑅(𝑍𝑍0) 𝐼𝐼B 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 
(2.13) 

1
2

|𝐴𝐴1𝑛𝑛|2 =
1
2

Re(𝑍𝑍0)|𝐼𝐼𝐹𝐹|2 

1
2

|𝐵𝐵1𝑛𝑛|2 =
1
2

Re(𝑍𝑍0)|𝐼𝐼𝐵𝐵|2 

(2.14) 

𝐴𝐴2𝑛𝑛 = (𝑗𝑗𝑗𝑗𝑗𝑗𝐼𝐼𝑛𝑛+1 − 𝑍𝑍0𝐼𝐼𝑛𝑛) �2�𝑅𝑅𝑅𝑅(𝑍𝑍0)��  

𝐵𝐵2𝑛𝑛 = (𝑗𝑗𝑗𝑗𝑗𝑗𝐼𝐼𝑛𝑛+1 + 𝑍𝑍0∗𝐼𝐼𝑛𝑛) �2�𝑅𝑅𝑅𝑅(𝑍𝑍0)��  (2.15) 
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This power conservation relation is in a similar form to (2.11), but the terms are different. The 

two types of discrete power wave allow sources at different locations, and both are needed to 

compute the full set of scattering parameters. For example, Figure 2.3 shows a two-port MI device 

extending from element 𝑚𝑚 to element 𝑛𝑛; here the scattering parameters are: 

As expected, these expressions are analogous to Kurokawa’s scattering parameters. Simple 

conclusions may be drawn immediately. For example, if 𝑘𝑘 is purely imaginary, which occurs out-

of-band in lossless systems, the conjugate impedance is 𝑍𝑍0∗ = −𝑍𝑍0. In this case, 𝐵𝐵1𝑚𝑚 = 𝐴𝐴1𝑚𝑚 and 

𝐵𝐵2𝑛𝑛 = 𝐴𝐴2𝑛𝑛 so 𝑆𝑆11 and 𝑆𝑆22 are unity for any 𝑘𝑘. 

Before presenting examples, we show how Kurokawa’s scattering parameters can be found for 

terminated MI circuits; we term this the ‘Kurokawa’ method. Figure 2.4 (a) shows the arrangement 

of a 2-port device, using his notation for the voltages 𝑣𝑣1 and 𝑣𝑣2 and the currents 𝑖𝑖1 and 𝑖𝑖2 at Ports 1 

and 2. 

In this case, the power wave scattering parameters are: 

If 𝑣𝑣1 is derived from a source at Port 1 with voltage 𝑣𝑣01, then 𝑣𝑣1 = 𝑣𝑣01 − 𝑧𝑧01𝑖𝑖1. Similarly, in 

the absence of a source at Port 2, 𝑣𝑣2 = −𝑧𝑧02𝑖𝑖2. These results may therefore be written as: 

1
2
𝑅𝑅|𝐼𝐼𝑛𝑛|2 +

1
2

{|𝐴𝐴2𝑛𝑛−1|2 + |𝐵𝐵2𝑛𝑛|2} =
1
2

{|𝐴𝐴2𝑛𝑛|2 + |𝐵𝐵2𝑛𝑛−1|2}. (2.16) 

𝑆𝑆11 = 𝐵𝐵1𝑚𝑚 𝐴𝐴1𝑚𝑚⁄  

𝑆𝑆12 = 𝐵𝐵1𝑚𝑚 𝐴𝐴2𝑛𝑛⁄  

𝑆𝑆21 = 𝐵𝐵2𝑛𝑛 𝐴𝐴1𝑚𝑚⁄  

𝑆𝑆22 = 𝐵𝐵2𝑛𝑛 𝐴𝐴2𝑛𝑛⁄  
(2.17) 

𝑆𝑆11 = (𝑣𝑣1 − 𝑧𝑧01∗ 𝑖𝑖1) (𝑣𝑣1 + 𝑧𝑧01𝑖𝑖1)⁄  

𝑆𝑆21 = �{Re(𝑧𝑧01)/Re(𝑧𝑧02)} (𝑣𝑣2 − 𝑧𝑧02∗ 𝑖𝑖2) (𝑣𝑣1 + 𝑧𝑧01𝑖𝑖1)� . (2.18) 

𝑆𝑆11 = 1 − 2Re(𝑧𝑧1)𝑖𝑖1 𝑣𝑣01⁄  

𝑆𝑆21 = −2�{Re(𝑧𝑧1)Re(𝑧𝑧2)} 𝑖𝑖2 𝑣𝑣01�  (2.19) 

 
Fig. 2.3.  Type 1 and Type 2 power waves used to find the scattering parameters of a two-port MI device. 
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These expressions allow the power wave scattering parameters at the terminations to be found 

from a numerical solution of the circuit equations, which can yield 𝑖𝑖1 and 𝑖𝑖2 for a given 𝑣𝑣01. 

2.4 Examples 

We illustrate the use of the discrete power waves with examples chosen to demonstrate 

anomalous predictions of increasing severity using conventional methods, first involving two-

ports with equal and unequal port impedances and then a three-port device. 

2.4.1 Two-port device with equal port impedances 

We begin with the case shown in Figure 2.4 (b), namely an MI waveguide discontinuity caused 

by a local variation in the mutual inductance from 𝑀𝑀 to 𝑀𝑀′ = 𝜇𝜇𝜇𝜇 between two elements.  We 

follow the approach used in Section 1.3.3 and [134] of finding reflection and transmission 

coefficients at the junction. The governing equations are as (1.10) for all elements except at the 

discontinuity, where: 

(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗 + 1/𝑗𝑗𝑗𝑗𝑗𝑗)𝐼𝐼−1 + 𝑗𝑗𝑗𝑗𝑗𝑗(𝐼𝐼−2 + 𝜇𝜇𝐼𝐼0) = 0 

(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗 + 1/𝑗𝑗𝑗𝑗𝑗𝑗)𝐼𝐼0 + 𝑗𝑗𝑗𝑗𝑗𝑗(𝜇𝜇𝐼𝐼−1 + 𝐼𝐼1) = 0 (2.20) 

 
Fig. 2.4.  (a) General 2-port device, and example 2-port MI systems with (b) equal and (c) unequal port 
impedances. 
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Solutions may be found for incidence from 𝑛𝑛 = −∞ by assuming incident and reflected waves 

before the discontinuity and a transmitted wave after it, so that: 

Away from the discontinuity, (2.21) satisfies the characteristic equation (1.10). Substitution of 

(2.21) into (2.20) yields the reflection and transmission coefficients Γ = 𝐼𝐼R 𝐼𝐼I⁄  and T = 𝐼𝐼T 𝐼𝐼I⁄ : 

As expected, Γ = 0 and T = 1 when 𝜇𝜇 = 1. For lossless systems and in-band operation, these 

expressions allow the calculation of |𝑆𝑆11|2 and |𝑆𝑆21|2 as |Γ|2 and |T|2; we refer to this approach 

as the ‘travelling-wave’ method. However, for lossy systems and/or out-of-band operation, the 

results can be anomalous. We illustrate this by comparison with results obtained by 1) using the 

Kurokawa method (2.19) with an equivalent circuit model of the system in Figure 2.4 (a), and 2) 

substituting (2.22) into the expressions (2.7) and (2.15) for discrete MI power waves and then 

𝐼𝐼𝑛𝑛 = �𝐼𝐼I 𝑒𝑒
−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 + 𝐼𝐼R𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗, 𝑛𝑛 < 0

𝐼𝐼T 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗, 𝑛𝑛 ≥ 0
 

(2.21) 

Γ =
(𝜇𝜇2 − 1)𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗

{𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗 − 𝜇𝜇2𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗} 

T =
𝜇𝜇�𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗 − 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗�
{𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗 − 𝜇𝜇2𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗} 

(2.22) 

 
Fig. 2.5.  Frequency dependence of |𝑆𝑆11|2 and |𝑆𝑆21|2, for a weak MI reflector with 𝜅𝜅 = 0.6,𝑄𝑄 =
10,000 and 𝜇𝜇 = 1.1, as predicted using three different methods. Dashed lines indicate the frequency 
passband for a lossless waveguide. 
 
 



48 
 

evaluating the scattering parameters using (2.17). In each case, Port 1 is located at 𝑛𝑛 = −1, Port 2 

is at 𝑛𝑛 = 0, and both ports have the same characteristic impedance 𝑍𝑍0.  

As a numerical example, we first assume parameters of 𝜅𝜅 = 0.6, 𝑄𝑄 = 10,000 and 𝜇𝜇 = 1.1, 

constituting a weak reflector in a strongly coupled system with unfeasibly low loss. Figure 2.5 

shows the variations with frequency of |𝑆𝑆11|2 and |𝑆𝑆21|2 on a dB scale obtained using the three 

methods. The results are qualitatively similar in each case. Expectedly, all three methods agree in-

band, where there is high transmission. Expectedly, the Kurokawa and MI power wave methods 

agree out-of-band and show high reflection in this range. However, the travelling-wave method 

predicts a reflection coefficient greater than unity here.  

Figure 2.6 shows similar results for |𝑆𝑆11|2 and |𝑆𝑆21|2 obtained with more realistic losses (𝑄𝑄 =

100). The Kurokawa and MI power wave calculations again agree exactly over the whole range. 

However, the predictions of the travelling wave method are now incorrect in-band as well as out-

of-band, due to the non-zero imaginary component of the propagation constant.  

2.4.2 Two-port device with unequal port impedances 

We now consider the case shown in Figure 2.4 (c), namely a discontinuity caused by a global 

variation in the mutual inductance from 𝑀𝑀 to 𝑀𝑀′ = 𝜇𝜇𝜇𝜇 between elements -1 and 0 and thereafter, 

 
Fig. 2.6.  Frequency dependence of |𝑆𝑆11|2 and |𝑆𝑆21|2, for a weak MI reflector with 𝜅𝜅 = 0.6,𝑄𝑄 = 100 
and 𝜇𝜇 = 1.1, as predicted using three different methods. Dashed lines indicate the frequency passband 
for a lossless waveguide. 
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so the system consists of two interconnected MI waveguides with different propagation constants 

𝑘𝑘1 and 𝑘𝑘2. There are now two dispersion equations: 

These equations lead to characteristic impedances 𝑍𝑍01 = 𝑗𝑗𝑗𝑗𝑗𝑗 𝑒𝑒−𝑗𝑗𝑘𝑘1𝑎𝑎 and 𝑍𝑍02 = 𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 𝑒𝑒−𝑗𝑗𝑘𝑘2𝑎𝑎 

for the two lines. At the junction, the governing equations are: 

Assuming a solution in the form of incident, reflected and transmitted waves, namely: 

𝐼𝐼𝑛𝑛 = �𝐼𝐼I 𝑒𝑒
−𝑗𝑗𝑗𝑗𝑘𝑘1𝑎𝑎 + 𝐼𝐼R 𝑒𝑒𝑗𝑗𝑗𝑗𝑘𝑘1𝑎𝑎, 𝑛𝑛 < 0

𝐼𝐼T 𝑒𝑒−𝑗𝑗𝑗𝑗𝑘𝑘2𝑎𝑎, 𝑛𝑛 ≥ 0
 (2.25) 

The reflection and transmission coefficients may be found as: 

𝛤𝛤 =
𝜇𝜇𝑒𝑒𝑗𝑗𝑘𝑘1𝑎𝑎 − 𝑒𝑒𝑗𝑗𝑘𝑘2𝑎𝑎

𝑒𝑒𝑗𝑗𝑘𝑘2𝑎𝑎 − 𝜇𝜇𝑒𝑒𝑗𝑗𝑘𝑘1𝑎𝑎
 

 

 

 𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗 + 1 𝑗𝑗𝑗𝑗𝑗𝑗⁄ + 2𝑗𝑗𝑗𝑗𝑗𝑗 cos(𝑘𝑘1𝑎𝑎) = 0 𝑛𝑛 < −1 
(2.23) 

 𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗 + 1 𝑗𝑗𝑗𝑗𝑗𝑗⁄ + 2𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 cos(𝑘𝑘2𝑎𝑎) = 0 𝑛𝑛 > 0 

 (𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗 + 1/𝑗𝑗𝑗𝑗𝑗𝑗)𝐼𝐼−1 + 𝑗𝑗𝑗𝑗𝑗𝑗(𝐼𝐼−2 + 𝜇𝜇𝐼𝐼0) = 0 

(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗 + 1/𝑗𝑗𝑗𝑗𝑗𝑗)𝐼𝐼0 + 𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗(𝐼𝐼−1 + 𝐼𝐼1) = 0 
(2.24) 

 
Fig. 2.7.  Frequency variation of |𝑆𝑆11|2and |𝑆𝑆21|2 for a junction between two MI waveguides with 𝜅𝜅 =
0.6,𝑄𝑄 = 100 and 𝜇𝜇 = 1.1 as predicted using three different methods. Dashed and dot-dashed black 
lines show the frequency passbands of the respective waveguides. 
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𝑇𝑇 =
𝑒𝑒𝑗𝑗𝑘𝑘1𝑎𝑎 − 𝑒𝑒−𝑗𝑗𝑘𝑘1𝑎𝑎

𝑒𝑒𝑗𝑗𝑘𝑘2𝑎𝑎 − 𝜇𝜇𝑒𝑒𝑗𝑗𝑘𝑘1𝑎𝑎
. 

 

(2.26) 

Once again, as expected, Γ = 0 and 𝑇𝑇 = 1 when 𝜇𝜇 = 1 and 𝑘𝑘1 = 𝑘𝑘2 (uniform waveguide). 

Scattering parameters for ports located at 𝑛𝑛 = −1 and 𝑛𝑛 = 0 may again be calculated by all three 

methods. For example, we may again assume the parameters 𝜅𝜅 = 0.6, 𝑄𝑄 = 100, and take 𝜇𝜇 = 1.1 

so that the right-hand line has a larger bandwidth than the left-hand line and |𝑍𝑍02| > |𝑍𝑍01|. 

Figure 2.7 shows the frequency variation of |𝑆𝑆11|2 and |𝑆𝑆21|2 calculated by all three methods on a 

dB scale, with the cut-off frequencies of the two lossless bands marked using black dotted and dot-

dashed lines. Once again, the Kurokawa and MI power wave methods agree exactly. The 

travelling-wave method agrees reasonably inside the smaller band, when 𝑘𝑘1 and 𝑘𝑘2 are both 

approximately real. However, it predicts ambiguous results when either or both of 𝑘𝑘1 and 𝑘𝑘2 have 

significantly large imaginary parts. 

2.4.3 Three-port device with equal port impedances 

We now consider the three-port splitter shown in Figure 2.8 (b) and formed from three MI 

waveguides with identical characteristics. These support currents 𝐼𝐼𝑛𝑛, 𝐾𝐾𝑛𝑛 and 𝐽𝐽𝑛𝑛, as indicated in the 

Figure. Line 1 extends from 𝑛𝑛 = −∞ to 𝑛𝑛 = −1, and lines 2 and 3 from 𝑛𝑛 = 1 to 𝑛𝑛 = +∞. The 

three lines are coupled together at element 0, which has mutual inductance 𝑀𝑀𝑖𝑖 = 𝜇𝜇𝑖𝑖𝑀𝑀 to line 𝑖𝑖. 

Elsewhere, the three lines have parameters 𝑅𝑅, 𝐿𝐿,𝐶𝐶 and 𝑀𝑀, while the dispersion equation is 

analogous to (1.10). The equations that must be solved at the junction are: 

Here, 𝐼𝐼0 is the current at the connecting loop, a separate unknown. For incidence from line 1, 

solutions are assumed as: 

Substituting and making use of the dispersion equation, solutions can be obtained as in [134]. 

 (𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗 + 1/𝑗𝑗𝑗𝑗𝑗𝑗)𝐼𝐼−1 + 𝑗𝑗𝑗𝑗𝑗𝑗(𝐼𝐼−2 + 𝜇𝜇1𝐼𝐼0) = 0 

(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗 + 1/𝑗𝑗𝑗𝑗𝑗𝑗)𝐼𝐼0 + 𝑗𝑗𝑗𝑗𝑗𝑗(𝜇𝜇1𝐼𝐼−1 + 𝜇𝜇2𝐾𝐾1 + 𝜇𝜇3𝐽𝐽1) = 0 

(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗 + 1/𝑗𝑗𝑗𝑗𝑗𝑗)𝐾𝐾1 + 𝑗𝑗𝑗𝑗𝑗𝑗(𝐾𝐾2 + 𝜇𝜇2𝐼𝐼0) = 0 

(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗 + 1/𝑗𝑗𝑗𝑗𝑗𝑗)𝐽𝐽1 + 𝑗𝑗𝑗𝑗𝑗𝑗(𝐽𝐽2 + 𝜇𝜇3𝐼𝐼0) = 0 

(2.27) 

 𝐼𝐼𝑛𝑛 = 𝐼𝐼I 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 + 𝐼𝐼R 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 𝑛𝑛 < 0 

(2.28)  𝐾𝐾𝑛𝑛 = 𝐾𝐾T2 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 𝑛𝑛 > 0 

 𝐽𝐽𝑛𝑛 = 𝐽𝐽T3 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 𝑛𝑛 > 0 
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Here, we focus on the case when 𝜇𝜇1 = 1 and 𝜇𝜇22 + 𝜇𝜇32 = 1 such that (2.29) reduces to 𝛤𝛤 = 0, 

𝑇𝑇2 = 𝜇𝜇2 and 𝑇𝑇3 = 𝜇𝜇3, implying that the splitter is matched and has a constant splitting ratio. Using 

the Kurokawa method, equations are solved for the four loops, assuming a voltage source with 

output impedance 𝑍𝑍0 at Port 1 and terminations 𝑍𝑍0 at Ports 2 and 3 as shown in Figure 2.8 (a). 

Using discrete power waves,  𝐴𝐴 and 𝐵𝐵 coefficients are found for each line in turn. Figure 2.9 shows 

the frequency response on a dB scale of |𝑆𝑆11|2 and  |𝑆𝑆21|2 thus obtained, with parameter values 

𝜅𝜅 = 0.6,𝑄𝑄 = 100, 𝜇𝜇1 = 1 and 𝜇𝜇2 = 𝜇𝜇3 = 1/√2 so the device operates as a 3dB splitter. As usual, 

the black dashed lines show the lossless band edges. The predictions of the travelling wave method 

𝛤𝛤 =
𝐼𝐼𝑅𝑅
𝐼𝐼𝐼𝐼

=
(1 − 𝜇𝜇12)𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗 − (𝜇𝜇22 + 𝜇𝜇32 − 1)𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗

(𝜇𝜇12 + 𝜇𝜇22 + 𝜇𝜇32 − 1)𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 − 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗
 

𝑇𝑇2 =
 𝐾𝐾T2
𝐼𝐼𝐼𝐼

=
𝜇𝜇1𝜇𝜇2�𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 − 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗�

(𝜇𝜇12 + 𝜇𝜇22 + 𝜇𝜇32 − 1)𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 − 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗
 

𝑇𝑇3 =
𝐽𝐽T2
𝐼𝐼𝐼𝐼

=
𝜇𝜇1𝜇𝜇3�𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 − 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗�

(𝜇𝜇12 + 𝜇𝜇22 + 𝜇𝜇32 − 1)𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 − 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗
 

 

(2.29) 

 
Fig. 2.8.  Three port MI splitter: a) port definition for the Kurokawa method and b) physical arrangement. 
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are entirely incorrect for |𝑆𝑆11|2, since the reflection coefficient is Γ = 0. Although the predictions 

for |𝑆𝑆21|2 (and |𝑆𝑆31|2, since this is identical) are qualitatively correct in-band, only the Kurokawa 

and MI power wave methods show the expected band-limited performance.  

These results highlight the need for meaningful and unambiguous estimates of power flow in 

MI waveguide systems, particularly in the presence of loss or out-of-band operation. For 

terminated ports, Kurokawa’s wave formulations may be used to numerically calculate power 

flows using (2.19). However, the proposed discrete power wave method also allows scattering 

parameters to be found when there is no immediately adjacent port, for example at junctions 

between semi-infinite media. Furthermore, the new method allows meaningful analytic solutions 

for power flow to be extracted from the ambiguous travelling-wave solutions of boundary 

matching problems. This can be done by direct substitution of analytic travelling wave reflection 

and transmission coefficients into the MI power wave expressions; a technique which will be 

employed in practice for the design of high-power NFC filter-couplers in the next Chapter.  

2.5 Conclusions 

A discrete formulation of power waves has been developed for magneto-inductive waveguides. 

These waves are analogous to the continuous power waves introduced by Kurokawa for 

 
Fig. 2.9.  Frequency dependence of |𝑆𝑆11|2 and  |𝑆𝑆21|2, for a 3-dB MI splitter with parameters 𝜅𝜅 =
0.6,𝑄𝑄 = 100, 𝜇𝜇1 = 1 and 𝜇𝜇2 = 𝜇𝜇3 = 1/√2, as predicted using three different methods. Black 
dashed lines show the lossless band edges. 
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transmission-line systems, satisfy the power conservation relation and avoid the physical 

anomalies seen in scattering parameters found using travelling-wave formulations for passive MI 

systems. They are applicable to a system supporting pure current waves and allow determination 

of intermediate scattering parameters, for example at junctions between semi-infinite media. This 

is demonstrated in the next Chapter, where we employ power wave theory for the development of 

novel passive MI devices needed for NFC systems. 

The importance of the power wave approach has been demonstrated using examples involving 

multi-port MI devices, that show how analytic solutions can be correctly converted to scattering 

parameters. Consequently, this approach should assist in designing systems that involve connected 

MI devices (for example, containing splitting or filtering components as well as simple 

propagation pathways). Since an analogous power conservation relation may be constructed for 

MI waves in 2D, assuming mutual inductances 𝑀𝑀𝑥𝑥 and 𝑀𝑀𝑦𝑦 in the two perpendicular directions, it 

may be useful for calculating power flow in devices based on metasurfaces. Furthermore, it is 

likely to be relevant to other periodic metamaterials, such as electro-inductive waveguides, for 

which discrete power waves may also be constructed. 
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Chapter 3: 

Magneto-Inductive Filter-Couplers 

In this Chapter, we develop a new class of high-performance frequency-selective filter-

couplers based on magneto-inductive waveguides. The filter-couplers are directional filters, which 

have been optimised for carrier suppression and receiver isolation in high-power near field 

communication applications. Design equations are developed and solved using wave analysis and 

dispersion theory, and it is shown that filter-couplers can be designed for use both in MI systems 

with complex, frequency-dependent impedance as well as in conventional systems with real 

impedance. Wave analysis is used to reduce the complexity of circuit equations. High performance 

MI structures combining directional and infinite rejection filtering are demonstrated, as well as 

multiple-passband high-rejection filtering. A new method for improving filtering performance 

through multipath loss compensation is described. Methods for constructing tuneable devices 

using custom ferrite-cored transformers are proposed and demonstrated, and experimental results 

are shown to agree with theoretical models. Limitations are explored and high-power handling 

capability for NFC is demonstrated, despite the use of ferrite materials. 

3.1 Overview 

Directional filters are four-port couplers with frequency filtering capability [176]–[179]. They 

can remove band-limited noise and unwanted signals at specific frequencies, or be arranged in 

cascade for frequency-division multiplexing [180]–[182]. Lumped element, transmission-line, and 

waveguide formats have been developed for frequencies ranging from very-high frequency (VHF) 

to millimetre-wave [183]–[190]. Two-port filters with high attenuation have also been developed 

and use multipath cancellation, reflection, or absorption to achieve infinite rejection [191]–[197]. 

Applications include transmit/receive modules, multiplexers in ultra-wide-band antennas and 

superheterodyne receivers [198]–[202]. Apart from rare cases [203], development has involved 

systems with real impedance. Directional filter operation is best explained by example. Figure 3.1 

shows an equivalent circuit of the lumped-element version of Cohn’s transmission line directional 

filter [176]. 

The circuit has four ports and comprises two coupled ladder sections, namely a right-handed 

LC pi-section (blue) and a left-handed LC t-section (red). Component parameters are chosen such 

that the sections have complementary phase shifts of ±𝜋𝜋/2 at angular frequency 𝜔𝜔0 = 1/√𝐿𝐿𝐿𝐿, 
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while matching to a port impedance 𝑍𝑍0 requires 𝐿𝐿 = 𝑍𝑍0/𝜔𝜔0, meaning 𝐶𝐶 = 1/(𝜔𝜔0
2𝐿𝐿). The sections 

are joined by a pair of identical coupling networks, comprising an in-series connection between a 

capacitor 𝐶𝐶c and a parallel resonator with inductance 𝐿𝐿′ and capacitance 𝐶𝐶′. The coupling network 

impedance 𝑍𝑍c at frequency 𝜔𝜔 is given by 

Component parameters are chosen such that 𝑍𝑍c = 0 at 𝜔𝜔0, which requires 𝐶𝐶′ = 1/(4𝜔𝜔0
2𝐿𝐿′) 

and 𝐶𝐶c = 3𝐶𝐶′, resulting in a direct connection between the complementary ladders at 𝜔𝜔 = 𝜔𝜔0 with 

zero phase shift. Let us assume that all ports are matched, the filter components are lossless, and 

Port 1 is the input. In this case, Ports 2 and 3 become fully isolated at 𝜔𝜔0 due to phase cancellation, 

with the input signal emerging from Port 4. Away from the resonant frequency, 𝑍𝑍c acts to block 

signal propagation and the input emerges from Port 2. If the inductors are lossy, some leakage into 

isolated ports is expected due to slight differences in amplitude between out-of-phase signals 

during cancellation. Since the device is symmetric, the input port position may be reconfigured 

with equivalent results. The filter may thus be used as a frequency-selective circulator. 

Figure 3.2 shows the simulated scattering parameters for the filter-coupler from Figure 3.1 

with 𝜔𝜔0 tuned to the NFC-A carrier frequency such that 𝐿𝐿 = 0.587 μH, 𝐶𝐶 = 235 pF, 𝐿𝐿′ = 3 μH, 

𝐶𝐶′ = 11.5 pF and 𝐶𝐶c = 34.4 pF. The inductances are assumed to be lossy, with the Q-factors of 𝐿𝐿 

and 𝐿𝐿′ such that 𝑄𝑄L = 𝑄𝑄L′ = 150. All parameters apart from S41 are lowest at 𝑓𝑓c, with the minimal 

𝑍𝑍c =
1 − 𝜔𝜔2𝐿𝐿′(𝐶𝐶c + 𝐶𝐶′)
𝑗𝑗𝑗𝑗𝐶𝐶c(1− 𝜔𝜔2𝐿𝐿′𝐶𝐶′)

 . (3.1) 

 
Figure 3.1.  Equivalent circuit of a lumped-element directional filter. 
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value determined by inductor losses. The S21 and S41 parameters have complementary band-pass 

and band-stop responses, with response bandwidth determined by inductance 𝐿𝐿′. Such 

characteristics may be employed for carrier suppression and sideband extraction in high-power 

NFC. For example, the filter-coupler may be placed at the feed end of a travelling-wave antenna 

(Figure 1.17), with the transmitter TX connected to Port 4, the antenna input connected to Port 1, 

the receiver RX connected Port 2, while Port 3 is terminated in a matched load. Alternatively, the 

transmitter may feed one antenna end directly, with the opposite end connected to Port 1 of the 

filter coupler, the receiver connected to Port 2, and the remaining ports terminated in matched 

loads. Tag responses are thus acquired by reflection in the former configuration and by 

transmission in the latter. 

We now show that a pair of coupled right- and left-handed MI waveguides can form a 

directional filter and investigate its potential for signal blocking in MI-based NFC. The filters are 

designed to effectively operate at high RF power, since operation is based on complementary 

outputs rather than absorption, and to ensure effective blocking, frequency selectivity is tunable. 

Furthermore, a new method for implementing four-port directional filters with tunable infinite-

rejection responses is presented. Wave theory is developed to explain the principle of multipath 

loss compensation and high attenuation is confirmed by experiment. Designs are extended to allow 

multiple stopbands with improved rejection. Three-port directional filters are also shown to be 

feasible and can be made using a section of MI waveguide with the addition of as few as three 

resonators. In each case wave theory is used to reduce the complexity of the circuit equations. 

Simple multiplexers can be implemented by cascading directional filters. Together, these features 

can introduce additional functionality and complexity in magneto-inductive systems, since the 

 
 

Figure 3.2.  Scattering parameters of lumped-element directional filter tuned to 𝜔𝜔0 = 𝜔𝜔c with 𝐿𝐿 =
0.587 μH, 𝐶𝐶 = 235 pF, 𝐿𝐿′ = 3 μH, 𝐶𝐶′ = 11.5 pF, 𝐶𝐶c = 34.4 pF, and 𝑄𝑄L = 𝑄𝑄L′ = 150. Dashed 
lines show NFC-A carrier and sideband frequencies. 
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filter components can be integrated directly with MI waveguides. Additionally, such devices can 

be successfully used in conventional systems. 

3.2 Magneto-inductive directional filters 

We now develop the analysis of MI directional filters, consider their frequency response, 

bandwidth, and tuneability. Figure 3.3 shows the equivalent circuit of a filter based on a pair of 

infinite horizontal MI waveguides consisting of identical resonators with inductance 𝐿𝐿, capacitance 

𝐶𝐶, resonant frequency 𝜔𝜔0, and width 𝑎𝑎, but with opposite coupling polarity so that the lower guide 

is right-handed (blue) and the upper guide left-handed (red). The mutual inductances are equal in 

magnitude, with 𝑀𝑀 > 0, so the coupling coefficients are 𝜅𝜅f = 2𝑀𝑀/𝐿𝐿 and 𝜅𝜅b = −2𝑀𝑀/𝐿𝐿. The 

waveguides are weakly coupled using a pair of resonators, which connect the waveguides via 

mutual inductances 𝑀𝑀c and coupling coefficients 𝜅𝜅c = 2𝑀𝑀𝑐𝑐/𝐿𝐿, such that 𝜅𝜅f > 𝜅𝜅c. The network has 

four ports 1 – 4 formed by sections of MI waveguide. The lower line supports currents 𝐼𝐼𝑛𝑛 and the 

top line supports currents 𝐽𝐽𝑛𝑛, while the two coupling resonators have currents 𝐾𝐾 and 𝑃𝑃. Note that 

the waveguide terminations can also be represented by lumped impedances as shown in 

Figure 1.15. There are three main possibilities: (i) an infinite MI waveguide represented by its 

characteristic impedance 𝑍𝑍0, (ii) a resistive termination represented by the mid-band impedance 

𝑍𝑍0M, and (iii) a broad-band termination to 𝑍𝑍0M, achieved by halving the inductance and doubling 

the capacitance in the resonator. 

Figure 3.3.  Equivalent circuit of a magneto-inductive directional filter comprising identical resonators. 
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For now, we assume Type (i) terminations and suppose that an MI wave is incident at Port 1 

from the left. Experience suggests that this wave will be partially reflected at 𝑛𝑛 = 0 due to the 

discontinuity caused by the coupling resonator, and that the remaining power, less any loss, will 

emerge as MI waves from Ports 2-4. We write expressions for the currents 𝐼𝐼𝑛𝑛 and 𝐽𝐽𝑛𝑛 in terms of 

the incident, reflected and transmitted MI waves. 

Here 𝐼𝐼I and 𝐼𝐼R are the amplitudes of the incident and reflected waves at Port 1. 𝑇𝑇2,𝑇𝑇3,𝑇𝑇4 are 

the wave amplitudes from Ports 2, 3, and 4. For the forward-wave guide, the propagation constant 

is 𝑘𝑘f = 𝑘𝑘f′ − 𝑗𝑗𝑘𝑘f′′ , while 𝑘𝑘b = 𝑘𝑘b′ − 𝑗𝑗𝑘𝑘b′′ is the propagation constant of the backward one. From 

Figure 1.14 and the dispersion relation (1.10) we can deduce a relationship between 𝜅𝜅f and 𝜅𝜅b. 

We may now combine the characteristic equations for the MI waveguides with the circuit 

equations for the coupling elements with currents 𝐾𝐾 and 𝑃𝑃. For convenience, we define the element 

self-impedance 𝑍𝑍 = 𝑗𝑗𝑗𝑗𝑗𝑗 + 1
𝑗𝑗𝑗𝑗𝑗𝑗

+ 𝑅𝑅 and the mutual impedances 𝑍𝑍m = 𝑗𝑗𝑗𝑗𝑗𝑗 and 𝑍𝑍mc = 𝑗𝑗𝑗𝑗𝑀𝑀c. A set 

of six coupled equations is obtained. 

Substituting the assumed solutions (3.2) into (3.4), using the dispersion equation (1.10) and 

the propagation constant relation (3.3), the currents 𝐾𝐾 and 𝑃𝑃 may be eliminated, and the system 

solved for the travelling-wave reflection and transmission coefficients. 

 
𝐼𝐼𝑛𝑛 = �𝐼𝐼I𝑒𝑒

−𝑗𝑗𝑘𝑘f𝑛𝑛𝑛𝑛 + 𝐼𝐼R𝑒𝑒𝑗𝑗𝑘𝑘f𝑛𝑛𝑛𝑛, 𝑛𝑛 ≤ 0
𝑇𝑇2 𝑒𝑒−𝑗𝑗𝑗𝑗𝑘𝑘f𝑎𝑎, 𝑛𝑛 ≥ 1

 

(3.2) 
 

𝐽𝐽𝑛𝑛 = �𝑇𝑇3𝑒𝑒
−𝑗𝑗𝜅𝜅b𝑛𝑛𝑛𝑛, 𝑛𝑛 ≥ 1

𝑇𝑇4𝑒𝑒𝑗𝑗𝜅𝜅b𝑛𝑛𝑛𝑛, 𝑛𝑛 ≤ 0
 

𝑘𝑘b𝑎𝑎 = 𝑘𝑘f𝑎𝑎 − 𝜋𝜋 (3.3) 

 

𝑍𝑍𝐼𝐼0 + 𝑍𝑍m(𝐼𝐼−1 + 𝐼𝐼1) + 𝑍𝑍mc𝐾𝐾 = 0 

𝑍𝑍𝐼𝐼1 + 𝑍𝑍m(𝐼𝐼0 + 𝐼𝐼2) + 𝑍𝑍mc𝑃𝑃 = 0 
𝑍𝑍𝑍𝑍 + 𝑍𝑍mc(𝐼𝐼0 + 𝐽𝐽0) = 0 

𝑍𝑍𝑍𝑍 + 𝑍𝑍mc(𝐼𝐼1 + 𝐽𝐽1) = 0 
𝑍𝑍𝐽𝐽0 − 𝑍𝑍m(𝐽𝐽−1 + 𝐽𝐽1) + 𝑍𝑍mc𝐾𝐾 = 0 

𝑍𝑍𝐽𝐽1 − 𝑍𝑍m(𝐽𝐽0 + 𝐽𝐽2) + 𝑍𝑍mc𝑃𝑃 = 0 

 

(3.4) 
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Here, 𝜇𝜇 = 𝑀𝑀c/𝑀𝑀 is the mutual inductance ratio. Note that the coefficients (3.5) are complex-

valued and frequency-dependent. They are expressed only in terms of 𝜇𝜇 and the propagation 

constant 𝑘𝑘f, which may be computed from (1.10). However, care must be taken to choose the 

appropriate solution such that 𝑘𝑘f′′ ≥ 0 and 0 ≤ 𝑘𝑘f′ ≤ 𝜋𝜋. The results imply that no signal leaves Port 

2 at resonance, provided the guides are lossless. Similarly, the transmission from Port 4 is 

maximum at resonance while the reflectance at Port 1 is zero. Port 3 is isolated at all frequencies, 

both within and outside of the MI passbands. This behaviour is inherent in the way signals are 

combined. The phase shift at resonance along path P1 in Figure 3.2 (a) is π/2, while the phase shift 

along path P2 is 3π/2. If the device is lossless, the signal from Port 2 is zeroed by cancellation. If 

the element Q-factors are finite, the losses along P1 and P2 are different, such that only partial 

signal cancellation occurs. The two signal paths P3 and P4 to Port 3 are in antiphase for all 

frequencies. 

Although the results above provide valid amplitude reflection and transmission coefficients, 

they offer no insight on power flow in devices that are either lossy or operating out-of-band. We 

therefore define three sets of discrete power wave pairs {𝐴𝐴11,𝐵𝐵11}, {𝐴𝐴22,𝐵𝐵22}, {𝐴𝐴14,𝐵𝐵14} for 

Ports 1, 2, and 4, respectively, at positions as shown in Figure 3.3. 

Here, 𝑍𝑍0f = 𝑗𝑗𝑗𝑗𝑗𝑗𝑒𝑒−𝑗𝑗𝑘𝑘f𝑎𝑎 and 𝑍𝑍0b = −𝑗𝑗𝑗𝑗𝑗𝑗𝑒𝑒−𝑗𝑗𝑘𝑘b𝑎𝑎 are the characteristic impedances of the 

forward and backward waveguides. In fact, 𝑍𝑍0f = 𝑍𝑍0b whenever (3.3) applies. Power wave 

scattering parameters with respect to Port 1 may then be found. 

 

𝐼𝐼R
𝐼𝐼I

=
−�𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎 + 1�𝜇𝜇2

1 + 2𝜇𝜇2𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎 − 𝑒𝑒𝑗𝑗4𝑘𝑘f𝑎𝑎
 

𝑇𝑇2
𝐼𝐼I

=
1 − 𝑒𝑒𝑗𝑗4𝑘𝑘f𝑎𝑎

1 + 2𝜇𝜇2𝑒𝑒𝑗𝑗2𝑘𝑘𝑓𝑓𝑎𝑎 − 𝑒𝑒𝑗𝑗4𝑘𝑘f𝑎𝑎
 

𝑇𝑇3
𝐼𝐼I

= 0 

𝑇𝑇4
𝐼𝐼I

=
�1 − 𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎�𝜇𝜇2

1 + 2𝜇𝜇2𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎 − 𝑒𝑒𝑗𝑗4𝑘𝑘f𝑎𝑎
 

 

(3.5) 

 𝐴𝐴11 =
−𝑍𝑍m𝐼𝐼−1 + 𝑍𝑍0f𝐼𝐼0

2�Re(𝑍𝑍0𝑓𝑓)
 𝐵𝐵11 =

−𝑍𝑍m𝐼𝐼−1 − 𝑍𝑍0f∗ 𝐼𝐼0
2�Re(𝑍𝑍0f)

  

(3.6) 
 𝐴𝐴22 =

𝑍𝑍m𝐼𝐼2 − 𝑍𝑍0f𝐼𝐼1
2�Re(𝑍𝑍0f)

 𝐵𝐵22 =
𝑍𝑍m𝐼𝐼2 + 𝑍𝑍0f∗ 𝐼𝐼1
2�Re(𝑍𝑍0f)

  

 𝐴𝐴14 =
𝑍𝑍m𝐼𝐼−1 + 𝑍𝑍0b𝐼𝐼0

2�Re(𝑍𝑍0b)
 𝐵𝐵14 =

𝑍𝑍m𝐼𝐼−1 − 𝑍𝑍0b∗ 𝐼𝐼0
2�Re(𝑍𝑍0b)
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We may obtain analytic expressions for the scattering parameters of a directional filter with 

MI line terminations by substituting the travelling wave coefficients (3.5) into the MI power-wave 

definitions (3.6) and applying the ratios (3.7). 

Moduli squared of the power-wave coefficients (3.8) are equal to the moduli squared of the 

travelling-wave coefficients (3.5) whenever 𝑘𝑘f′′ = 𝑘𝑘b′′ = 0, as expected from the arguments 

expressed in Chapter 2. 

3.2.1 Frequency response 

To illustrate the above, Figure 3.4 shows the frequency dependence of power-wave scattering 

parameters for different terminations, with 𝐿𝐿 = 1 μH, 𝜅𝜅f =0.6, and 𝜅𝜅c=0.3 (so that 𝜇𝜇 = 1/2). 

Results for lossless and lossy elements with magneto-inductive terminations Figures 3.4 (a)-(b) 

are obtained using equations (3.8), and results for lossy elements with narrowband [Figure 3.4 (c)] 

and broadband [Figures 3.4 (d)] resistive terminations were obtained by the numerical solution of 

circuit equations, which were substituted into expressions of the type (2.19). 

In each case, frequencies near 𝜔𝜔0 are diverted into Port 4, while the remaining power is sent 

to Port 2. Port 4 therefore has a band-pass response while Port 2 has a band-stop one. The MI 

passband is as estimated from previous arguments. The isolation of Port 3 is unaffected by loss, 

but the power emerging from Port 4 is reduced and Port 2 rejection diminished. Since losses are 

inversely proportional to 𝜅𝜅𝜅𝜅 and 𝜅𝜅c𝑄𝑄, both high coupling coefficients and Q-factors are required 

to minimise loss. The effect of narrowband resistive terminations is to reduce the effective 

𝑆𝑆11 =
𝐵𝐵11
𝐴𝐴11

 

𝑆𝑆21 =
𝐵𝐵22
𝐴𝐴11

 

𝑆𝑆41 =
𝐵𝐵14
𝐴𝐴11

 

 

(3.7) 

𝑆𝑆11 = �1 − 𝑒𝑒2𝑘𝑘f
′′𝑎𝑎� �𝑒𝑒𝑗𝑗2𝑘𝑘f

′𝑎𝑎 + 𝑒𝑒2(𝑘𝑘f
′′+𝑗𝑗2𝑘𝑘f

′)𝑎𝑎� + 𝜇𝜇2 �1 + 2𝑒𝑒2�𝑘𝑘f
′′+𝑗𝑗𝑘𝑘f

′�𝑎𝑎 − 𝑒𝑒𝑗𝑗2𝑘𝑘f
′𝑎𝑎� /𝑑𝑑 

𝑆𝑆21 = 𝑒𝑒�𝑘𝑘f
′′+𝑗𝑗𝑘𝑘f

′�𝑎𝑎 − 𝑒𝑒�𝑘𝑘f
′′+𝑗𝑗3𝑘𝑘f

′�𝑎𝑎 + 𝑒𝑒−�𝑘𝑘f
′′+𝑗𝑗𝑘𝑘f

′�𝑎𝑎 − 𝑒𝑒(−𝑘𝑘f
′′+𝑗𝑗𝑘𝑘f

′)𝑎𝑎/𝑑𝑑 

𝑆𝑆41 = 𝜇𝜇2(𝑒𝑒𝑗𝑗2𝑘𝑘f
′𝑎𝑎 − 1)/𝑑𝑑 

𝑑𝑑 = 1 + 2𝜇𝜇2𝑒𝑒2(𝑘𝑘f
′′+𝑗𝑗𝑘𝑘f

′)𝑎𝑎 − 𝑒𝑒4(𝑘𝑘f
′′+𝑗𝑗𝑘𝑘f

′)𝑎𝑎 

 

(3.8) 
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bandwidth. However, this can be partly restored by using a broad-band termination. 

Unsurprisingly, the best performance is exhibited by magneto-inductive terminations. 

3.2.2 Filter bandwidth 

An analytic expression for the 3-dB bandwidth of the bandpass channel |𝑆𝑆41|2 may be obtained 

in the lossless case for MI waveguide terminations. The bandwidth may be found by computing 

the half-power frequencies of |𝑆𝑆41|2 within the filter passband with 𝑘𝑘′′ set to zero using (3.9). 

Equation (3.9) has two solutions for 𝑘𝑘f′ within the waveguide passband, and thus two solutions 

for 𝜔𝜔. These may be expressed in terms of 𝜅𝜅f, 𝜇𝜇, and 𝜔𝜔0, and used to compute the angular 

bandwidth 𝐵𝐵. 

|𝑆𝑆41|𝑘𝑘′′=02 =
𝜇𝜇4𝑒𝑒𝑗𝑗2𝑘𝑘𝑓𝑓

′ 𝑎𝑎 �𝑒𝑒𝑗𝑗2𝑘𝑘𝑓𝑓
′ 𝑎𝑎 − 1 �

2

1 − 𝑒𝑒𝑗𝑗4𝑘𝑘𝑓𝑓
′ 𝑎𝑎(4𝜇𝜇4 + 2 − 𝑒𝑒𝑗𝑗4𝑘𝑘𝑓𝑓

′ 𝑎𝑎)
=

1
2

 (3.9) 

𝐵𝐵 = 𝜔𝜔0 ��
1

1−𝜅𝜅f𝑝𝑝
− � 1

1+𝜅𝜅f𝑝𝑝
�  

𝑝𝑝 = 1
2
�𝜇𝜇4 − �𝜇𝜇8 + 4 + 2  

(3.10) 

 
Figure 3.4.  Theoretical power-wave scattering parameters of an MI filter-coupler with 𝜅𝜅f = 0.6 and 
𝜅𝜅c = 0.3. (a) Lossless infinite MI waveguide terminations; (b) lossy infinite waveguide terminations with 
𝑄𝑄 = 200; (c) lossy narrowband terminations with 𝑍𝑍0M = 50 Ω; (d) lossy broadband terminations with 
𝑍𝑍0M = 50 Ω. Dashed lines indicate the passband of a lossless waveguide with 𝜅𝜅 = 0.6. 
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The bandpass quality factor is related to the bandwidth by 𝑄𝑄bp = 𝜔𝜔0/𝐵𝐵 and is easily computed. 

Figure 3.5 shows a contour map of the variation of 𝑄𝑄bp with 𝜅𝜅 and 𝜅𝜅𝑐𝑐. High filter Q-factors require 

high values of 𝜅𝜅 and low values of 𝜅𝜅c. However, the achievable Q-factor is limited, since 

propagation losses may become unacceptable if 𝜅𝜅c were too low according to (1.17). 

3.2.3 Frequency tuning 

So far, the filter centre frequency has been determined by 𝜔𝜔0, which is the resonant frequency 

of the MI waveguide resonators. It would clearly be beneficial to introduce centre frequency tuning 

capability within the MI passband. Figure 3.6 shows the effect of tuning the resonant frequency of 

the coupling resonators 𝜔𝜔0
′  to different values, namely 1) 𝜔𝜔0

′ = 0.9𝜔𝜔0, 2) 𝜔𝜔0
′ = 𝜔𝜔0 and 3) 𝜔𝜔0

′ =

1.1𝜔𝜔0, assuming lossless resonators and lossless MI terminations. Although the best performance 

is obtained when 𝜔𝜔0
′ = 𝜔𝜔0, tuning around 𝜔𝜔0 is practically feasible for the variations in 𝜔𝜔0

′  shown. 

The resonant frequency 𝜔𝜔0
′  may be adjusted using variable capacitors in practice. 

 
Figure 3.5.  Variation of 𝑄𝑄bp with 𝜅𝜅 and 𝜅𝜅c for a lossless filter with MI terminations with 𝜅𝜅f = 0.6 and 
𝜅𝜅c = 0.3. 

 
Figure 3.6.  Centre frequency tuning of MI directional filter with 𝜅𝜅f = 0.6 and 𝜅𝜅c = 0.3. Black dotted 
lines indicate the filter frequency passband. The tuning frequencies are 𝜔𝜔0

′ = 𝜔𝜔0{0.9, 1.0, and 1.1}. 
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3.3 Advanced filters 

In this Section, we consider the properties of more advanced filters, namely single-notch filters 

with infinite rejection at the centre frequency even if components are lossy, as well as filters with 

multiple band-stop frequencies. 

3.3.1 MI directional filters with multiple rejection 

In the absence of loss, infinite signal rejection occurs at 𝜔𝜔0 at Port 2 when Port 1 is used as an 

input. However, for finite Q-factors, the two signal paths P1 and P2 from Port 1 to Port 2 in 

Figure 3.3 incur unequal losses, and some leakage into Port 2 still occurs at resonance. To equalise 

the signal amplitudes along the two paths, the magnetic coupling strength between resonators 0 

and 1 in the forward waveguide (blue) may be adjusted. We define a new magnetic coupling 

coefficient 𝜅𝜅𝑓𝑓′ = 𝜆𝜆𝜅𝜅𝑓𝑓 between these elements, such that 0 ≤ 𝜆𝜆 ≤ 1 and re-consider the port 

reflection and transmission coefficients. The circuit equations must be modified to: 

As before, we may substitute the assumed solutions (3.2) into (3.11) and use the respective 

dispersion relations to extract modified reflection and transmission coefficients. The transmission 

from Port 2 may then be expressed as a rational polynomial in λ as follows:  

 

𝑍𝑍𝐼𝐼0 + 𝑍𝑍m(𝐼𝐼−1 + 𝜆𝜆𝐼𝐼1) + 𝑍𝑍mc 𝐾𝐾 = 0 

𝑍𝑍𝐼𝐼1 + 𝑍𝑍m(𝜆𝜆𝐼𝐼0 + 𝐼𝐼2) + 𝑍𝑍mc𝑃𝑃 = 0 

𝑍𝑍𝑍𝑍 + 𝑍𝑍mc(𝐼𝐼0 + 𝐽𝐽0) = 0 

𝑍𝑍𝑍𝑍 + 𝑍𝑍mc(𝐼𝐼1 + 𝐽𝐽1) = 0 

𝑍𝑍𝐽𝐽0 − 𝑍𝑍m(𝐽𝐽−1 + 𝐽𝐽1) + 𝑍𝑍mc𝐾𝐾 = 0 

𝑍𝑍𝐽𝐽1 − 𝑍𝑍m(𝐽𝐽0 + 𝐽𝐽2) + 𝑍𝑍mc𝑃𝑃 = 0 

 

(3.11) 

 

𝑇𝑇2
𝐼𝐼I

=
𝑝𝑝0 + 𝜆𝜆𝑝𝑝1

𝑞𝑞0 + 2𝜇𝜇4𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎𝜆𝜆 + 𝑞𝑞2𝜆𝜆2
, 

 

𝑝𝑝0 = 𝜇𝜇4𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎�1 − 𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎� 

𝑝𝑝1 = �𝑒𝑒𝑗𝑗4𝑘𝑘f𝑎𝑎 − 1�
2

+ 𝜇𝜇2𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎 �2 − 2𝑒𝑒𝑗𝑗4𝑘𝑘f𝑎𝑎 + 𝜇𝜇2�𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎 − 1�� 

𝑞𝑞0 = 𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎�𝑒𝑒𝑗𝑗6𝑘𝑘f𝑎𝑎 + 𝑒𝑒𝑗𝑗4𝑘𝑘f𝑎𝑎 − 𝑒𝑒𝑗𝑗2kf𝑎𝑎 − 1�
+ 𝜇𝜇2𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎�2 − 2𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎 − 4𝑒𝑒𝑗𝑗4𝑘𝑘f𝑎𝑎 + 4𝜇𝜇2𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎 − 𝜇𝜇2� 

𝑞𝑞2 = 1 + 𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎 − 𝑒𝑒𝑗𝑗4𝑘𝑘f𝑎𝑎 − 𝑒𝑒𝑗𝑗6𝑘𝑘f𝑎𝑎 + 𝜇𝜇2𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎�2 + 2𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎 − 𝜇𝜇2�. 

 

(3.12) 
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For infinite rejection at resonance, the numerator of the transmission coefficient must be equal 

to zero, which requires 

The dispersion relation (1.10) may be simplified at 𝜔𝜔 = 𝜔𝜔0, and the corresponding propagation 

constant expressed analytically in terms of 𝜅𝜅f and 𝑄𝑄 alone. 

The expression (3.14) may then be substituted into (3.13) and an analytic expression for 𝜆𝜆 

extracted in terms of filter parameters. 

Figure 3.7 shows the variation of 𝜆𝜆 with 𝜇𝜇 for a selection of resonator Q-factors. Lower values 

of λ are required for higher losses, as well as for smaller 𝜇𝜇. In each case, 𝜆𝜆 tends to unity as 𝜇𝜇 

increases, with sharper increases for lower losses. When 𝜆𝜆 is set according to (3.15), Port 2 is fully 

isolated from Port 1 at resonance. There are, however, side effects on filter performance, namely 

some leakage into Port 3 now occurs due to asymmetry and the frequency passband of Port 2 is 

reduced, although reflectivity at Port 1 is improved. Figure 3.8 shows the theoretical frequency 

variation of scattering parameters for filters with lossy magneto-inductive (i) and resistive 

narrowband (ii) terminations, using 𝜅𝜅 = 0.6, 𝜅𝜅c = 0.3, 𝑄𝑄 = 200 and 𝜆𝜆 = 0.8746 according to 

 𝜆𝜆 = −
𝑝𝑝0
𝑝𝑝1

. 
 (3.13) 

 𝑘𝑘𝑓𝑓𝑎𝑎|𝜔𝜔0 =
𝜋𝜋
2

+ 𝑗𝑗 ln��1 +
1

𝜅𝜅2𝑄𝑄2 −
1
𝜅𝜅𝜅𝜅

� 
 

(3.14) 

 
𝜆𝜆 =

𝜇𝜇4𝜌𝜌4

𝜇𝜇4𝜌𝜌4 − 2𝜇𝜇2𝜌𝜌4 + 2𝜇𝜇2𝜌𝜌2 + 𝜌𝜌6 − 𝜌𝜌4 − 𝜌𝜌2 + 1
 

𝜌𝜌 = �1 +
1

𝜅𝜅2𝑄𝑄2 −
1
𝜅𝜅𝜅𝜅

 

 

(3.15) 

 
Figure 3.7. Variation of 𝜆𝜆 with 𝜇𝜇 for different resonator Q-factors for the single-notch filter with 𝜅𝜅f = 0.6. 
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(3.15). Both termination types perform well with S11 mostly below -30 dB within the passband, 

while S21 is zero at resonance. If port isolation is important, 𝜆𝜆 may be adjusted to balance rejection 

with leakage into Port 3. The mutual inductance discontinuity generated by tuning 𝜆𝜆 implies that 

the complementary waveguide pair is no longer symmetrical, and the ports may no longer be used 

interchangeably. Only the two ports immediately adjacent to the λ-tuned resonator pair would yield 

an infinite-rejection response. The remaining two ports would exhibit diminished performance 

characteristics if used as inputs. 

3.3.2 Multiple band-stop filters 

A directional filter with 𝑁𝑁 complementary band-stop and band-pass responses can be 

implemented by increasing the number of coupling resonators from 1 to 𝑁𝑁 as shown in Figure 3.9. 

Again, a pair of forward- and backward-wave MI waveguides with coupling coefficients 𝜅𝜅f = 𝜅𝜅 

and 𝜅𝜅b = −𝜅𝜅 are connected using vertical lines containing 𝑁𝑁 weakly-coupled resonators with 

magnetic coupling coefficient 𝜅𝜅c. The resonator rows are labelled from 0 (bottom) to 𝑁𝑁 − 1 (top) 

and have currents 𝐾𝐾𝑚𝑚 and 𝑃𝑃𝑚𝑚 flowing in the left and right columns, respectively. The lines of 

coupling resonators may be considered as two identical uniform MI waveguides, with a passband 

of 1/�1 + |𝜅𝜅𝑐𝑐| ≤ 𝜔𝜔/𝜔𝜔0  ≤ 1/�1 − |𝜅𝜅𝑐𝑐| and dispersion relation 𝑍𝑍 + 𝑍𝑍mc�𝑒𝑒−𝑗𝑗𝑘𝑘c𝑎𝑎 + 𝑒𝑒𝑗𝑗𝑘𝑘c𝑎𝑎� = 0, 

where 𝑘𝑘c is the propagation constant. The currents 𝑃𝑃𝑚𝑚 and 𝐾𝐾𝑚𝑚 may thus be expressed in terms of 

reflected and transmitted waves. The reflected wave amplitudes are 𝑃𝑃R and 𝐾𝐾R, while the 

transmitted wave amplitudes are 𝑃𝑃T and 𝐾𝐾T. 

𝑃𝑃𝑚𝑚 = 𝑃𝑃T𝑒𝑒−𝑗𝑗𝑘𝑘c𝑚𝑚𝑚𝑚 + 𝑃𝑃R𝑒𝑒𝑗𝑗𝑘𝑘c𝑚𝑚𝑚𝑚 

𝐾𝐾𝑚𝑚 = 𝐾𝐾T𝑒𝑒−𝑗𝑗𝑘𝑘c𝑚𝑚𝑚𝑚 + 𝐾𝐾R𝑒𝑒𝑗𝑗𝑘𝑘c𝑚𝑚𝑚𝑚 (3.16) 

 
Figure 3.8.  Frequency variation of scattering parameters for an infinite rejection MI directional filter with 
lossy MI or resistive narrowband terminations, using 𝜅𝜅f = 0.6, 𝜅𝜅c= 0.3, 𝑄𝑄 = 200. 



66 
 

The travelling wave assumptions for currents 𝐼𝐼𝑛𝑛 and 𝐽𝐽𝑛𝑛 remain unchanged from (3.2). Once 

again, we may write down the circuit equations at the junctions between the waveguides. 

The eight coupled equations (3.17) can once again be solved for the travelling-wave reflection 

coefficient at Port 1 and transmission coefficients at Ports 2-4 by substituting the respective 

dispersion relations and eliminating the terms 𝑃𝑃T,𝑃𝑃R, and 𝐾𝐾T,𝐾𝐾R. 

 

𝑍𝑍𝐼𝐼0 + 𝑍𝑍m(𝐼𝐼−1 + 𝐼𝐼1) + 𝑍𝑍mc𝐾𝐾0 = 0 

𝑍𝑍𝐼𝐼1 + 𝑍𝑍m(𝐼𝐼0 + 𝐼𝐼2) + 𝑍𝑍mc𝑃𝑃0 = 0 

𝑍𝑍𝐾𝐾0 + 𝑍𝑍mc(𝐼𝐼0 + 𝐾𝐾1) = 0 

𝑍𝑍𝑃𝑃0 + 𝑍𝑍mc(𝐼𝐼1 + 𝑃𝑃1) = 0 

𝑍𝑍𝐾𝐾𝑁𝑁−1 + 𝑍𝑍mc(𝐾𝐾𝑁𝑁−2 + 𝐽𝐽0) = 0 

𝑍𝑍𝑃𝑃𝑁𝑁−1 + 𝑍𝑍mc(𝑃𝑃𝑁𝑁−2 + 𝐽𝐽1) = 0 

𝑍𝑍𝐽𝐽0 − 𝑍𝑍m(𝐽𝐽−1 + 𝐽𝐽1) + 𝑍𝑍mc𝐾𝐾𝑁𝑁−1 = 0 

𝑍𝑍𝐽𝐽1 − 𝑍𝑍m(𝐽𝐽0 + 𝐽𝐽2) + 𝑍𝑍mc𝑃𝑃𝑁𝑁−1 = 0 

 

(3.17) 

 𝐼𝐼R
𝐼𝐼I

= (𝑒𝑒𝑗𝑗2𝑘𝑘c𝑎𝑎(𝑁𝑁+1) − 1){𝑒𝑒𝑗𝑗2𝑘𝑘c𝑎𝑎�1 + 𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎� − 𝜇𝜇𝑒𝑒𝑗𝑗(𝑘𝑘f+𝑘𝑘c)𝑎𝑎�1 + 𝑒𝑒𝑗𝑗2𝑘𝑘c𝑎𝑎�

+ 𝜇𝜇2𝑒𝑒𝑗𝑗2(𝑘𝑘f+𝑘𝑘c)𝑎𝑎} /𝐷𝐷 
𝑇𝑇2
𝐼𝐼

= �1 − 𝑒𝑒𝑗𝑗2(𝑁𝑁+1)𝑘𝑘c𝑎𝑎��2𝑒𝑒𝑗𝑗2(𝑘𝑘f+𝑘𝑘c)𝑎𝑎 − 𝜇𝜇𝑒𝑒𝑗𝑗(3𝑘𝑘f+𝑘𝑘c)𝑎𝑎�1 + 𝑒𝑒𝑗𝑗2𝑘𝑘c𝑎𝑎��/𝐷𝐷 

 

 
Figure 3.9.  Equivalent circuit of a multiple band-stop MI directional filter. 
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 𝑇𝑇4
𝐼𝐼

= 𝜇𝜇𝜇𝜇𝑗𝑗(𝑁𝑁+1)𝑘𝑘c𝑎𝑎�2𝑒𝑒𝑗𝑗(𝑘𝑘f+𝑘𝑘c)𝑎𝑎�1− 𝑒𝑒𝑗𝑗2𝑘𝑘c𝑎𝑎� − 𝜇𝜇𝑒𝑒𝑗𝑗2𝑘𝑘f𝑎𝑎�1 − 𝑒𝑒𝑗𝑗4𝑘𝑘c𝑎𝑎��/𝐷𝐷 

𝐷𝐷 = �𝑒𝑒𝑗𝑗2𝑘𝑘𝑘𝑘 − 1�𝑒𝑒𝑗𝑗2𝑘𝑘c𝑎𝑎�1 − 𝑒𝑒𝑗𝑗2𝑘𝑘c𝑎𝑎(𝑁𝑁+1)� + 2𝜇𝜇𝑒𝑒𝑗𝑗(𝑘𝑘f+𝑘𝑘c)𝑎𝑎�1− 𝑒𝑒𝑗𝑗2𝑘𝑘c𝑎𝑎(𝑁𝑁+2)�

− 𝜇𝜇2𝑒𝑒𝑗𝑗2𝑘𝑘𝑘𝑘�1 − 𝑒𝑒𝑗𝑗2𝑘𝑘c(𝑁𝑁+3)𝑎𝑎� 

(3.18) 

 

The coefficients can be converted to scattering parameters as before. Figure 3.10 shows their 

frequency variation for 𝑁𝑁 = 2 and 𝑁𝑁 = 5. The additional coupling resonators generate multiple 

bandpass responses in S41 and complementary notches in S21. The value of 𝜅𝜅c determines the 

sharpness of the peaks in S41, as well as the notch frequencies, with larger separation between 

peaks for higher values. The quality factors of individual peaks increase for higher 𝑁𝑁, while the 

effect of loss is to diminish rejection in S21 and increase insertion loss in S41. The number of 

band-stop and band-pass frequencies is given by 𝑁𝑁. 

The frequencies of peaks and notches can be found by computing the maxima of 𝑆𝑆21 or the 

minima of S21 within the MI passband. The central frequencies 𝜔𝜔𝑣𝑣 simplify to: 

where 𝑣𝑣 = 1 …𝑁𝑁. The notch spacing is non-uniform and can be adjusted by varying 𝜔𝜔0 or 𝜅𝜅c. The 

frequency locations of 𝜔𝜔𝑣𝑣 are independent of 𝜅𝜅, provided 𝜅𝜅 > 𝜅𝜅c. When 𝑁𝑁 is odd there is always 

a peak at the resonant frequency 𝜔𝜔0. As previously shown, infinite rejection can be achieved at 

resonance when 𝑁𝑁 = 1. However, since path losses are frequency-dependent, infinite rejection 

cannot be obtained at multiple central frequencies simultaneously when 𝑁𝑁 > 1. However, 

𝜔𝜔𝑣𝑣  = 𝜔𝜔0�
1

1 + 𝜅𝜅c cos � 𝜈𝜈𝜈𝜈
𝑁𝑁 + 1�

 , 
(3.19) 

 
Figure 3.10.  Frequency variation of scattering parameters for a multiple-bandstop MI directional filter 
with lossless MI terminations with 𝜅𝜅f = 0.6 and 𝜅𝜅c= 0.3. Parameters are obtained for 𝑁𝑁 = 2 and 𝑁𝑁 = 5 
using (3.18). 
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simulations show that it is possible to improve performance by optimising the value of the tuning 

coefficient λ. 

3.3.3 Three-port filters and multiplexers 

In the absence of infinite or improved rejection (𝜆𝜆 = 1), the current in Port 3 is exactly zero at 

all frequencies when Port 1 is used as an input. This implies that Port 3 can be physically removed 

from either the single- or multiple-notch devices, along with the resonator at 𝑛𝑛 = 1 in the 

backward-wave guide in Figure 3.3 or Figure 3.9. Specifically, resonators with currents 𝐽𝐽𝑛𝑛≥1 can 

be eliminated. Hence, a three-port directional filter can be obtained by loading a uniform MI 

waveguide with just 3 weakly-coupled resonators and a suitable termination impedance for Port 4. 

Infinite or improved rejection, however, is then not possible owing to the lack of a secondary signal 

path for loss compensation (for example, P2 in Figure 3.3). Otherwise, if 𝜆𝜆 = 1, the characteristics 

of three- and four-port filters are indistinguishable. Multiplexers may also be implemented by 

cascading Ports 1-2 of the directional filters, with central frequency tuning methods (Section 3.2.3) 

used to specify the channel frequencies, and the individual frequency components obtained at Port 

4 of the constituent filters. 

3.4 Experimental verification 

In this Section, we present experimental results for MI directional filters intended for carrier 

suppression and receiver isolation in high-power NFC-A applications. As such, the filters have 

been designed to operate at 𝜔𝜔0 = 2𝜋𝜋𝑓𝑓c, where 𝑓𝑓c = 13.56 MHz. The designs have been developed 

to be tuneable to allow the demonstration of filter operation and extension to advanced filter 

topologies. 

3.4.1 Single-notch filter 

The overall design was as shown in Figure 3.3; however, resistive terminations were used, and 

ports were floated using paired capacitors. The equivalent circuit diagram of the experimental filter 

is shown in Figure 3.11. To allow frequency tunability, all resonators included a variable capacitor. 

To confine magnetic fields and prevent non-nearest neighbour coupling, all inductors employed 

low-loss ferrimagnetic toroidal cores with inner and outer diameters of 13.2 mm and 21 mm (Fair-

Rite 5967000601, based on “67” Ni-Zn ferrite material with a cutoff at 50 MHz). The initial 

relative permeability was 𝜇𝜇𝑟𝑟 ≈ 40; implying that most of the magnetic flux was contained within 

the core. Two windings (with inductances 𝐿𝐿C and 𝐿𝐿T, such that 𝐿𝐿 = 𝐿𝐿C + 𝐿𝐿T) were used for the 
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waveguide elements, and three (with inductances 𝐿𝐿C, 𝐿𝐿C and 𝐿𝐿S, such that 𝐿𝐿 = 2𝐿𝐿C + 𝐿𝐿S) for the 

coupling resonators. Adjacent windings were reversed to obtain negative coupling coefficients in 

the backward-wave section. In addition to resonant frequency tuning, a method was developed to 

 
Figure 3.12.  Drawing of the mechanism used for mutual inductance tuning between nearest neighbours. 
(a) Constrictors used to prevent deformation of the inductor windings; (b) custom frame for winding 
position adjustment along the toroid circumference.  

 
Figure 3.11.  Equivalent circuit of the experimental single-notch MI directional filter with real narrowband 
(ii) terminations. 
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enable the tuning of mutual inductance between resonators, using components constructed by 3D-

printing with polycarbonate filament. Figure 3.12 shows this mechanism, allowing control over 

the relative position of two copper windings. The coupling coefficient was a non-linear function 

of the winding separation, with minimum separation yielding maximum coupling. The mechanism 

comprised a pair of winding constrictors [Figure 3.12 (a)], used to prevent deformations to the 

winding shape during tuning, which were inserted into a custom frame below the toroidal core 

[Figure 3.12 (b)]. The windings could then be re-positioned along the toroid circumference. Since 

𝜇𝜇r was fairly low, a wide range of mutual inductance adjustment could be achieved.  

Figure 3.13 (a) shows a photograph of the completed filter, constructed on a copper clad printed 

circuit board using low-loss mica capacitors. Mechanical tuning was provided for all mutual 

inductances. The value of 𝑀𝑀 needed for impedance matching to a 50Ω load at resonance was first 

identified. Inductors 𝐿𝐿S were then chosen to equalise the self-inductance of all resonators, and 

capacitances were tuned to achieve resonance at 𝑓𝑓c for all resonators. Table 3.1 shows the values 

of key parameters and adjustment ranges. 

Four-port scattering parameters were measured using an electronic network analyser (Agilent 

E5061B). To begin with, 𝜆𝜆 was set to unity, so that the response magnitudes were independent of 

which port was used as the input. Figure 3.14 compares the frequency dependence of S-parameters 

 
Figure 3.13.  Photographs of experimental MI directional filters; (a) single-notch, 𝑁𝑁 = 1; (b) Double-
notch, 𝑁𝑁 = 2. Tuning mechanisms are clearly visible in blue. 
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with the predictions of the theoretical model for 𝜅𝜅c = 0.28. Excellent agreement with experimental 

results can be seen. Larger values of 𝜇𝜇 were investigated and found to reduce losses and increase 

the passband of the bandpass channel and improve the notch depth. Port 2 had -18.5 dB rejection 

at the central frequency, while the bandpass insertion loss was -1.4 dB. 

Table 3.1. Experimental filter parameter values. 

Parameter Value Adjustment Range 
𝐿𝐿T 1.16 μH 

N/A 𝐿𝐿C 460 nH 
𝐿𝐿S 710 nH 
𝜅𝜅f 0.725 0.51 - 0.92 
𝜅𝜅c 0.28 0.19 - 0.34 
𝜔𝜔0 13.56 MHz DC to 50 MHz 
𝑄𝑄 200±10% N/A 

 

3.4.2 Single-notch filter with infinite rejection 

Stopband rejection can be greatly improved by fine tuning 𝜆𝜆 according to (3.15). For 

parameters in Table 3.1, the value of 𝜆𝜆 required for infinite rejection is 0.79, well within range for 

the coupling tuning mechanism. Figure 3.15 compares the simulated and measured scattering 

parameters obtained in this case. A performance improvement of over 50 dB is achieved compared 

to Figure 3.14, with over 70 dB rejection at Port 2. This improvement comes at the expense of 

reduced isolation of Port 3, with a minimum attenuation of 18 dB at the central frequency between 

Ports 1 and 3. However, sideband losses in S21 are still very low. Infinite rejection filters are 

particularly well-suited for extracting tag responses by transmission, i.e. when the filter-coupler is 

 
Figure 3.14.  Comparison between experimental (solid) and theoretical (dashed) frequency variation of 
the scattering parameters for the single-notch MI directional filter with no infinite rejection (𝜆𝜆 = 1). The 
filter has 𝑓𝑓0 = 13.56 MHz, 𝑄𝑄 = 200, 𝑍𝑍0𝑀𝑀 = 50 Ω, 𝜅𝜅c = 0.28. 
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placed at the opposite antenna end to the transmitter, since the carrier may be eliminated at no 

detriment to port isolation. 

3.4.3 Double-notch filters 

A two-notch directional filter with parameter values of Table 3.1 was implemented in the same 

way by increasing the number of coupling resonators in each vertical branch from one to two. A 

photograph of the two-notch filter is shown in Figure 3.13 (b). The magnitude of 𝜅𝜅c determines 

the frequency locations of the notches in S21 according to (3.19). However, smaller values of 𝜅𝜅c 

also increase propagation losses through the coupling resonators, reducing notch depth and 

increasing losses in the bandpass channel. Figure 3.16 compares theoretical and experimental 

results for 𝜅𝜅c = 0.28. The agreement between simulation and experimental results is again 

 
 
Figure 3.15.  Comparison between experimental (solid) and theoretical (dashed) frequency variation of 
the scattering parameters for the single-notch MI directional filter with infinite rejection (𝜆𝜆 = 0.79). The 
filter has 𝑓𝑓0 = 13.56 MHz, 𝑄𝑄 = 200, 𝑍𝑍0𝑀𝑀 = 50 Ω, 𝜅𝜅c = 0.25. 

 
Figure 3.16.  Comparison between experimental (solid) and theoretical (dashed) frequency variation of 
the scattering parameters for the two-notch MI directional filter with no improved rejection (𝜆𝜆 = 1). The 
filter has 𝑓𝑓0 = 13.56 MHz, 𝑄𝑄 = 200, 𝑍𝑍0𝑀𝑀 = 50 Ω, 𝜅𝜅c = 0.30. 
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excellent. Attenuation in S21 is the same as for the single-notch filter, implying that two channel 

frequencies can be extracted simultaneously without hindering performance. 

3.4.4 Double-notch filters with improved rejection 

Although infinite rejection does not appear to be possible in multiple-notch filters, rejection 

can still be improved by adjusting 𝜆𝜆. Figure 3.17 compares theoretical and measured S-parameters 

for a two-notch filter with 𝜅𝜅c = 0.3 and 𝜆𝜆 = 0.64, chosen to equalise rejection at the two notches. 

A significant performance improvement in rejection of over 15 dB is obtained, once again at the 

expense of Port 3 isolation. As for single-notch filters, lower values of 𝜆𝜆 are needed for higher 

values of 𝜇𝜇. Low insertion loss is observed around the resonance frequency but increases elsewhere 

as matching between the guides and load deteriorates.  

3.4.4 Near field communication applications 

Toroidal transformers based on soft ferrites allow magneto-inductive designs to be realised 

with minimal non-nearest neighbour coupling. However, core materials must have low loss and 

high linearity, especially in applications which require high power handling capability. In NFC-A, 

the carrier power can be orders of magnitude greater than that of the sidebands, meaning the 

receiver must remain isolated at the carrier frequency to improve sensitivity and prevent damage. 

The single-notch filter presented here can be integrated into existing MI systems via direct 

connection to the waveguides, has high rejection at resonance, and may be used to dump residual 

carrier signal into a matched absorptive load. However, the filter must be effective at representative 

 
Figure 3.17.  Comparison between experimental (solid) and theoretical (dashed) frequency variation of 
the scattering parameters for the two-notch MI directional filter with improved rejection (𝜆𝜆 = 0.64). The 
filter has 𝑓𝑓0 = 13.56 MHz, 𝑄𝑄 = 200, 𝑍𝑍0𝑀𝑀 = 50 Ω, 𝜅𝜅c = 0.30. 
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carrier powers, despite potential non-linearities introduced by ferrite cores. We may emulate 

compliant NFC-A signals by modulating a high-power carrier with frequency 𝑓𝑓c with a sinusoidal 

message signal at the subcarrier frequency 𝑓𝑓s. The resultant signal is identical to the practical 

waveforms generated during the tag response sequence but lacks any subcarrier modulation. The 

waveform of the input signal 𝑠𝑠(𝑡𝑡) may be modelled as follows. 

Here 𝐴𝐴c and 𝐴𝐴m are the carrier and message amplitudes. The message signal was derived from 

one signal generator (Agilent E4433B) and carrier modulated by a second signal generator 

(Agilent N5181A), followed by amplification using a 30 dB power amplifier (Minicircuits ZHL-

32A+). Carrier amplitude 𝐴𝐴c was adjusted to produce a specific carrier power 𝑃𝑃c, while a 

modulation index 𝐴𝐴m/𝐴𝐴c ≈ 0.1 was chosen to generate typically small sidebands. The signal 𝑠𝑠(𝑡𝑡) 

was then injected into Port 1 of a single-notch MI directional filter with infinite rejection, while 

the output was measured at Port 2. Ports 3 and 4 were terminated by 50 Ω loads. Detection was 

performed using a digital storage oscilloscope (Keysight InfiniiVision DSOX3024T). To measure 

the input 𝑠𝑠(𝑡𝑡) without damaging the oscilloscope, a 30 dB attenuator was employed. Figure 3.18 

𝑠𝑠(𝑡𝑡) = [𝐴𝐴𝑐𝑐 + 𝐴𝐴𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑓𝑓𝑚𝑚𝑡𝑡)] 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑓𝑓𝑐𝑐𝑡𝑡) (3.20) 

 
Figure 3.18. (a) measured Port 1 input signal  𝑠𝑠(𝑡𝑡) with 𝑃𝑃c = 1 W and the corresponding (b) output signal 
from Port 2. The input signal power has been compensated for the 30 dB attenuation incurred during 
measurement. 
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shows the time-domain input (a) and output (b) waveforms into Port 1 and out of Port 2, 

respectively. The filter has clearly extracted virtually all the carrier signal while keeping the weak 

subcarrier signal intact. We may analyse the filter characteristics further using frequency-domain 

analysis of the waveforms. 

Figure 3.19 (a) shows the measured power spectral density (PSD) of the input signal 𝑠𝑠(𝑡𝑡) for 

𝑃𝑃c = 1 W, normalised by the carrier power. Amplifier non-linearities have resulted in minor 

harmonics of the AM spectrum, which have been partially suppressed at high frequencies with a 

low-pass filter. Figure 3.19 (b) shows the PSD of the output signal at Port 2 (the stopband channel). 

The output signal exhibits an attenuation of 73 dB at the carrier frequency and 1.2 dB attenuation 

at the sideband frequencies. In fact, the only significant difference between frequency content of 

the input and output signals appeared to be the carrier rejection. No additional harmonics have 

 
Figure 3.19. Power spectral densities of (a) the input signal 𝑠𝑠(𝑡𝑡) into Port 1 and (b) the output signal at 
Port 2, both normalised by the input carrier power 𝑃𝑃c. Dashed lines, red: carrier harmonics, green: 
subcarrier harmonics. (c) Filter attenuations at carrier (𝑓𝑓c), upper sideband (𝑓𝑓c + 𝑓𝑓s) and lower sideband 
(𝑓𝑓𝑐𝑐 + 𝑓𝑓s) frequencies. 
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been introduced, implying the filter was operating linearly, despite use of ferrite cores. 

Figure 3.19 (c) shows the signal attenuation at the carrier and subcarrier (upper and lower) 

frequencies, over an input carrier power between 0.1 W and 1 W. Attenuation is almost 

independent of 𝑃𝑃c, suggesting effective power handling capability and overall performance. 

3.4.5 Frequency scaling 

The potential for scaling to higher frequencies is largely determined by ferrite performance. 

Table 3.2 shows some performance parameters of low-cost Ni-Zn soft ceramic ferrite materials 

and toroidal cores designed for RF applications such as EMI suppression (upper group) and 

broadband transformers and baluns (lower group), including their initial relative permeability 𝜇𝜇i, 

the Curie temperature ‘TC’ and the loss factor. The main difference between the groups is the 

maximum usable frequency 𝐹𝐹max. According to Snoeks’ limit [204], a fundamental property of 

ferrite materials is the inverse relationship between 𝜇𝜇i  and 𝐹𝐹max. High-frequency performance is 

therefore accompanied by a reduction in magnetic field confinement capacity and an increase in 

material loss. Physically smaller cores may be used to minimise the volume of magnetic material. 

However, careful design is required to optimise performance. Power handling would likely be 

reduced, and automated coil winding may be required for construction [205]. Despite this, the data 

suggest that the central frequencies may be extended to the low UHF band. Above this, air-cored 

inductors should be used, but non-nearest neighbour coupling and radiation will inevitably 

complicate design and hinder performance. 

Table 3.2. Performance parameters for a selection of ferrite materials and toroidal cores. 
Manufacturer Model Outside 

diameter 
(mm) 

Inside 
diameter 

(mm) 

Height 
(mm) 

𝜇𝜇i 𝐹𝐹max 
(MHz) 

Curie 
Temperature 

(°C) 

Material Loss 
factor 

Ferroxcube - - - - 125 20 >350 4C65 130 at 10 
MHz 

Fair-rite 5961001801 22.10 13.70 6.35 125 25 >300 61 10 at 10 
MHz 

Ferroxcube _ _ _ _ 25 100 >400 4E2 _ 

Fair-Rite 5968001801 22..10 13.70 6.35 16 150 >500 68 300 at 100 
MHz 

National 
Magnetics 

_ - - - 7.5 400 >320 M5 <3500 at 
100 MHz 

 

3.5 Conclusions 

New configurations of magneto-inductive devices with directional filter characteristics have 

been developed, comprising magnetically coupled LC resonators. Design rules have been 
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established, and methods of calculating scattering parameters when filters are used in MI systems 

(which have complex, frequency-dependent impedance) or conventional systems (with real 

impedance) have been developed. The circuit equations have been simplified and solved using 

wave analysis. Analytic expressions have been developed for the power scattering parameters, 

bandwidth, infinite and improved rejection conditions, and centre frequencies of multiple-notch 

filters. A simple method for central frequency tuning has been proposed, and advanced filters 

allowing infinite rejection at a chosen frequency or improved rejection at several frequencies have 

been proposed. 

MI directional filter operation has been verified in the high-frequency range. Ceramic ferrite 

cores have been used to eliminate non-nearest neighbour coupling within a compact layout, and 

simple methods for tuning the element resonant frequencies and nearest neighbour coupling 

coefficients have been proposed and experimentally demonstrated. Experimental results for 

tuneable filters, filters with infinite rejection, and filters with multiple band-stop frequencies have 

all been shown to agree with theoretical models. Sufficient power handling capability for use in 

near field communication systems for HF carrier suppression has been demonstrated, with linear 

filter characteristics despite the use of ferrite cores. 

MI directional filters can also be designed for use at UHF. Potential research could concentrate 

on counteracting ferrite losses, or alternatively, minimization of non-nearest neighbour coupling 

and radiation in open-loop designs. Furthermore, the wave operating principles can be extended 

to other metamaterial types, such as elastic or acoustic. For example, it has already been shown 

that MEMS could be used to generate high-performance two-port notch and comb filters. But, 

most importantly, the new MI filter-couplers may be employed in high-performance slow wave 

near field communication and localisation systems, as shown in the following Chapters. 
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Chapter 4: 

Near Field Localisation with Magneto-

Inductive Waveguide Antennas 

In this Chapter we develop, simulate, and experimentally verify a novel bistatic NFC tag 

localisation method, which employs time-of-flight differences in tag response for accurate 

positioning.  Localisation of passive tags in the high-frequency regime is well-known to be 

problematic, mainly due to the extremely poor range scaling of magnetic near fields. Here we 

present a solution for one-dimensional localisation based on MI waves. Passive NFC-A compliant 

tags are interrogated using a travelling wave antenna formed by a planar MI waveguide. Load 

modulation signals generated by the tag during its unique identifier response are coupled into the 

waveguide and travel to either antenna end at low group velocity. Time-of-arrival differences are 

calculated by pair-wise cross-correlation of the responses, and the tag position is estimated to the 

nearest antenna element. Correlation detection is demonstrated using a system simulation model, 

and theoretical predictions are validated by an experimental system comprising eleven 

transformer-coupled resonators operating at 13.56 MHz frequency. Accurate localisation is 

obtained up to the tag reading limit using less than 1W carrier power. 

4.1 Overview 

The problem of tag localisation in RFID systems has attracted significant interest in both 

industry and academia [47], [48], [206]–[209]. While modern commercial readers can identify and 

communicate with numerous transponders located within their capture volume, they are typically 

unable to differentiate between tags based on their position in physical space, with localisation 

potential limited to detecting their presence or absence. Accurate localisation capability could 

significantly enhance system functionality and is particularly appealing for large-scale logistics 

applications, inventory management, and animal tracking. The argument is further strengthened 

by the wide availability of low-cost tags and the existing worldwide adoption of RFID technology 

[62]. Consequently, multiple tag localisation schemes have been developed, most of which operate 

in the UHF regime [210]–[217] owing to its long operating range and prevalence in logistics. Most 

of the current methods use relative signal strength (RSSI) or backscatter phase indicators for tag 

positioning. Learning algorithms and statistical environment fingerprinting techniques have also 
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been developed to improve accuracy and mitigate environmental disturbances such as multipath 

effects [220], [221]. Multiple reference tags or multiple reader antennas are typically required for 

accurate localisation. A selection of current UHF localisation techniques can be found in Table 4.1. 

The HF regime, however, offers limited possibilities for localisation in comparison, owing to 

the poor range scaling of magnetic near fields and the lack of signal phase information. Current 

research typically leverages the short NFC transmission range for accurate reader localisation 

within reference tag grids with known spatial coordinates [222]–[228]. The readers are often 

affixed to mobile robots for automatic pathfinding, while the reference tag distributions can be 

uniform or sparse [229]. Similar methods have been applied to identify the location and orientation 

of furniture [230] and for smartphone geo-localisation in indoor environments [231], [232]. The 

converse problem of automated tag positioning, however, has fewer solutions, with tracking 

methods limited to the deployment of numerous standalone readers [49], scanning with mobile 

readers [218], [219], [233], or multiplexed antenna arrays [50], [109]–[111]. Costly hardware 

scaling is typically required to increase the capture volume of such methods. It should also be 

Table 4.1. UHF RFID tag localisation methods. 

Located object Reference system Method Reference 

Tag Multiple fixed readers Signal strength [211] 

Reader Multiple fixed tags Signal strength [213] 

Tag Mobile reader antenna Signal phase [215], [216] 

Tag Fixed reader antennas Signal phase [210], [212], [214], [217] 

Table 4.2. NFC tag localisation methods. 
Ref. Located object Antenna type Number of readers Transverse 

range 
Hardware 

complexity 
scaling  

Reader 
power 

[218] Books 1 mobile 
antenna 

1, with probabilistic 
localisation N/A Shelf layout High 

[219] Books 2 mobile 
antennas 

1, with probabilistic 
localisation N/A Room layout High 

[109] Vicinity tag 2 x 2 flexible 
antenna array 1, with multiplexer 11.1 cm Element number 2 W 

[110] Encapsulated 
tag 

21 element 
antenna array 

1, with cascaded 
multiplexers 4 cm Element number 1-5 W 

[50] Encapsulated 
tag 

6x5 antenna 
array 

2, with 16 channels 
each 10 cm Element number 0.5-8 W 

[111] NFC Speedtap 
tags 

5 x5 antenna 
array 

1, but antenna 
elements have 

individual 
oscillators 

3 cm Element number 280 mW 

This 
Chapter ID1 tags 

11-element 
travelling-
wave MI 
antenna 

1, with 2 receivers 6 cm Fixed 1 W 
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noted that one-dimensional MI waveguides have been employed for localisation of metallic 

resonators using load position sensing [234], [235], while MI surfaces have been used for targeted 

wireless charging of NFC devices [236]. Still, tag localisation in the HF regime is underdeveloped 

in comparison to its UHF counterpart. Table 4.2 compares some existing ISO/IEC 14443 Type-A 

compliant localisation techniques with the method proposed in this Chapter.  

4.2 System architecture 

One solution to NFC localisation may be conversion of reader and tag signals to non-radiative 

travelling waves, such as a magneto-inductive waves, which propagate along a waveguide antenna 

with low group velocity. As in a bistatic radar, the tag position may then be estimated from the 

time-of-flight (TOF) difference between the tag responses extracted from either antenna end. 

Unlike radar, however, tags respond to reader queries with a delay determined by the frame delay 

time (FDT), which may fluctuate between individual tags by up to 400 ns [76]. Despite this, we 

show that correlation detection can be employed for accurate localisation using unique identifier 

(UID) tag responses. 

Figure 4.1 shows a block diagram of the proposed system. The antenna comprises a 

transformer-coupled planar MI waveguide antenna with 𝑁𝑁 elements, such that high nearest-

neighbour coupling may be achieved, while minimising non-nearest neighbour coupling effects. 

 
Figure 4.1.  System block diagram for tag localisation by cross-correlation of magneto-inductive waves. 
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The transmit (TX) signal from the reader is injected into the antenna at one end via a MI single-

notch filter-coupler (as demonstrated in the previous Chapter) tuned to the carrier frequency 𝑓𝑓c, 

with a second filter-coupler used to divert any residual carrier into an absorptive load at the other 

end. TX signals propagate along the waveguide antenna, generating external magnetic near fields 

and powering a tag in its vicinity. When interrogated, a tag induces a time-varying load in an 

antenna element, which results in reflected and transmitted slow waves at carrier and sideband 

frequencies. The sidebands are separated from the carrier using the filter couplers and detected by 

two receivers (RX1 and RX2) placed at either end. In the absence of loss, the element magnetic 

field strength is position-independent, so the antenna can be axially extended to increase capture 

volume without detriment to efficiency. Digital notch and bandpass pre-filters are then applied to 

the sampled tag response signals to eliminate any residual carrier and suppress out-of-band 

noise [237]. Baseband tag responses are recovered using envelope detection, implemented by 

rectification and low-pass filtering. The tag UID is then decoded, and pair-wise cross correlation 

of the baseband UID signals is used to estimate the TOF difference Δ𝑡𝑡 = 𝑇𝑇2 − 𝑇𝑇1 [238]. Assuming 

the waveguide group velocity is known, the physical tag position may be obtained from the Δ𝑡𝑡 

estimate. 

The demands on receiver electronics and sampling rate requirements may be reduced by 

maximising the slow wave factor of the MI antenna. Slow-wave structures, however, are generally 

dispersive and the amount of resultant signal distortion increases with slow wave factor. Dispersion 

is thus expected to be a limiting factor on localisation accuracy, particularly for antennas with large 

𝑁𝑁. Performance must also depend on the signal-to-noise ratio (SNR) and the nature of the noise. 

Figure 4.2 shows three possible noise sources, which include (A) uncorrelated receiver noise 𝑛𝑛A 

originating at antenna outputs, (B) partly correlated noise 𝑛𝑛B originating at each element which 

 
Figure 4.2.  Noise sources in a MI waveguide: (A) uncorrelated noise 𝑛𝑛A, (B) weakly correlated noise 𝑛𝑛B, 
and (C) strongly correlated noise 𝑛𝑛C. 
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propagates to either antenna end, or (C) ambient RF noise 𝑛𝑛C induced in all antenna elements 

simultaneously. Obvious sources of internal noise are thermal and shot noise. External noise 

sources include switches, motors, vehicle ignition, plasma processing [239] and, increasingly, 

computers [240]. External noise (C) must generate strongly correlated outputs, which may lead to 

false correlations at Δ𝑡𝑡 = 0. We examine such limitations in the following Sections. 

4.3 Antenna design 

Magneto-inductive waveguides are inherently dispersive. Similarly, MI waves are slow waves 

owing to their band-limited nature (1.15). The group velocity 𝑣𝑣g = 𝑑𝑑𝑑𝑑/𝑑𝑑𝑘𝑘′ in the passband of an 

ideal MI waveguide can be found by differentiating the lossless dispersion relation (1.10). 

Similarly, the slow wave factor (SWF) can be found by comparing 𝑣𝑣g with the free space 

velocity of an electromagnetic wave 𝑐𝑐. 

Figure 4.3 (a) shows the frequency variation of the group velocity, while Figure 4.3 (b) shows 

the frequency variation of the slow wave factor; both normalised by the element width as 𝑣𝑣g/𝑎𝑎 

and 𝑎𝑎𝑎𝑎/𝑣𝑣g, respectively. Two important observations may be made. Firstly, the slow wave factor 

and the waveguide bandwidth have an inverse relationship, meaning |𝜅𝜅| should be minimised to 

maximise the per-element group delay. Secondly, the amount of signal distortion is highest for 

weakly-coupled waveguides owing to the increased group velocity variation within the passband. 

The coupling coefficient should thus be selected to balance group velocity dispersion with group 

delay. It should also be noted that |𝜅𝜅| must be sufficiently high to accommodate the minimum 

backward link bandwidth 𝐵𝐵𝑊𝑊T within the antenna passband. Provided the resonant frequency is 

𝑓𝑓c, the limiting value of the coupling coefficient |𝜅𝜅min| is given by the solution to (4.3). 

Since 𝐵𝐵𝑊𝑊T = 5𝑓𝑓c/32, the minimum coupling coefficient |𝜅𝜅min| ≈ 0.1539. Despite the high 

SWFs, operation around |𝜅𝜅min| may result in unacceptable propagation losses (1.17) and restrict 

𝑣𝑣𝑔𝑔 =
𝜅𝜅𝜅𝜅 sin (𝑘𝑘𝑘𝑘)𝜔𝜔3

2𝜔𝜔02
 (4.1) 

SWF =
𝑐𝑐
𝑣𝑣g

 
(4.2) 

𝐵𝐵𝑊𝑊T = �
1

�1 − |𝜅𝜅min|
−

1

�1 + |𝜅𝜅min|
�𝑓𝑓c 

(4.3) 
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maximum antenna length. The group velocity at resonance is 𝑣𝑣g0 = |𝜅𝜅|𝑎𝑎𝜔𝜔0/2. The SWF at 

resonance is then 𝑐𝑐/𝑣𝑣𝑔𝑔0 = 2𝑐𝑐/(|𝜅𝜅|𝑎𝑎𝑎𝑎0). For 𝑎𝑎 = 15 cm and 𝜅𝜅 = −0.5, say, we then obtain 

SWF ≈ 94, a relatively large value that improves timing accuracy. For 𝑎𝑎 = 1.5 m, the slow wave 

factor reduces to 9.4. Positioning to the nearest element number, however, must be independent 

from the element width, since the per-element group delay is the same for all 𝑎𝑎.  

The TOF differences Δ𝑡𝑡 that must be measured to detect distance-of-flight (DOF) differences 

Δ𝑥𝑥 have the form Δ𝑡𝑡 = Δ𝑥𝑥/𝑣𝑣𝑔𝑔. Since the tag can only be displaced from the waveguide centre by 

a whole number of elements, Δ𝑥𝑥 = 2𝜈𝜈𝜈𝜈, where 𝜈𝜈 is an integer. At resonance, Δ𝑡𝑡 = 4𝜈𝜈/|𝜅𝜅|𝜔𝜔0. In 

terms of the period 𝑇𝑇0 = 2𝜋𝜋/𝜔𝜔0, we obtain Δ𝑡𝑡/𝑇𝑇0 = 2𝜈𝜈/(|𝜅𝜅|𝜋𝜋) . For 𝜅𝜅 = −0.50, the minimum 

TOF difference that must be detected is then Δ𝑡𝑡/𝑇𝑇0 ≈ 4/𝜋𝜋 ≈ 1.273. To reduce timing errors 

below 10%, sampling must be carried out at a frequency 𝑓𝑓samp > 12.73𝑓𝑓0, or at least 173 MSa/s. 

Reduced accuracy, however, may be sufficient. 

For antennas with low signal distortion, tag position may be accurately estimated from Δ𝑡𝑡 for 

all antenna elements. However, MI waveguides have considerable dispersion, especially for low 

|𝜅𝜅|. Localisation accuracy will thus become degraded by envelope changes to the tag response 

signals. The effect will be strongest for tags located at the antenna extremes, when the two signals 

are most dissimilar. The amount of expected distortion may be estimated by the group velocity 

dispersion of an MI waveguide GVD = 𝑑𝑑(1/𝑣𝑣g)/𝑑𝑑𝑑𝑑. 

 
 

Figure 4.3.  (a) Theoretical variation of normalised group velocity 𝑣𝑣𝑔𝑔/𝑎𝑎 and (b) normalised slow wave factor 𝑎𝑎𝑎𝑎/𝑣𝑣𝑔𝑔  
with frequency for an ideal MI waveguide with 𝑓𝑓0 = 13.56 MHz, 𝜅𝜅 = −0.3 (red), 𝜅𝜅 = −0.5 (green), and 𝜅𝜅 =
−0.6 (blue). Dashed lines indicate the carrier and subcarrier frequencies. 
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The GVD is zero when the contents of the curly bracket above vanish, allowing the frequency 

of zero dispersion 𝜔𝜔Z to be found as: 

This ratio is unity when |𝜅𝜅| is low, but gradually rises as |𝜅𝜅| increases. Our studies have shown 

that operation at 𝜔𝜔𝑍𝑍 rather than 𝜔𝜔0 allows some reduction in envelope distortion, but at a price of 

higher losses; consequently, there is little obvious advantage in operating away from resonance. 

For a substantial reduction in signal distortion a linear phase response is required throughout most 

of the passband due to the wide separation between subcarrier sidebands. 

4.4 Tag response characteristics 

We now consider the autocorrelation properties of the tag unique identifier responses as 

defined by NFC-A or ISO/IEC 14443 Type-A. Although this protocol was not designed for 

localisation, suitable autocorrelation envelopes may be obtained for single-size UID frames. 

Figure 4.4 shows the bit-level formatting, as transmitted by the tag in a standard frame. The 

response begins with a start bit S, which is always represented by a logic ‘1’. The UID is then split 

into four bytes, transmitted with the most significant byte first, with each byte followed by a parity 

bit P. The bit order of individual bytes is least significant bit (LSB) first.  The last byte is followed 

by a block check code BCC, obtained as a bitwise exclusive OR of the four UID bytes, which is 

again followed by a parity bit. The UID data frame is terminated with the ‘end of communication’ 

symbol ‘F’, during which no subcarrier modulation occurs. The binary response thus contains 

1 + 5 x 9 = 46 bits, while its Manchester-coded response contains 92 chips. 

Performance of such responses in a correlation detection system may be assessed as follows. 

The processing gain 𝐺𝐺 may be estimated as the bandwidth expansion factor, namely 92𝑁𝑁S, where 

𝑁𝑁S is the number of samples per chip. If 𝑁𝑁S is only moderate, the processing gain can be large (for 

GVD =
−2𝜔𝜔0

2

𝜅𝜅𝜅𝜅𝜔𝜔4sin (𝑘𝑘𝑘𝑘) �
3 +

2𝜔𝜔0
2cos (𝑘𝑘𝑘𝑘)

𝜅𝜅𝜔𝜔2𝑠𝑠in2(𝑘𝑘𝑘𝑘)�
 (4.4) 
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Figure 4.4.  Bit formatting of a single-size tag UID, transmitted in a standard frame. 
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example, 𝐺𝐺 > 2000 for 𝑁𝑁S = 48). Because half of the chips are zero, the peak of each 

autocorrelation is 46𝑁𝑁S times the signal strength. Correlation detection is therefore an intrinsically 

low noise operation. 

In contrast to radar responses, UID autocorrelations are not ideal delta functions. The ability 

to accurately locate the correlation peak then depends on the sidelobe ratio (SLR). Its value may 

be estimated by assuming a two-chip offset for binary codes consisting entirely of ‘ones’ as 𝑆𝑆𝑆𝑆𝑆𝑆 =

46/45 = 1.0222. However, the BCC byte prevents this case arising in practice. For example, 

Figure 4.5 (a) shows the baseband response and the ideal autocorrelation for UID = 

‘0xFFFFFFFF’, where the BCC has introduced discontinuities in the otherwise regular code. These 

have increased the sidelobe ratio to 46/43 = 1.0698. Despite this, the envelope of the 

autocorrelation function is still broad. 

 
 

Figure 4.5.  Baseband Manchester-coded UID responses (upper diagrams) and their autocorrelations 
(lower), for UIDs with (a) low and (b) high sidelobe ratios. 
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The UID above is the worst case we have identified. Using a numerical search of one eighth 

of all possible UIDs (which number 2564 = 4.29 x 109), we have found that SLR does not fall 

below 1.0698, and that the autocorrelation peak sharpens as the code becomes more random, with 

a maximum SLR = 46/22 = 2.0909. In this case, the autocorrelation consists of a sharp peak 

generated by the code itself, superimposed on a triangular base arising from its average level. For 

example, Figure 4.5 (b) shows the baseband response and autocorrelation for UID = 

‘0x010D354A’, which possesses the maximum SLR identified. Similar autocorrelations are 

common, allowing the TOF to be estimated from the location of the sharp central peak, whose 

shape is largely determined by the autocorrelation of a single bit. 

4.5 System simulation 

We now describe the simulation model for the system shown in Figure 4.1, implemented in 

Matlab®, assuming the effects of tag loading on the antenna are negligible. The frequency 

variation of the propagation constant is first found by solving the MI dispersion equation (1.10) 

for a uniform waveguide with 𝑓𝑓0 = 13.56 MHz for sample values of 𝜅𝜅 and 𝑄𝑄. For a given tag 

position, represented by the integer 𝑃𝑃 ∈ [1,𝑁𝑁], this variation is used to calculate transfer functions 

for the two counter-propagating waves, in the form 𝑇𝑇R = 𝑒𝑒−𝑗𝑗𝑁𝑁1𝑘𝑘𝑘𝑘 and 𝑇𝑇T = 𝑒𝑒−𝑗𝑗𝑁𝑁2𝑘𝑘𝑘𝑘, where 𝑁𝑁1 =

𝑃𝑃 − 1 and 𝑁𝑁2 = 𝑁𝑁 − 𝑃𝑃. The effects of the filter couplers are ignored due to their similarity to the 

notch filters. Transfer functions 𝑇𝑇FN and 𝑇𝑇FB for the notch and bandpass filters are also calculated. 

The notch filters were used to achieve 60 dB carrier suppression with minimal sideband 

attenuation, while high-order Butterworth filters were used to reject out-of-band noise. A small 

trade-off between dispersion- and noise-induced errors was observed by adjusting filter bandwidth. 
 

 
Figure 4.6.  Simulated noiseless unfiltered tag load modulation signals 𝑠𝑠1 and 𝑠𝑠2, given  𝐴𝐴m = 0.1, 𝜅𝜅 =
−0.6, 𝑄𝑄 = 200, and 𝑁𝑁 = 11, with the tag positioned at 𝑃𝑃 = 1. 
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A baseband Manchester-coded digital message signal 𝑠𝑠T comprising the tag UID is first 

constructed and used to modulate a square-wave subcarrier waveform with amplitude 𝐴𝐴m to 

generate the tag message signal. The resultant signal is then used to AM-modulate a carrier 

waveform with a unit amplitude, sampled at 𝑓𝑓samp = 96𝑓𝑓c. The resultant vector 𝑠𝑠0 is used to 

represent the load-modulation signal. 

 Propagation and filtering are simulated by using the discrete Fourier transform to obtain the 

frequency domain equivalent 𝑆𝑆0, applying the transfer functions of the MI waveguide (𝑇𝑇R or 𝑇𝑇T) 

to obtain the transformed frequency-domain signals 𝑆𝑆1 and 𝑆𝑆2, and using the inverse Fourier 

transform to generate time domain signals 𝑠𝑠1 and 𝑠𝑠2, as shown in Figures 4.7 and 4.6, respectively. 

s0(𝑡𝑡) = (1 + 𝐴𝐴m𝑠𝑠T sgn(cos(2𝜋𝜋𝑓𝑓s𝑡𝑡) ) cos(2𝜋𝜋𝑓𝑓c𝑡𝑡) (4.6) 

 
 

Figure 4.7.  Simulated noiseless unfiltered tag modulation signals 𝑆𝑆1 and 𝑆𝑆2 for 𝐴𝐴m = 0.1, 𝜅𝜅 = −0.6, 
𝑄𝑄 = 200, and 𝑁𝑁 = 11, with the tag positioned at 𝑃𝑃 = 1. Dashed red lines indicate the antenna 
frequency passband. 
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Figure 4.8.  Digital notch and bandpass filter transfer functions 𝑇𝑇FN and 𝑇𝑇FB for carrier and out-of-band 
noise suppression. 
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The simulated traces were obtained using 𝐴𝐴m = 0.1, 𝜅𝜅 = −0.6, 𝑄𝑄 = 200, with the tag positioned 

at the left end of an 11-element antenna. As in conventional systems, weak tag response signals 

are superimposed on the dominant carrier signal. The effects of antenna distortion are evident from 

the characteristics of 𝑆𝑆2 extracted from the right end, which has become filtered by the antenna 

passband, unlike 𝑆𝑆1. 

Digital filters 𝑇𝑇FN and 𝑇𝑇FB (Figure 4.8), are then applied in similar fashion to obtain the filtered 

time-domain signals 𝑠𝑠1f and 𝑠𝑠2f (Figure 4.9), and the filtered frequency-domain signals 𝑆𝑆1f and 

 
 

Figure 4.9.  Simulated noiseless filtered tag load modulation signals 𝑠𝑠1f and 𝑠𝑠2f, given  𝐴𝐴m = 0.1, 𝜅𝜅 =
−0.6, 𝑄𝑄 = 200, and 𝑁𝑁 = 11, with the tag positioned at 𝑃𝑃 = 1. 
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Figure 4.10.  Simulated noiseless filtered tag load modulation signals 𝑆𝑆1f and 𝑆𝑆2f, given  𝐴𝐴m = 0.1, 
𝜅𝜅 = −0.6, 𝑄𝑄 = 200, and 𝑁𝑁 = 11, with the tag positioned at 𝑃𝑃 = 1. 
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𝑆𝑆2f (Figure 4.10). The effect of the filters is to eliminate the carrier and suppress the tag response 

harmonics introduced by the square-wave subcarrier, which is employed by real tags. The outputs 

must now be down-converted for further processing. 

Baseband envelopes are recovered by rectification and convolution with a rectangular 

window for low-pass filtering, and the down-converted signals 𝑠𝑠1D and 𝑠𝑠2D are obtained, both 

clearly representative of the binary Manchester-coded tag UID (Figure 4.11). The standard data 

 
 

Figure 4.11.  Simulated noiseless down-converted load modulation signals 𝑠𝑠1D and 𝑠𝑠2D, given  𝐴𝐴m =
0.1, 𝜅𝜅 = −0.6, 𝑄𝑄 = 200, and 𝑁𝑁 = 11, with the tag positioned at 𝑃𝑃 = 1. 
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Figure 4.12.  Simulated noiseless cross-correlation plots over long (upper diagram) and short (lower 
diagram) timescales for UID = ‘0xF38AE495’, given  𝐴𝐴m = 0.1, 𝜅𝜅 = −0.6, 𝑄𝑄 = 200, and 𝑁𝑁 = 11, 
with the tag positioned at 𝑃𝑃 = 1. 
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frames are recovered by correlation with the backward-link bit code symbols, and UIDs are 

extracted after checking parity bits and the BCC. The signals 𝑠𝑠1D and 𝑠𝑠2D are cross-correlated, and 

Δ𝑡𝑡 is found from the difference in peak times obtained from pair-wise cross-correlation as shown 

in Figure 4.12. The tag position 𝑃𝑃est is then estimated from Δ𝑡𝑡 using the group velocity at 

resonance 𝑣𝑣g0. Figure 4.13 (a) shows the simulated variation of 𝑃𝑃est with tag position 𝑃𝑃 for a 

noiseless system. As expected, the variation is linear, and the slope of the line varies with the 

antenna coupling coefficient due to group velocity dispersion.  Correct localisation is assumed if 

the position error 𝑒𝑒 = 𝑃𝑃est − 𝑃𝑃 satisfies |𝑒𝑒| < 0.5, meaning 𝑃𝑃 = round(𝑃𝑃est), where ‘round()’ 

signifies rounding to the nearest integer. 

The effects of dispersion are diminished by stronger coupling. For example, Figure 4.13 (b) 

shows the variation of 𝑒𝑒 with 𝑃𝑃, for an 11- element antenna with variable 𝜅𝜅. In each case, 𝑒𝑒 varies 

linearly with 𝑃𝑃, and the slope is reduced towards zero by increasing |𝜅𝜅|. Simulations of longer 

guides with 𝑁𝑁 up to 41 showed similar trends, and localisation with |𝑒𝑒| < 0.5 was possible 

provided |𝜅𝜅| was large enough. The localisation error is always highest at antenna extremes, due 

to maximum dissimilarity between the extracted tag responses. Similarly, the error is zero at the 

 
 

Figure 4.13.  (a) Simulated variation of the tag position estimate 𝑃𝑃est with tag position 𝑃𝑃 for 𝜅𝜅 = −0.3 
and 𝜅𝜅 = −0.8, with dashed lines indicating 𝑃𝑃est thresholds; (b) simulated variation of position estimation 
error 𝑒𝑒 with tag position 𝑃𝑃 for a range of 𝜅𝜅 values as indicated in the legend. Both subfigures assume no 
noise and 𝑁𝑁 = 11. 
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midpoint element since the signals are identical in the absence of noise. If the tag is laterally offset, 

especially at non-zero range, load modulation signals may be induced in more than one element. 

It is simple to modify the model to include signals from a neighbouring element. Their effect is to 

pull the estimated tag position toward the adjacecent loop. 

Naturally, the presence of noise degrades localisation accuracy and limits the maximum 

antenna length. An initial investigation using the noise models in Figure 4.2 was performed, using 

data from multiple simulations with the tag positioned at 𝑃𝑃 = 1 (worst-case) and a modest 

sampling rate of 𝑓𝑓samp = 8𝑓𝑓c. In each case, white Gaussian noise sources with variance 𝜎𝜎2 was 

introduced (A) before the filters at each end, (B) at each antenna element with no correlation 

between sources, and (C) at each antenna element with complete correlation between sources. The 

signal-to-noise ratio within the antenna passband was then varied for noise models (A)-(C), and 

100 samples of 𝑃𝑃est were obtained for each SNR value. The samples were then fitted to Gaussian 

distributions, and the means and variances for each noise model were plotted in Figure 4.14 (a) 

and Figure 4.14 (b), respectively. The estimate means and variances were stable and accurate up 

to a threshold SNR ≈ 10dB for all noise models. As noise levels rose, the standard deviation 𝜎𝜎A 

for receiver noise (A) began to increase geometrically, while the mean 𝜇𝜇A remained approximately 

constant, dipping slightly around 0 dB only to return to original levels. Similar behaviour was 

 
 

Figure 4.14.  Variation of the (a) mean and (b) standard deviation of the tag position estimate 𝑃𝑃est with 
SNR for noise models (A), (B), and (C), obtained by simulation for 𝜅𝜅 = −0.6, 𝑃𝑃 = 1, using a sample 
size of 100 for each SNR value. 



92 
 

observed for model (B). Ambient correlated noise (C), however had the opposite effect, such that 

the mean 𝜇𝜇C rose for low SNR while the standard deviation 𝜎𝜎C remained constant. This behaviour 

is expected, as the correlated nature of the noise forces the mean position estimate towards the 

midpoint antenna element. 

4.6 Experimental verification 

We now present an experimental verification of TOF tag localisation using a demonstration 

magneto-inductive antenna and a custom NFC-A reader. Experiments were carried out using an 

11-element MI antenna with an overall length just below 1.8 m, with antenna photographs shown 

in Figure 4.15. The number of elements was large enough to demonstrate operation, while the use 

of an odd number of resonators conveniently provided a midpoint element with zero time of flight 

difference. Each element was constructed from 1/8” outer diameter copper pipe, bent to shape and 

held in a planar arrangement using 3D-printed mounts fabricated using polylactic acid with a 

relative permittivity of approximately 2.5. The horizontal conductor separation was 15 cm, the 

vertical separation was 6 cm, while adjacent elements were separated by ~1.3 𝑐𝑐𝑐𝑐. This 

arrangement minimised coupling by free-space fields, reducing the likelihood of a tag being 

detected simultaneously by two elements. Nearest neighbour magnetic coupling was achieved 

using transformers based on low-loss ferrite toroidal elements (5967000601, Fair-Rite Products 

Corp.), with opposite winding directions such that 𝑀𝑀 < 0. Neighbour coupling was mechanically 

adjustable over the range −0.3 ≤ 𝜅𝜅 ≤ −0.6 by using a rapid prototyped mechanism to alter the 

relative position of the two coil windings, similarly to the coupling tuning mechanisms discussed 

in the previous Chapter. 

 
 

Figure 4.15. Photographs of the prototype MI antenna used for time-of-flight tag localisation. (a) Top view 
of the antenna with an ID-1 tag at midpoint; (b) tuneable coupling transformers; (c) perspective view of the 
antenna. 



93 
 

Tuning and matching were carried out using an electronic network analyser (Agilent 

E5061B). The total element self-inductance was 𝐿𝐿 = 2.45 μH, the resonant frequency was set to 

𝑓𝑓𝑐𝑐 = 13.56 MHz with a quality factor of 𝑄𝑄 = 180 using mica capacitors with 𝐶𝐶 = 56 pF. The 

coupling coefficient was adjusted to give a mid-band characteristic impedance of 𝑍𝑍0M = 50 Ω, 

which required 𝜅𝜅 =  −0.48. To minimise unwanted reflections due to antenna imperfections, each 

resonator was equipped with a variable capacitor for individual tuning, while mutual inductance 

uniformity was ensured by pair-wise tuning of the coupling transformers between the elements. 

Figure 4.16 (a) compares the theoretical dispersion characteristic from (1.10) with the measured 

resonant frequencies of an un-loaded 9-element antenna, which lie at 𝑘𝑘𝑘𝑘 = 𝜈𝜈𝜈𝜈/10, where 𝜈𝜈 =

−9 …− 1; excellent agreement is observed. Figure 4.16 (b) compares the theoretical frequency 

variation of the scattering parameters for an 11-element antenna obtained by numerical circuit 

simulation with the experimental measurements obtained using the electronic network analyser. 

The results show good matching and low-loss propagation between ~11 MHz and ~18 MHz with 

a minimum loss of 1.5 dB, which is approximately 0.5 dB below the theoretical estimate. 

A transceiver was constructed with the functionality as depicted in Figure 4.1. Digital data 

frames compliant with NFC-A and ISO/IEC 14443 Type-A were generated using a personal 

computer and passed via unique serial bus (USB) to a microcontroller (Arduino Uno) acting as a 

 
 

Figure 4.16. (a) Comparison of the theoretical dispersion characteristic (dashed blue) with the 
experimental measurement (crosses) of antenna resonances; (b) comparison of the theoretical antenna 
scattering parameters with experimental scattering parameters. Dashed black lines indicate the carrier and 
subcarrier frequencies. 
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function generator. The output from the microcontroller was used to modulate a carrier at 

13.56 MHz derived from a signal generator (TTi TGR6000) via an RF analogue switch 

(Minicircuits ZFSWHA-1-20+) to generate 100% ASK at 106 kb/s. A quartz crystal filter was 

placed at the output of the carrier generator for denoising. The HF carrier was amplified to a 

maximum power of 1 W using an amplifier (Minicircuits ZHL-32A+), and a low-pass filter with 

a cutoff at 20 MHz was used to suppress any harmonics in the amplifier response. Signals were 

transferred into and out of the MI waveguide using matched lumped element filter couplers at each 

end. Detection of OOK tag responses was done using a digital storage oscilloscope (Keysight 

InfiniiVision DSOX3024T) with a sampling rate of 1.25 GSa/sec, which acted as a signal 

acquisition buffer. Two oscilloscope channels were used as receivers RX1 and RX2. The acquired 

tag response samples were passed back to the PC via USB for further processing in Matlab®. 

Digital filters from Figure 4.8 were used to suppress carrier and noise, and a Tukey window was 

used to remove artifacts at signal edges. Unique identifiers were recovered by rectification, 

filtering, and correlation with Manchester transition templates (like in simulation), while the tag 

position was estimated by pair-wise cross-correlation. A photograph of the complete tag 

localisation system is provided in Figure 4.17. 

Figure 4.18 shows the reader-tag data exchange during the UID acquisition handshake. The 

reader first generated an unmodulated HF field for 5 ms to ensure the tag transitioned from the 

 
 

Figure 4.17. NFC tag localisation system in operation with post-processed results displayed on PC screen 
and raw tag UID traces displayed on the oscilloscope screen. 
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‘off’ state into the ‘idle’ state. The reader then issued an ‘REQA’ query using a short data frame, 

with the tag responding with ‘ATQA’ and transitioning into the ‘ready’ state. Afterwards, the 

reader initiated the anticollision procedure with CL𝑛𝑛 = 1 and NVB = 0x20, requesting the tag to 

present its complete unique identifier. The reader field was then disabled after UID acquisition. 

Experiments were carried out using an ISO/IEC 14443 Type-A compliant Class-1 tag in an 

ID-1 smartcard package measuring 85 mm x 54 mm and a tag UID of 0xF38AE495. The tag had 

a resonant frequency of 14.5 MHz and an unloaded Q-factor of  ~30 (both measured with the tag 

in the ‘off’ state). The tag was placed at the centre of each antenna element, with the tag footprint 

confined by the resonator conductors. The antenna-tag separation could be regulated using 

dielectric spacers. Figure 4.19 shows the acquired tag responses 𝑆𝑆1 and 𝑆𝑆2 in the frequency domain 

for 𝑃𝑃 = 1 and 0 cm antenna-tag separation, as measured at RX1 and RX2 prior to digital filtering. 

A remarkable similarity with the simulated responses from Figure 4.7 is observed, such as the 

attenuation of out-of-band frequency components in 𝑆𝑆2 by the MI antenna passband as well as the 

presence of harmonics in the tag response. The spectra also highlight the weak nature of the tag 

response signals, with subcarrier powers approximately 30 dB below the carrier power, even after 

~20 dB of carrier attenuation administered by the filter-couplers. Despite this, tag responses were 

recovered easily. Figure 4.20 shows the recovered response envelopes 𝑠𝑠1D and 𝑠𝑠2D. The latter had 

a slightly lower amplitude, due to the larger numbers of elements traversed. For both signals, the 

parity bits, the BCC, and the tag UID were correct. 

 
 

Figure 4.18. Reader-tag ‘handshake’ compliant with NFC-A used to acquire a single-size tag UID. 
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The experimental cross-correlations plotted on long and short timescales in Figure 4.21 

demonstrate accurate localisation with a small position error (here, 𝑒𝑒 ≈ −0.13). Rounding of the 

correlation peaks is insignificant, and substantial agreement with Figure 4.12 validates both the 

theoretical model and the general approach of timing by cross-correlation of UID responses. 

As expected, the time delay between the two signals increased linearly with tag displacement 

from the array centre, with a peak delay of ~1 μs. Figure 4.22 shows the experimental variation 

of the positioning error 𝑒𝑒 with 𝑃𝑃, obtained at zero antenna-tag separation over a range of carrier 

power between 0.05 W and 1 W. In each case, the tag UID was recovered correctly, and the tag 

 
 

Figure 4.19. Frequency spectrum of the tag response signals as measured by the oscilloscope at RX1 and 
RX2 for 𝑃𝑃 = 1 and UID = 0xF38AE495. Dashed red lines indicate the experimental antenna passbands. 
Dashed black lines indicate the carrier and subcarrier frequencies. 
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Figure 4.20.  Experimental measurement of down-converted signals obtained using the 11-element 
antenna using a tag with a UID of 0xF38FEA95 at 𝑃𝑃 = 1. 
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position was correctly estimated with |𝑒𝑒| < 0.5. At higher powers, the slope of the error variation 

is in good agreement with results in Figure 4.13 (b) for 𝜅𝜅 = −0.5; however, the slope reduced 

slightly as the RF power and SNR reduced. 

Figure 4.23 shows Gaussian probability density functions fitted to 100 experimental samples 

of tag position estimates for varying antenna-tag separations (0cm to 3cm), with the tag at 𝑃𝑃 = 1 

 
 

Figure 4.21 Experimental cross-correlation signals over long (upper diagram) and short (lower) timescales obtained 
using the 11-element antenna, for UID = 0xF38FEA95 and 𝑃𝑃 = 1. 

 
 

Figure 4.22. Experimental variation of localisation error e with position 𝑃𝑃 obtained using the 11-element MI 
waveguide at different carrier powers as indicated in the legend. Solid lines are lines of best ft. 
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and using 1 W of carrier power. As the range increases and the SNR deteriorates, the distribution 

broadens and shifts towards the array centre, implying that the most likely noise source is 

correlated ambient noise (C) from Figure 4.2. Tags could be correctly located at antenna-tag 

separations of up to 5 cm, but errors fell outside acceptable limits at 6 cm, the conductor separation, 

when the UID was no longer recovered correctly. This occurred due to insufficiently high external 

field strength to power the tag. Carrier powers in excess of 1 W would be required to extend 

operating range. The results were similar for other tags, including the best and worst unique 

identifier cases with UID = 0x010D354A and UID = 0xFFFFFFFF identified in Section 4.4. 

Localisation of small fob-type tags was possible, but only at zero antenna-tag separation using 

1 W carrier power. Similar results were obtained by cross-correlation of reconstructed UID 

templates. Although correlation peaks were sharper, no convincing improvement in the mean or 

standard distribution of the estimated position were observed. 

4.7 Conclusions 

A new method of one-dimensional NFC tag localisation based on time-of-flight differences 

in tag response in a slow wave magneto-inductive antenna has been proposed and demonstrated. 

The autocorrelations of ISO/IEC 14443 Type-A unique identifier responses have been 

investigated. A correlation detection scheme has been proposed, and simulations using a transfer 

function model with practical parameters have shown that flight times may be estimated by 

correlation of responses from either end of the antenna, provided the magnetic coupling coefficient 

is sufficiently high. TOF difference may be converted into distance-of-flight difference and thence 

to a tag position estimate using the MI waveguide group velocity, allowing localisation to be 

combined with identification despite uncertainty in either the exact nature or the timing of the tag 

signal. Theoretical predictions have been confirmed experimentally using an 11-element model 

 
 

Figure 4.23. Normal probability density functions fitted to 100 experimental position estimate samples for each value 
of antenna-tag separation, with the tag placed at 𝑃𝑃 = 1 using 1 W carrier power. 
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waveguide with small loop dimensions, and tag positions have been estimated accurately at 

transverse ranges up to the tag reading limit using RF carrier power levels below 1W. 

While highly effective at tag localisation, the current system has several limitations: the 

travelling wave antenna is rigid and physically small, the maximum number of resonators is 

bounded by high group velocity dispersion, and both the coupling coefficients and element 

resonant frequencies must be carefully tuned for accurate performance; all of which make the 

proposed solution unsuitable for real world applications. Marginal improvements in practicality 

may be achieved by scaling the resonator dimensions. Flexible printed MI antennas could also be 

developed to reduce weight and bulk, improve consistency of element resonant frequencies and 

coupling, and allow more general layouts. Meander waveguide layouts could be implemented to 

enable quasi-2D tracking, while arrays might enable full 2D tracking based on the propagation of 

cylindrical waves. Significant improvements, however, require fundamental changes to the 

antenna topology. In the following Chapter, we develop and implement novel distributed and 

flexible slow wave antenna topologies, which address all the aforementioned limitations. 
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Chapter 5: 

Slow Wave Antennas for Near Field 

Communication and Localisation 

To improve the practicality, robustness, and performance of the TOF tag localisation system 

from the previous Chapter, we now develop a novel class of flexible waveguide antennas with 

distributed read nodes. The antennas comprise sections of coaxial transmission lines which are 

periodically loaded with field-generating inductive networks. Several topologies were compared 

to each other theoretically and the best-performing candidate was selected to fabricate antennas 

between 5 and 48.5 metres long, each containing 15 read nodes. Waveguiding properties of the 

antennas were measured and agreement with theory was demonstrated. Afterwards, each antenna 

was integrated with a custom NFC reader and shown to be capable of near field communication 

with and localisation of commercial off-the-shelf transponders compliant with ISO 14443 Type-A 

protocol. The transverse detection range was 10 cm using 1 W reader carrier power. Both one-

dimensional and quasi two-dimensional configurations were tested. The proposed antennas are 

flexible, scalable, have low loss, and can be used for near field communication, identification, and 

tracking of distributed and mobile tags. 

5.1 Overview 

In the previous Chapter, we introduced an alternative approach to one-dimensional NFC tag 

localisation, which exploited the slow wave properties of a magneto-inductive travelling-wave 

antenna. A signal generated by a tag propagated in two opposite directions along the antenna with 

low group velocity. Receivers placed at both antenna ends detected the signals with a measurable 

delay, and the transponder position along the antenna was estimated from the time-of-flight 

difference. While the localisation method was shown to be highly effective, the practicality of the 

system was limited by magneto-inductive antenna properties and characteristics. Unfortunately, 

such limitations are inherent to all MI waveguides. 

Nearest-neighbour coupling coefficients must be kept high to minimise propagation loss and 

group velocity dispersion, meaning one must resort to either quasi-axial air-coupled arrangements, 

or planar MI waveguides with ferrite transformers. The former requires a higher number of 

resonators per unit length due to the element overlap, which makes non-nearest neighbour coupling 
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an issue and increases losses per unit length. The latter option minimises the unwanted coupling, 

but the resultant antennas are rigid and bulky. Furthermore, both implementations incur substantial 

loss per unit length and require careful tuning of element resonances and coupling coefficients to 

ensure antenna uniformity. Finally, it may be desirable to distribute the capture volume in physical 

space, as opposed to the inherently continuous fields of MI waveguides. 

Fortunately, other waveguide topologies are also capable of supporting slow waves. Well-

known examples are left- and right-handed waveguides that contain periodic lumped-element 

sections [241], [242] or electrically small resonators [243]. Therefore, waveguides that both 

support slow waves at HF and comprise field-generating inductors that can couple to NFC 

transponders have potential as antennas. The aim of this Chapter is thus to explore candidate 

waveguide antennas and experimentally demonstrate their use in NFC communication and TOF 

localisation. Preference is given to topologies which are flexible, modular, easily matched to real 

systems, and have favourable group velocity dispersion and propagation loss characteristics. 

5.2 Design of loaded transmission lines 

Here, we provide a theoretical analysis of waveguide antennas formed by sections of 

transmission lines (such as coaxial cables) loaded periodically with lumped-element networks. The 

networks must contain inductors that generate magnetic near fields and can couple to NFC devices 

placed in their vicinity. We will refer to these networks as sensors and to the entire waveguides as 

loaded transmission lines (LTLs). Below, we derive the characteristic equations of LTLs and 

discuss how their properties can be optimised for near field transponder localisation. 

Figure 5.1. Schematic presentation of (a) classical periodic cascade of two-port networks, each described 
by a transmission matrix 𝑷𝑷 and (b) loaded transmission line (LTL) formed by a periodic cascade of coaxial 
cable sections and generic two-port networks with transmission matrices 𝑻𝑻 and 𝑺𝑺, respectively. 

 

 

  

 

 

           

               
       

              
         

 

 

 

  

 

 



102 
 

5.2.1 Two-port cascades 

First, we briefly discuss some known properties of the periodic two-port network cascades 

shown in Figure 5.1 (a) [160]. All such networks can be modelled using a two-by-two transmission 

matrix 𝑷𝑷 = [𝐴𝐴,𝐵𝐵;𝐶𝐶,𝐷𝐷]. A current 𝐼𝐼𝑛𝑛 at an angular frequency 𝜔𝜔 flows into the 𝑛𝑛th network that 

has a voltage 𝑉𝑉𝑛𝑛 across its left-side terminals. The voltages and currents on either side of the two-

port are related by 

This periodic structure can support waves, with voltages and currents satisfying relationships 

𝑉𝑉𝑛𝑛+1 = 𝑉𝑉𝑛𝑛𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 and 𝐼𝐼𝑛𝑛+1 = 𝐼𝐼𝑛𝑛𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗, where 𝑘𝑘 is the propagation constant, and 𝑠𝑠 is the length of 

the network. Nontrivial solutions of (5.1) exist when 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗 is an eigenvalue of 𝑷𝑷. 

Equation (5.2) is the general dispersion equation for the two-port cascade. If 𝑷𝑷 is reciprocal, 

then det𝑷𝑷 = 1, and (5.2) can be simplified to 

The propagation constant 𝑘𝑘 is generally complex and frequency dependent. However, if 𝑷𝑷 is 

lossless,  𝐴𝐴 and 𝐷𝐷 are purely real, while 𝐵𝐵 and 𝐶𝐶 are purely imaginary. Propagation may only occur 

in passbands for which |cos(𝑘𝑘𝑘𝑘) | < 1, so that Im(𝑘𝑘) = 0.  Propagation is forbidden in stopbands, 

where 𝑘𝑘 is purely imaginary. If a network contains lossy components, attenuated out-of-band 

propagation is allowed. If the network is also symmetric, then 𝐴𝐴 = 𝐷𝐷, and (5.3) simplifies to 

cos(𝑘𝑘𝑘𝑘) = 𝐴𝐴. 

 The voltages and currents at any plane of the cascade are related by a characteristic 

impedance defined as 

The values of 𝑍𝑍0 are different for forward- and backward-wave propagation. In lossless 

symmetrical networks, the characteristic impedance is real in the passband and imaginary in the 

stopbands. In the general case, 𝑍𝑍0 is complex at all frequencies. 

�𝑉𝑉𝑛𝑛𝐼𝐼𝑛𝑛
� = �𝐴𝐴 𝐵𝐵

𝐶𝐶 𝐷𝐷� �
𝑉𝑉𝑛𝑛+1
𝐼𝐼𝑛𝑛+1

�. (5.1) 

𝑒𝑒𝑗𝑗2𝑘𝑘𝑘𝑘 − (𝐴𝐴 + 𝐷𝐷)𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗 + 𝐴𝐴𝐴𝐴 − 𝐵𝐵𝐵𝐵 = 0 (5.2) 

cos(𝑘𝑘𝑘𝑘) =
𝐴𝐴 + 𝐷𝐷

2
 (5.3) 

𝑍𝑍0 =
𝑉𝑉𝑛𝑛
𝐼𝐼𝑛𝑛

=
𝐵𝐵

𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗 − 𝐴𝐴
 (5.4) 
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5.2.2 Loaded transmission lines 

We now consider the LTL shown schematically in Figure 5.1 (b). A unit cell is formed by a 

section of a coaxial cable of length 𝑑𝑑, followed by a reciprocal two-port network 𝑺𝑺 =

[𝐴𝐴S,𝐵𝐵S;𝐶𝐶S,𝐷𝐷S] of a length 𝑎𝑎. Together they correspond to the earlier network 𝑷𝑷. Now, the length 

of each section is 𝑠𝑠 = 𝑑𝑑 + 𝑎𝑎. 

The cable can be described as a lossy transmission line with an inductance per unit length 𝐿𝐿T 

and capacitance per unit length 𝐶𝐶T, and characteristic impedance 𝑍𝑍T. The cable transmission matrix 

𝑻𝑻 is of the form 

where 𝛾𝛾 is the cable’s complex propagation constant 𝛾𝛾 = 𝛽𝛽 − 𝑗𝑗𝑗𝑗, with 𝛽𝛽 ≈ 𝜔𝜔�𝐿𝐿T𝐶𝐶T for low-loss 

cables. 

The unit cell of the LTL waveguide can, for example, be described by an asymmetric 

transmission matrix 𝑷𝑷 = 𝑻𝑻𝑻𝑻. Alternatively, a symmetric cell can also be chosen, with (𝑑𝑑/2)-long 

cables attached to each sensor port. By substituting the analytic expressions for the elements of 𝑷𝑷 

into (5.3), we obtain the LTL dispersion relation. 

As before, (5.6) may be simplified if 𝑺𝑺 is symmetric or reciprocal. The characteristic 

impedance of the LTL may also be obtained using (5.4). 

5.2.3 Sensor network topologies 

Equations (5.6) and (5.7) model generic LTL waveguides, and candidate sensor networks 𝑺𝑺 

should now be identified that are suitable for near field communication, identification, and 

localisation. Requirements are set by communication protocols, and we will again use the ISO/IEC 

14443 Type-A specification. If a waveguide antenna is used, the group velocity dispersion should 

𝑻𝑻 = �
cos(𝛾𝛾𝛾𝛾) 𝑗𝑗𝑍𝑍T sin(𝛾𝛾𝛾𝛾)

�
𝑗𝑗
𝑍𝑍T
� sin(𝛾𝛾𝛾𝛾) cos(𝛾𝛾𝛾𝛾) � (5.5) 

cos(𝑘𝑘𝑘𝑘) =
1
2
�(𝐴𝐴S + 𝐷𝐷S) cos(𝛾𝛾𝛾𝛾) + 𝑗𝑗 �

𝐵𝐵S
𝑍𝑍T

+ 𝑍𝑍T𝐶𝐶S� sin(𝛾𝛾𝛾𝛾)� (5.6) 

𝑍𝑍0 =
𝐵𝐵S cos(𝛾𝛾𝛾𝛾) + 𝑗𝑗𝑍𝑍T𝐷𝐷S sin(𝛾𝛾𝛾𝛾)

𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗 − [𝐴𝐴S cos(𝛾𝛾𝛾𝛾) + 𝑗𝑗𝑍𝑍T𝐶𝐶S sin(𝛾𝛾𝛾𝛾)] (5.7) 
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be minimised over the protocol bandwidth to prevent signal distortion.  On the other hand, the 

TOF localisation method relies on being able to detect the difference in arrival times of transponder 

signals. To maximise this difference, the slow wave factor of the waveguide should be maximised. 

Figure 5.2 shows schematically idealised characteristics of a waveguide antenna optimised for 

both communication and transponder localisation. The dispersion curve [Figure 5.2 (a)] is linear 

(to eliminate dispersion), and propagation is band-limited (to minimise the group velocity). The 

passband is equal to 𝐵𝐵𝑊𝑊T = 2.12 MHz (the minimum backward-link bandwidth for NFC-A). The 

group velocity 𝑣𝑣g = (𝜕𝜕𝜕𝜕)/(𝜕𝜕𝑘𝑘′) can be calculated from the idealised dispersion characteristic as 

(2𝜋𝜋 ⋅ 𝑠𝑠 ⋅ 𝐵𝐵𝑊𝑊T)/ 𝜋𝜋 = (5/16)𝑓𝑓c ⋅ 𝑠𝑠 = 4.24 ⋅ 106 ⋅ 𝑠𝑠 m/s. The slow wave factor (SWF = 𝑐𝑐/𝑣𝑣g, 

where 𝑐𝑐 is the free-space light velocity) is 16𝑐𝑐/(5𝑓𝑓c ⋅ 𝑠𝑠) = 70.8/𝑠𝑠, where the numerator is in 

metres. The characteristic impedance over the passband must be real and equal to 𝑍𝑍T, 

independently of the cable length, as shown in Figure 5.2 (b). Figure 5.2 shows the characteristics 

of a right-handed waveguide, but the arguments are equally applicable to a left-handed one. 

Figure 5.2. (a) Dispersion curve (red) and (b) characteristic impedance (green and blue) of an idealised 
LTL antenna for transponder tracking and communication. The passband covers the minimum backwards 
link bandwidth 𝐵𝐵𝑊𝑊T = 2.12 MHz of the ISO/IEC 14443 Type-A protocol to maximise SWF. The 
group velocity is constant and minimised. The characteristic impedance is real and constant across the 
passband. 
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Figure 5.3. Sensor network candidates that include series/shunt impedances (i-)(ii), pi-sections (iii)-(iv), or 
t-sections (v)-(vi). 
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Such characteristics are unattainable in practice but can serve to assess practical sensor 

implementations. Possible candidates are shown in Figure 5.3, in the order of increasing 

complexity. The simplest LTL topologies comprise a shunt or a series impedance 𝑍𝑍. The impedance 

itself can be either (i) a series or (ii) a parallel LC resonator. Topologies (iii) and (v) are, 

respectively, the standard lumped-element t- and pi-sections of a right- and a left-handed 

transmission line. Topologies (iv) and (vi) are constructed from (iii) and (v) by adding another 

capacitor 𝐾𝐾 as indicated. Analytical calculations presented in this Section will assume lossless 

wave propagation; effects of loss will be considered in the following Sections. 

For LTLs made of coaxial cables loaded with impedances 𝑍𝑍 in a series or a shunt configuration, 

we have 𝐴𝐴S = 𝐷𝐷S = 1. Cable sections of non-zero length are required for wave propagation. 

Equation (5.6) can be simplified as 

where 𝑟𝑟 = 𝑍𝑍/𝑍𝑍T for the series and 𝑟𝑟 = 𝑍𝑍T/𝑍𝑍 for the shunt configurations. 

Figure 5.4 (a) shows the real part of the propagation constant, and Figure 5.4 (b) shows the 

slow wave factor for (i) series and (ii) parallel LC resonators connected in series and shunt 

configurations respectively, with 𝐶𝐶T = 92 pF/m, 𝐿𝐿T = 230 nH/m, and 𝑍𝑍T = 50 Ω. In both cases, 

𝐿𝐿 = 2 μH, and the value of 𝐶𝐶 is chosen to place the resonant frequency at 13.56 MHz. The cable 

length 𝑑𝑑 is 4 m. Both cases exhibit a bandpass response, and the bandwidth depends on the cable 

length and the value of 𝐿𝐿. 

For both configurations, increasing the cable length narrows the passband and shifts it down 

in frequency. The effect is more pronounced at higher frequencies. For the series configuration, a 

cos(𝑘𝑘𝑘𝑘) = cos(𝛽𝛽𝛽𝛽) +
1
2
𝑗𝑗𝑗𝑗 sin(𝛽𝛽𝛽𝛽) (5.8) 

Figure 5.4. Dispersion relation and slow wave factor for LTL waveguide loaded with impedances (i) and 
(ii) in series and shunt configurations respectively for 𝐿𝐿 = 2 μH, 𝐶𝐶 = 69.9 pF, and 𝑑𝑑 = 4 m. Dashed 
lines indicate the carrier and subcarrier frequencies. 
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larger value of 𝐿𝐿 reduces the upper cut-off frequency but has little effect on the lower cut-off. 

Conversely, a larger value of 𝐿𝐿 increases the upper cut-off frequency for the shunt configuration.  

The characteristic impedance is 𝑍𝑍0 = 𝑍𝑍T at 𝑓𝑓c for both configurations. Series loading with (i) 

favours high inductance values, while shunt loading with (ii) requires impractically small 𝐿𝐿 to 

achieve a similar SWF. Series (ii) and shunt (i) loads are not considered as they cannot satisfy 

𝑍𝑍0 = 𝑍𝑍T within their passband at any frequency. 

The LTL becomes a ladder network with cable interconnects when the sensors are formed by 

a pi- or a t-section shown in Figure 5.3 (iii)-(vi). Denoting 𝑘𝑘0 as the propagation constant for a 

cascade of sensors with no cables, we can express the LTL propagation constant, 𝑘𝑘, in terms of 𝑘𝑘0, 

and the cable propagation constant, 𝛽𝛽. For a symmetric pi- or t-section, cos(𝑘𝑘0𝑎𝑎) = 𝐴𝐴S according 

to (5.3), 𝐶𝐶S = (𝐴𝐴S2 − 1)/𝐵𝐵S due to reciprocity, and the characteristic impedance is thus given by 

𝑍𝑍S = 𝐵𝐵S/[𝑗𝑗 sin(𝑘𝑘0𝑎𝑎)] according to (5.4). Equation (5.6) may then be re-written as 

Equation (5.9) shows that 𝑘𝑘 ≈ 𝑘𝑘0 for short cables, but long cables affect the value of 𝑘𝑘 owing 

to the second term on the right-hand side of (5.9). The impedances 𝑍𝑍S and 𝑍𝑍T can always be made 

equal at a single frequency, for example, 𝑓𝑓c. Figure 5.5 (a) shows the dispersion curves and the 

slow wave factor for cable sections of length 𝑑𝑑 = 2 m. The pi-section (iii) has a low-pass response 

while the t-section (v) has a high-pass one. The presence of cable sections lowers the cut-off 

frequencies for both topologies. It also converts the high-pass response of a CL section (v) into a 

cos(𝑘𝑘𝑘𝑘) = cos(𝑘𝑘0𝑎𝑎) cos(𝛽𝛽𝛽𝛽) −
1
2

sin(𝑘𝑘0𝑎𝑎) �
𝑍𝑍S
𝑍𝑍T

+
𝑍𝑍T
𝑍𝑍S
� sin(𝛽𝛽𝛽𝛽 ) (5.9) 

Figure 5.5. (a) Dispersion curves and (b) slow wave factors for LTL antennas with 𝑑𝑑 = 2 m loaded with 
sections (iii)-(vi). For (iii) 𝐿𝐿 = 0.59 μH, 𝐶𝐶 = 250 pF; (iv) 𝐿𝐿 = 2 μH, 𝐶𝐶 = 140 pF, 𝐾𝐾 = 92.8 pF; (v) 
𝐿𝐿 = 0.59 μH, 𝐶𝐶 = 200 pF; (vi)𝐿𝐿 = 0.37 μH, 𝐶𝐶 = 190 pF, 𝐾𝐾 = 143 pF. Topology (iv) offers the 
best match to the ideal requirements of Figure 5.2 (a). Dashed lines indicate the carrier and subcarrier 
frequencies. 
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bandpass one. Topology (iii) offers good linearity if the cut-off frequency is sufficiently higher 

than the upper sideband frequency, but higher slow wave factors may be achievable with (v) owing 

to its bandpass characteristic. The maximum inductor values of both (iii) and (v) are restricted by 

the simultaneous need to keep the protocol sidebands within the LTL passband and to impedance 

match at 𝑓𝑓c. 

All sensor topologies considered approximate to a different degree the ideal characteristics 

shown in Figure 5.2.  Series loading with (i) offers a bandpass response with good linearity and 

high SWF. However, this topology leaves little freedom for dispersion engineering since the value 

of 𝐶𝐶 is restricted by matching requirements. The value of 𝑑𝑑 can be restricted by the geometry of a 

specific application, and the value of 𝐿𝐿 may be constrained by the minimum magnetic field strength 

requirements. Topologies (iv) and (vi) have an additional degree of freedom offered by the 

capacitance 𝐾𝐾. Both topologies (iv) and (vi) have a band-pass response; topology (vi) supports 

backward waves and topology (iv) forward waves. Topology (iv), however, favours higher values 

of  𝐿𝐿. 

Figure 5.6. Parameters of the LTL antenna with resonant LC pi-section for cable lengths of 𝑑𝑑 = 0 m, 1 
m, and 3 m: (a) dispersion relation; (b) slow wave factor; (c) real part of the characteristic impedance; (d) 
imaginary part of the characteristic impedance. Usable cable lengths are limited by the need to 
accommodate the NFC-A tag bandwidth inside the passband. Dashed lines indicate the carrier and 
subcarrier frequencies. 
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 5.2.4 Resonant LC pi-section 

Of all the topologies considered, the pi-section (iv) in Figure 5.3 is the closest match for the 

communication and localisation requirements of Figure 5.2. It also offers considerable design 

freedom. Figure 5.6 shows calculated frequency variations of (a) dispersion, (b) slow wave factor, 

and (c)-(d) real and imaginary parts of the characteristic impedance for several values of cable 

length 𝑑𝑑. The LTL is perfectly matched to 𝑍𝑍S = 𝑍𝑍T = 50 Ω at 𝑓𝑓c independently of 𝑑𝑑. The matching 

condition at angular frequency 𝑓𝑓c is given by 

Capacitance 𝐾𝐾 introduces an additional degree of freedom, allowing 𝐿𝐿 and 𝐶𝐶 to be set 

independently to tailor dispersion, while retaining matching at 𝑓𝑓c if (5.10) is satisfied. The cable 

length affects the cut-off frequencies and the group velocity. Because longer cables reduce the 

original passband and shift it to lower frequencies, practical cable lengths are limited by the need 

to accommodate the NFC-A bandwidth within the first passband. 

If 𝑍𝑍T = 𝑍𝑍S at 𝑓𝑓c, then 𝑘𝑘𝑘𝑘 = 𝛽𝛽𝛽𝛽 + 𝑘𝑘0𝑎𝑎 according to (5.9), and expressions for the group velocity 

and slow wave factor can be derived as 

Equations (5.11) and (5.12) suggest that in a matched antenna the total slow wave effect is the 

sum of individual contributions from the cables and the sensors. The equations are exactly correct 

at 𝑓𝑓c and offer good approximations in vicinity. 

5.3 Experimental characterisation of LTLs 

This section describes fabrication and experimental characterisation of LTL waveguides with 

resonant LC pi-section sensors. Three waveguides were made by cascading 15 identical sensors 

with coaxial cables of three different lengths, 0.3, 1.22 (4 ft), and 3 meters. Figure 5.7 shows a 

schematic of a section of an assembled LTL, together with the equipment (a PC, a custom NFC-A 

𝐾𝐾 =
1 + 𝜔𝜔c2𝐶𝐶2𝑍𝑍T2

𝜔𝜔c2[𝐶𝐶𝑍𝑍T2(𝜔𝜔c2𝐿𝐿𝐿𝐿 − 2) + 𝐿𝐿] (5.10) 

𝑣𝑣g =
𝑠𝑠

𝑑𝑑�𝐿𝐿T𝐶𝐶T + 2𝜔𝜔𝜔𝜔𝜔𝜔
sin(𝑘𝑘0𝑎𝑎)

 
(5.11) 

SWF =
𝑐𝑐
𝑠𝑠
�𝑑𝑑�𝐿𝐿T𝐶𝐶T +

2𝜔𝜔𝜔𝜔𝜔𝜔
sin(𝑘𝑘0𝑎𝑎)� (5.12) 
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transmitter, an oscilloscope for signal reception, and filter-couplers for signal separation) used in 

communication and localisation experiments described in the following Sections. 

Table 5.1 shows the component values, the equivalent circuit, and the cable parameters. The 

inductance 𝐿𝐿 was formed by a three-turn square spiral with rounded corners, made from 1/8’’ soft 

copper pipe that was bent to shape and held in place using 3D-printed acrylonitrile butadiene 

styrene (ABS) mounts. The spiral had a width of W = 130 mm and a winding separation of 5 mm. 

A photograph of a sensor is provided in Figure 5.8. The quality factor was measured as ~250 

using a vector network analyser (Keysight E5061B) connected to two small inductive probes that 

coupled to the assembled inductors. In these experiments, the inductors were loaded with 

capacitors, so that the resonant frequency was equal to𝑓𝑓c. 

A printed circuit board of width 30 mm was inserted laterally into the plastic mount and served 

to interconnect the three inductive windings and the capacitors forming 𝐶𝐶 and 𝐾𝐾, as well as to 

provide SMA connections to coaxial cables (visible at the bottom of Figure 5.8). Capacitance 𝐾𝐾 

was implemented using a symmetrical pair of 2𝐾𝐾 capacitors and a small variable capacitor for 

precision impedance matching at 𝑓𝑓c. The parasitic capacitance 𝐶𝐶P was found as ~4.1 pF across the 

inductors. The component values were chosen to optimise the LTL characteristics for a cable length 

of 𝑑𝑑 = 1.22 m. To demonstrate that the waveguide topology offered significant design freedom, 

shorter and longer cables were also used, without changing the sensors. All three sets of cables had 

characteristic impedances of 50 Ω, with RG-174 Telegartner used for the short (0.3 m) cables, and 

RG-316 Cinch Connectors used for the medium-length (1.22 m) and long (3m) cables. 

The sensors were individually tuned to minimise reflectivity at 𝑓𝑓c as measured by the network 

analyser. Subsequently, the cable interconnects were introduced, and the scattering parameters of 

the entire LTL were measured. With 15 sensors, the total waveguide lengths were 5.25 m, 20.0 m, 

and 48.5 m for the small, medium-length, and long cables, respectively. The number of elements 

was chosen to be large enough so that effects of dispersion and loss could be observed. Having an 

Table 5.1. Sensor and cable parameters. 

Sensors Cables 
𝐿𝐿 (μH) 1.73 Type RG-174 RG-316 
𝐶𝐶 (pF) 120 𝑑𝑑 (m) 0.30 1.22; 3.00 
𝐾𝐾 (pF) 103 𝑍𝑍T (Ω) 50 
𝐶𝐶P (pF) 4.12 𝐶𝐶T (pF/m) 105 95 
𝑄𝑄 250 𝑣𝑣g/𝑐𝑐 66% 69.5% 

 

Attenuation at 
10 MHz 

(dB/100m) 
9.5 8.86 

Dielectric PE Teflon® 

L 2 K2 K

C
C P

C
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odd number of elements provided a convenient midpoint for the localisation experiments described 

in the following Sections. 

Figure 5.9 (a) compares the theoretical propagation constant (dashed lines) with measured data 

(crosses). Theoretical curves were calculated using the dispersion relation (5.6). Figure 5.9 (b) 

shows the measured group delay. Figures 5.9 (c)-(h) show the measured (solid lines) and 

theoretical (dashed lines) scattering parameters. The results for the short cables are shown in blue, 

 
 

Figure 5.7. Photograph of the complete NFC communication and localisation system including an LTL 
antenna and a custom reader. 

 
 

Figure 5.8. A photograph of an experimental sensor with attached cables. 
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for the medium-long cables in red, and for the long cables in green. The theoretical curves were 

obtained by first computing the equivalent transmission matrix for each of the three antenna 

configurations as 𝑷𝑷𝑁𝑁𝑻𝑻 with 𝑁𝑁 = 15, followed by an S-parameter transformation. Excellent 

agreement is seen across all figures. The slight deviations in S21 below the lower cut-off for short 

and medium cables can be attributed to cable effects and have been eliminated for long cables by 

placing ferrimagnetic rings to impede current flow on the outside surfaces of the shields. As 

expected, increasing length reduces and shifts the passband lower in frequency. Good matching is 

retained at 𝑓𝑓c regardless of length. The measured group delay is flat between the two sidebands for 

 
 
Figure 5.9. Characteristics of LTLs with cable sections of length 𝑑𝑑 = 0.3 m (blue), 𝑑𝑑 = 1.22 m (red), 
𝑑𝑑 = 3 m (green): (a) measured (crosses) and theoretical (dashed lines) LTL propagation constant, (b) 
measured group delay, (c)-(h) measured (solid lines) and simulated (dashed lines) scattering parameters. 
Agreement between theory and experiment is excellent. The best performing waveguide had a length of 
𝑑𝑑 = 1.22 m, but the other two waveguides are also suitable for NFC. 
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the medium-long cables but is sloping for the short and long cables. Despite this performance 

degradation, all three lengths are suitable for NFC communication and localisation. The loss at 𝑓𝑓c 

is 0.35 dB/m, 0.15 dB/m, and 0.12 dB/m for the short, medium-long, and long cables respectively. 

The higher value for the short cables is caused by a higher relative contribution of the sensors. The 

same behaviour can be observed for the group delay, which is dominated by the slow wave effect 

of the sensors. While the group delay can be improved by reducing the passband, doing so would 

restrict the range of possible cable lengths. 

5.4 Near field localisation with 1-D antennas 

This Section discusses experiments on localisation of NFC transponders by time-of-flight 

difference in tag response. The localisation method was introduced in the previous Chapter. Figure 

5.10 shows a functional block diagram of the system; the previous Figure 5.7 shows a photograph. 

An ISO/IEC 14443 Type-A compliant tag was placed next to one of the sensors along the antenna. 

A custom reader, capable of transmitting and receiving a subset of compliant signals, injected an 

HF carrier at one end of the antenna using a single-notch filter-coupler. The carrier propagated 

along the antenna, and the current circulating in the spiral inductors generated magnetic near fields. 

The other end of the antenna was connected to a matched filter-coupler. 

The reader then sent a UID query, and the tag response propagated towards both ends of the 

antenna, where the UID signals were received via the filter-couplers. As before, digital out-of-

band noise and carrier suppression pre-filters were applied, followed by rectification and low-pass 

filtering for down-conversion. After a pair-wise cross-correlation on the baseband UID responses, 

the time-of-arrival difference Δ𝑡𝑡 = 𝑡𝑡2 − 𝑡𝑡1 was calculated from the cross-correlation peaks. The 

theoretical value of the LTL group velocity 𝑣𝑣g at the sideband frequencies was then used to convert 

Δ𝑡𝑡 into a physical tag position estimate 𝑃𝑃est = 𝑃𝑃m − Δ𝑡𝑡 ⋅ 𝑣𝑣g, where 𝑃𝑃m = (1 + 𝑁𝑁)/2 is the 

midpoint sensor position, and 𝑁𝑁 = 15 is the total number of elements in the LTL. 

 
 

Figure 5.10. Block diagram for NFC system capable of tag localisation along LTL antenna. 
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The reader transmitter (TX) comprised a pair of phase-locked function generators and an RF 

switch (Mini-Circuits ZASWA-2-50DRA+). One generator (TTi TG4042) was used for the HF 

carrier, and the other (TTi TG5012A) was used for the baseband modulation sequences. A 1W 

amplifier (Mini-Circuits ZHL-32A+) amplified signals before injection into the LTL antenna. The 

tag responses were acquired with a digital oscilloscope (Keysight InfiniiVision DSOX3024T, 

sampling rate 1.25 GSa/s), while noise suppression, demodulation, and cross-correlation were 

done in Matlab using a PC. Tags were placed above the midpoint of a spiral inductor, and tag-to-

antenna separation was adjustable by dielectric spacers. 

Figure 5.11 shows the positioning error 𝑒𝑒 = 𝑃𝑃est − 𝑃𝑃 for each node index 𝑃𝑃 over a range of 

sensor-tag separation distances using 1W HF carrier power. Figures 5.11 (a), (b), and (c) represent 

antennas constructed with short, medium-length, and long cables, respectively. Each data point 

(circle) corresponds to a single time-of-arrival measurement using an ID-1 tag with UID = 

0xF38AE495 and dimensions 85 mm x 56 mm. For all waveguides, the tag position was 

determined correctly (|𝑒𝑒| < 0.5) over a sensor-tag separation from 1 to 10 cm, so that the correct 

 
 

Figure 5.11. Experimental variation of localization error 𝑒𝑒 with tag position index 𝑃𝑃 over a range of sensor-
tag separation distances. (a) 𝑑𝑑 = 0.3 m; (b) 𝑑𝑑 = 1.22 m; (c) 𝑑𝑑 = 3 m. 
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position index could be obtained by rounding 𝑃𝑃est to the nearest integer. The variation in 𝑒𝑒 is the 

smallest for the medium-length cables, and largest for the long cables. The results conform to 

expectations based on the measured antenna dispersion characteristics and scattering parameters 

(Figure 5.9) and reflect the optimisation of sensors for medium-length cables. 

The tag UID could be decoded correctly for separations below 11 cm. Each waveguide 

demonstrates a consistent error profile, which marginally deteriorates for larger separations. These 

results suggest that the error variability is inherent to the antennas and not caused by noise. Tags 

with different UIDs showed comparable error variation. Smaller tags (such as 1-inch diameter 

fobs) had expectedly shorter detection ranges but produced the same error variability profiles. If 

multiple transponders were present along the antenna, ISO/IEC 14443 anticollision protocols 

could be used to sequentially request transponder UIDs for positioning. 

Figure 5.12 (a) shows probability density functions (pdf) fitted using normal distributions to 

100 samples of 𝑃𝑃est at each node with the tag placed directly on top of a sensor, using 1W carrier 

power, and the antenna with the medium-long cables. The position estimates are both highly 

consistent and resistant to background noise, as is evident from the extremely narrow distributions. 

 
 

Figure 5.12. Probability density functions fitted to experimental position data using sample size of 100 for 
each distribution. (a) Tag at 0 cm separation for all 15 sensors with 𝑑𝑑 = 1.22 m; (b) tag at varying 
separation distances at position 𝑃𝑃 = 1 with 𝑑𝑑 = 0.3 m; (c) tag at varying separation distances at position 
𝑃𝑃 = 1 with 𝑑𝑑 = 3 m. The tag could be located correctly for all measurements. 
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There was negligible change in mean values and a marginal increase in variances for larger tag 

separations.  Figures 5.12 (b) and (c) show probability density functions fitted using 100 position 

estimates at the first node (𝑃𝑃 = 1) for the antennas with the short and long cables, respectively, 

over a range of sensor-tag separations. For both antennas the uncertainty in 𝑃𝑃est increases with 

separation, owing to reduced signal-to-noise ratio. A slight upward shift in the pdf mean values 

can be seen, consistent with Figure 5.11. The shift can be attributed to a slight variation in 

waveguide group delay caused by weaker antenna loading by a more distant tag.  The effects of 

changing tag-to-antenna separation were more pronounced for antennas with suboptimal cable 

length. Nevertheless, the variance was still low at all nodes, which guaranteed accurate 

positioning. 

5.5 Near field localisation with quasi-2-D antennas 

This Section extends the discussion of tag localisation to quasi two-dimensional antennas. 

These were formed by re-arranging an LTL into a two-dimensional grid while maintaining 

sequential cable interconnects. Figure 5.13 (a) shows an LTL forming a planar 4-by-4 grid, in 

which each row was connected to the next, and the inductor centres are separated by distance ℎ. 

Coupling coefficients 𝜅𝜅 = 2𝑀𝑀/𝐿𝐿  and 𝜅𝜅′ = 2𝑀𝑀′/𝐿𝐿 were defined, where 𝑀𝑀 was the mutual 

 
 

Figure 5.13. (a) Photograph of a quasi-2-D LTL antenna (b) measured magnetic coupling coefficient 
between nearest neighbours, 𝜅𝜅for adjacent elements (red) separated by ℎ/𝑊𝑊, and 𝜅𝜅′for diagonally 
adjacent elements (blue). 
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inductance between a pair of nearest neighbours, and 𝑀𝑀′ was the mutual inductance between a pair 

of diagonal neighbours. Figure 5.13 (b) shows how the measured values of the coupling 

coefficients decay with increasing normalised distances ℎ/𝑊𝑊. For ℎ/𝑊𝑊 > 1.456, |𝜅𝜅| < 0.03, and 

𝜅𝜅′ was negligibly small, so that the quasi- two-dimensional antenna can be expected to perform 

like a one-dimensional one. 

Figure 5.14 shows the scattering parameters, per-element group delay, and per-element phase 

advance of the two-dimensional grid with 𝑑𝑑 = 1.22 m. As the element separation ℎ increased from 

19 to 26 cm, the value of S11 at the carrier frequency reduced by 10 dB, while the value of S21 

increased by 0.8 dB. Similarly, the variation of the group delay between the sideband frequencies 

reduced as ℎ increased. Further reductions in ℎ resulted in significantly poorer matching and group 

velocity dispersion, while further increases saw scattering parameters converge to those of the one-

dimensional antennas shown in Figure 5.9. Presumably, the effects at small ℎ are caused by non-

nearest neighbour coupling. 

Figure 5.15 shows the error variation in estimated tag position for the two-dimensional grid 

with nearest-neighbour separation distance. Figure 5.15 (a) shows 𝑒𝑒 for a card-type tag with UID 

0xF38AE495 at 1 cm sensor-tag separation, while Figure 5.15 (b) is for a fob-type tag with UID 

 
 

Figure 5.14. (a) Measured scattering parameters of quasi-2D grid for a range of neighbour separation 
distances ℎ. (a) 𝑆𝑆11 parameters; (b) 𝑆𝑆21 parameters; (c) group delay per element; (d) phase shift per 
element in degrees. 
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0x010D354A placed directly on top of the inductors. Both tags could be correctly located at all 

elements for ℎ = 19 cm. The fob tag on average saw a slight reduction in localisation error 

compared to the card tag, caused by weaker antenna loading by a smaller fob. Stronger loading 

may introduce local variations in group delay in the antenna around the contact point owing to 

asymmetry, thus resulting in higher errors. The shape of the error variation profiles was again 

nearly identical for the two tags, suggesting the errors were determined by local group velocity 

variations within the antenna and not by noise. Tags placed between inductors could not be 

accurately located but could still be read. 

5.6 System scalability 

The lengths of our waveguide antennas were limited by the constraints of a laboratory 

experiment. This Section performs an initial investigation of maximum antenna length. A limit 

will be imposed by waveguide attenuation and dispersion, which corrupt signals generated by tags. 

The effects were simulated in MATLAB® using the noise models adopted from Chapter 4. A tag 

injected an amplitude modulated signal 𝑠𝑠(𝑡𝑡) = sin(2𝜋𝜋𝑓𝑓c𝑡𝑡)[1 + 𝑚𝑚(𝑡𝑡)] into the 𝑛𝑛th antenna 

element, where 𝑚𝑚(𝑡𝑡) is the subcarrier-modulated tag UID. The message signal was generated as 

 
 

Figure 5.15. Experimental variation of localisation error 𝑒𝑒 with tag position index 𝑃𝑃 over a range of 
neighbour separation distances ℎ for (a) an ID-1 tag and (b) a fob tag. 
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𝑚𝑚(𝑡𝑡) = 𝑎𝑎m𝑠𝑠T(𝑡𝑡) sin(2𝜋𝜋𝑓𝑓c𝑡𝑡) , where 𝑠𝑠T was the binary UID signal, and 𝑎𝑎m the message amplitude. 

The tag signal 𝑠𝑠(𝑡𝑡) was then propagated to both ends of the antenna, taking antenna loss and 

dispersion into account, and uncorrelated white receiver noise 𝑛𝑛A(𝑡𝑡) was added to the signals prior 

to filter-couplers. A sampling rate of 8𝑓𝑓c was used, and the tag UID was 0x010D354A. The signal-

to-noise ratio (SNR) was defined as 

where 𝑓𝑓(𝑡𝑡) is the impulse response of the filter-couplers, 𝐽𝐽 is the number of samples, and the 

asterisk represents linear convolution. The SNR so defined describes the ratio of the power of the 

tag signal at the entry to the waveguide to the noise power within the passbands of the filters. The 

signal power at each end is generally different, and such a definition avoids the need for two SNR 

values. For antennas with large 𝑁𝑁, high SNR may be needed to offset propagation losses. The 

maximum antenna length was determined by requiring that the tag localisation error does not 

SNR = 10 log �
∑ |[𝑚𝑚(𝑡𝑡) sin(2𝜋𝜋𝑓𝑓c𝑡𝑡)] ∗ 𝑓𝑓(𝑡𝑡)|2𝐽𝐽
𝑖𝑖=1  

∑ |𝑛𝑛A(𝑡𝑡) ∗ 𝑓𝑓(𝑡𝑡)|2𝐽𝐽
𝑖𝑖=1

� (5.13) 

 
 

Figure 5.16. Simulated tag positioning using 𝑓𝑓samp = 8𝑓𝑓c: (a) noiseless antenna with 𝑁𝑁 = 265, (b) 
SNR = 30 dB with 𝑁𝑁 = 171, (c) SNR = 25 dB with 𝑁𝑁 = 135. 
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exceed half an element. It is important to note, however, that the model does not account for 

minimum tag power requirements and assumes the tag responds at all antenna elements. 

 Figure 5.16 shows the variation of localisation error with tag position for 𝑑𝑑 = 1.22 m. 

Figure 5.16 (a) assumes no noise, and the error profile is anti-symmetric around the midpoint 

sensor, where the error is zero. The exact shape arises owing to the combined effect of dispersion 

and smoothing during tag response down-conversion. The error was maximum for tags at antenna 

extremes because only one of the outputs was affected by dispersion. Figures 5.16 (b)-(c) show 

localisation error in the presence of receiver noise, with an SNR of 30 dB and 25 dB, respectively. 

The maximum achievable antenna length became shorter as SNR was reduced, with the error once 

again being highest at antenna ends. The effect became more pronounced for antennas with higher 

loss.  The maximum number of sensors for each configuration was 265, 171, and 135, respectively. 

Ambient noise, such as radiofrequency interference picked up by sensors, is not included in the 

simulation, but its effects have been discussed previously in Chapter 4. 

Table 5.2 gives an overview for the other cable lengths used and different values of SNR. As 

can be expected, the optimised geometry with 1.22-m cables performs the best, and antennas 

exceeding 100 elements are feasible for the values of SNR above 20 dB. At low SNRs, tags could 

still be located but their UIDs could no longer be read correctly. This apparent contradiction is 

explained by higher processing gain in UID cross-correlation, as opposed to the bit-wise 

correlation required for UID decoding.  Achieving high values of SNR as well as being able to 

power tags via long lossy antennas would require increased carrier powers. It should, however, be 

noted that localisation performance can be improved by increasing the sampling rate which 

increases the cross-correlation processing gain. 

Table 5.2. Maximum number of sensors for different SNR values 

 𝑑𝑑 = 0.3 m 𝑑𝑑 = 1.22 m 𝑑𝑑 = 3.0 m 
Noiseless & Lossless 235 281 139 
Noiseless & Lossy 195 265 121 

SNR = 25 dB 171 135 79 
SNR = 20 dB 141 107 63 
SNR = 15 dB 93 73 45 
SNR = 10 dB 67 51 31 
SNR = 5 dB 19 17 13 

5.7 Conclusions 

Our experiments, simulations, and theoretical analysis suggest that the loaded transmission 

line antennas considered in this paper can be employed for communication with and localisation 
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of distributed NFC tags and offer significant improvements in both practicality and characteristics 

over magneto-inductive antenna topologies considered previously. The maximum antenna length 

realised experimentally was 48 meters, and theoretical estimates show that antennas of several 

100s of meters are feasible with favourable SNR. The maximum read node separation 

demonstrated here was three meters. This separation can be increased to system dimensions by 

interspersing functional and non-functional nodes, in the process allowing the functional nodes to 

be irregularly spaced. A simple learning algorithm may then be used to identify the functional 

nodes. In contrast to multiplexed antenna systems, increasing the number of read nodes carries no 

hardware overhead. The antennas are flexible and can be arranged in different shapes, as 

demonstrated by a quasi-two-dimensional grid arrangement. Furthermore, localisation to the 

nearest node was found to be accurate irrespectively of the range or tag type used, provided the 

field was strong enough to power the tag. 

The localisation method used is based on comparing the time-of-arrival of tag signals reaching 

both ends of an antenna. The antennas were consequently optimised for low group velocity, with 

the associated drawback of increased propagation loss. Scenarios that do not require tags to be 

localised impose less stringent requirements on waveguiding properties of antennas, which could 

as a result be made longer and rely on simpler topologies. On the other hand, the need to extract 

signals from both antenna ends limits deployment options by requiring lengthy return cables and 

two matched receivers. Single-ended localisation systems may offer additional flexibility with 

sensor layout, reduce reader complexity, and remove the need for return cables. The feasibility of 

such systems is assessed in the following Chapter, which introduces monostatic tag localisation 

using slow wave LTL antennas. 
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Chapter 6: 

Monostatic Localisation with Loaded 

Transmission Line Antennas 

The method of tag localisation by differential time-of-flight developed in Chapter 4 is bistatic, 

requiring tag responses to be extracted from both ends of a slow wave antenna. Despite the 

significant improvements in antenna design described in Chapter 5, the need for a pair of 

synchronised receivers may limit deployment options and achievable antenna layouts. Here, we 

develop a new monostatic localisation method, which estimates tag position from the absolute 

delay between a reader query and the tag response using a single receiver. The intrinsic variability 

of the delay was statistically characterised for a selection of off-the-shelf ISO/IEC 14443 

compliant Type-A tags over a range of input power and sensor-tag separations, with each tag 

generating a unique fingerprint. It is shown that despite inter-tag variability, one-dimensional 

localisation can be achieved provided the per-element group delay of the antenna is sufficiently 

high. Finally, the localisation method is verified using a 21 metre-long loaded transmission line 

antenna with eight functional sensor nodes using 1 W input carrier power. The proposed method 

eliminates the hardware and layout limitations of bistatic localisation and is consequently more 

practical and deployable. 

6.1 Overview 

In Chapter 4 we described a bistatic localisation method which estimates tag position from 

small time-of-flight differences in tag response signals, which are extracted from both antenna 

ends using a pair of synchronous receivers. Although there exists a significant and variable delay 

between the end of a reader query and the start of the tag response (as dictated by protocol 

specifications), this has no effect on localisation accuracy since position is estimated from 

differential time-of-flight between the two outputs. While highly effective, the method limits 

deployment options and restricts antenna layout. Specifically, the antenna must form a closed path 

with both ends connected to a matched receiver pair, meaning meander layouts would require a 

pair of lengthy return cables. The reader receivers must also be synchronised and equipped with 

matched filter-couplers, which further inflates hardware cost. 
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Here, we develop and test a new monostatic localisation method which estimates tag position 

from absolute time-of-flight differences. The proposed system comprises a single transceiver 

placed at the input of a flexible loaded transmission line antenna, while the output is terminated 

with an absorber.  The system thus lacks return cables, while a modular antenna structure allows 

additional sensor nodes to be added on-site. Due to the lack of a second reference signal, tag 

position is inferred from the delay between the end of a reader query and the start of the unique 

identifier response frame, using a regenerated UID template in a cross-correlation detection 

scheme. As opposed to bistatic systems, monostatic localisation is sensitive to differences in 

response timings between individual tags. Nonetheless, we show that consistently accurate 

positioning can be achieved for a range of off-the-shelf tag types provided the group delay between 

functional sensor nodes exceeds the maximum variability of tag response timing. 

6.2 LTL antenna design 

In the previous Chapter we described several LTL antennas with different sensor topologies. A 

pi-section with capacitances in the shunt branch and a series LC resonator in the series branch was 

identified as the optimal candidate for NFC localisation, with the corresponding antenna schematic 

as shown in Figure 6.1. We briefly discuss the properties this topology, derive topology-specific 

design equations, and consider antenna parameter selection. 

The sensor series impedance is 𝑍𝑍 = 1/(𝑗𝑗𝑗𝑗𝑗𝑗) + (𝑗𝑗𝑗𝑗𝑗𝑗)||(1/(𝑗𝑗𝑗𝑗𝐶𝐶p)), where “||” represents 

parallel combination and 𝐶𝐶p is the stray capacitance of the inductor 𝐿𝐿. The shunt sensor impedance 

is simply 𝑍𝑍′ = 1/(𝑗𝑗𝑗𝑗𝐶𝐶p). The sensor transmission matrix 𝑺𝑺 may then be written as 

The unit cell matrix 𝑷𝑷 = 𝑻𝑻𝑻𝑻, where 𝑻𝑻 is as in (5.5), can again be used to compute the dispersion 

relation for the antenna using (5.3). 

𝑺𝑺 = �
1 + 𝑍𝑍

𝑍𝑍′
𝑍𝑍

1
𝑍𝑍
�2 + 𝑍𝑍

𝑍𝑍′
� 1 + 𝑍𝑍

𝑍𝑍′

�. (6.1) 

Figure 6.1. Schematic representation of a slow wave loaded transmission line NFC antenna. 
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As before, 𝛾𝛾 and 𝑘𝑘 are the cable and antenna complex propagation constants, while 𝑑𝑑 and 𝑠𝑠 =

𝑎𝑎 + 𝑑𝑑 are the cable and antenna unit cell lengths, respectively. The antenna characteristic 

impedance 𝑍𝑍0 may also be re-written using (5.4). 

The characteristic impedance 𝑍𝑍0 can be made equal to 𝑍𝑍T at a particular matching frequency 

𝜔𝜔m by tuning capacitance 𝐾𝐾. Parasitic inductor capacitance, however, may affect matching. We 

thus re-write (5.10) to include 𝐶𝐶p in the matching condition. 

When choosing antenna parameters, 𝐾𝐾 should be set such that (6.4) is satisfied at the carrier 

frequency 𝑓𝑓c. The cable parameters (the inductance 𝐿𝐿T or capacitance 𝐶𝐶T per unit length), as well 

as the stray inductor capacitance 𝐶𝐶p are certainly fixed. Similarly, 𝑍𝑍T is typically limited to 50 Ω 

or 75 Ω for coaxial cable by manufacturers. The degrees of freedom are thus limited to cable length 

𝑑𝑑, sensor inductance 𝐿𝐿, and shunt capacitance 𝐶𝐶, which may be adjusted to shape the dispersion 

characteristic. Parameter limits are determined by the need to contain the minimum tag response 

bandwidth 𝐵𝐵𝑊𝑊T within the first antenna passband. 

LTL sensor parameters 𝐿𝐿 and 𝐶𝐶 should ideally be tailored to a particular cable length, with 

suboptimal values resulting in (as shown in the previous Chapter). Figure 6.2 describe an example 

of the calibration process, with Figures 6.2 (a) and (b) showing the dispersion characteristic and 

the per-element group delay 𝐺𝐺𝐷𝐷e = 𝜕𝜕/𝜕𝜕𝜕𝜕�Re(𝑘𝑘𝑘𝑘)�, respectively, for an antenna with a moderate 

cable length 𝑑𝑑 = 2 m, with 𝐿𝐿 = 1.7 μH (red) or 𝐿𝐿 = 3.5 μH (blue). Capacitance 𝐾𝐾 is set according 

to (6.4) to achieve 50 Ω at 𝑓𝑓c. Capacitance 𝐶𝐶 is used to symmetrically align the antenna passband 

with the NFC-A spectrum, with higher values acting to lower the passband in frequency. 𝐶𝐶 =

95 pF, for example, results in a symmetric group delay profile around the carrier frequency 𝑓𝑓c. The 

inductance 𝐿𝐿 may then be used to control the passband width and, hence, the group delay. Higher 

𝐿𝐿 reduces the width and increases the SWF, but also the group velocity dispersion. For example, 

cos(𝑘𝑘𝑘𝑘) = �1 +
𝑍𝑍
𝑍𝑍′
� cos(𝛾𝛾𝛾𝛾) + 𝑗𝑗 �

𝑍𝑍
2𝑍𝑍T

+
𝑍𝑍T
𝑍𝑍
�1 +

𝑍𝑍
2𝑍𝑍′

�� sin(𝛾𝛾𝛾𝛾) (6.2) 

𝑍𝑍0 =
𝑍𝑍 cos(𝛾𝛾𝛾𝛾) + 𝑗𝑗𝑍𝑍T �1 + 𝑍𝑍

𝑍𝑍′� sin(𝛾𝛾𝛾𝛾)

𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗 − �1 + 𝑍𝑍
𝑍𝑍′� cos(𝛾𝛾𝛾𝛾) − 𝑗𝑗 𝑍𝑍T𝑍𝑍′ �2 + 𝑍𝑍

𝑍𝑍′� sin(𝛾𝛾𝛾𝛾)
 (6.3) 

𝐾𝐾 =
�1 −𝜔𝜔m2 𝐿𝐿𝐶𝐶p��1 + 𝜔𝜔m2 𝐶𝐶2𝑍𝑍T2�
𝜔𝜔m2 �𝐶𝐶𝑍𝑍T2�𝜔𝜔m2 𝐿𝐿�𝐶𝐶 + 𝐶𝐶p� − 2��

 (6.4) 
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an increase from 𝐿𝐿 = 1.7 μH to 3.5 μH raises 𝐺𝐺𝐷𝐷e from 53 ns to 110 ns at the carrier frequency, 

but also results in a 22% difference in group delay between the carrier and subcarrier frequencies. 

The consequence of increasing the cable length is a reduction in passband width and its 

downwards shift in frequency. The shift may be compensated for by reducing the value of 𝐶𝐶, which 

has the opposite effect. Figures 6.2 (c)-(d) again show dispersion and 𝐺𝐺𝐷𝐷e but for an antenna with 

longer cables 𝑑𝑑 = 4 m, with 𝐶𝐶 reduced to 5 pF to compensate. Despite the longer cables, the group 

delay remains the same. Once 𝐶𝐶 reaches zero, no further compensation is possible and maximum 

cable length has been attained. If longer sensor separation is required, miniature non-functional 

nodes with ferrite inductors may be employed between each functional node. Cable interconnect 

length should then be optimised to achieve a satisfactory trade-off between the node-dominated 

propagation loss, the group delay between functional nodes, and group velocity dispersion. 

6.3 Monostatic tag localisation 

This Section discusses the monostatic localisation method for distributed NFC tags using a 

terminated LTL antenna. In contrast to bistatic localisation by differential time-of-arrival, 

monostatic localisation estimates tag position based on absolute time using a single receiver. 

Figure 6.2. Tailoring the characteristics of LTL antenna with 𝑑𝑑 = 2 m (a) – (b) and 𝑑𝑑 = 4 m (c) – (d). 
Cables have 𝐶𝐶T = 95 pF, 𝐿𝐿T = 237 nH, and 𝑍𝑍T = 50 Ω. Sensors have 𝐶𝐶p = 4 pF and 𝑄𝑄 = 300. 
Dashed lines indicate the carrier and subcarrier frequencies. 
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Figure 6.3 shows a functional block diagram of the proposed system, consisting of a custom 

ISO/IEC 14443 Type-A compliant reader, a compliant tag, and an LTL antenna. The reader 

transmitter (TX) injects an HF carrier at one end of the antenna via a frequency-selective filter-

coupler. The carrier propagates along the antenna, generating magnetic near fields at the sensor 

nodes, powering any tags in the vicinity and placing them into the “idle” state. The reader detects 

the presence of a Type-A tag by probing the field with the “REQA” command and initialises 

anticollision with the “SEL” command. Following a pause in communication, the tag responds 

with its complete unique identifier (UID). The tag response propagates to either end of the antenna. 

At one end it is absorbed by the matched load 𝑍𝑍T. At the antenna feed end it is detected at the 

receiver (RX). The delay between the end of the last data bit of the “SEL” frame issued at TX and 

the start of the first bit of the tag UID received at RX is given by 𝑇𝑇D = 𝑇𝑇T + 𝑇𝑇R + 𝑇𝑇P, where 𝑇𝑇T is 

the group delay incurred by the transmit signal (blue path), 𝑇𝑇R is the group delay incurred by the 

tag response (red path), and 𝑇𝑇P is the frame delay time as seen by the tag. Together, 𝑇𝑇T + 𝑇𝑇R 

represent the antenna delay 𝑇𝑇A. 

Figure 6.4 (a) shows a sample tag response acquired at the receiver, with the time origin aligned 

to the end of the last data bit of the “SEL” command issued by the transmitter. The delay 𝑇𝑇D then 

corresponds to the first modulation edge of the UID. As in Chapter 5, the baseband response is 

recovered by applying zero-phase noise and residual carrier suppression filters, followed by 

rectification and low-pass filtering for demodulation. The UID is then decoded from the filtered 

tag response (blue), and an idealised UID template is reconstructed (dashed red), as shown in 

Figure 6.4 (b). Finally, the delay 𝑇𝑇D may be estimated by cross-correlating the filtered tag response 

with the reconstructed UID template, where 𝑇𝑇D corresponds to the location of the cross-correlation 

peak, as shown in Figure 6.4 (c). 

Figure 6.3. System block diagram of a monostatic tag localisation system depicting the hardware setup 
and digital post-processing method. 
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The duration of the pause in communication 𝑇𝑇P is regulated by the ISO/IEC 14443 protocol 

and depends on the reader command type and the value of the last transmitted bit. For the “SEL” 

command requesting the entire tag UID, 𝑇𝑇P = 1172/𝑓𝑓c  = 86.431 μs. The per-element group delay 

of an LTL antenna is typically of the order of 100 ns, as shown in Figures 6.2 (b) and (d), meaning 

the total delay 𝑇𝑇D is dominated by the frame delay time 𝑇𝑇P. For convenience, we define the pause-

adjusted delay 𝑡𝑡D = 𝑇𝑇A + Δ𝑇𝑇P, where Δ𝑇𝑇P = 𝑇𝑇P − 1172/𝑓𝑓c is the frame delay error. The antenna 

delay 𝑇𝑇A is position-dependent, such that 𝑇𝑇A = 𝑃𝑃 ⋅ 𝑡𝑡A, where 𝑃𝑃 is the node position index, and the 

delay 𝑡𝑡A ≈ 2𝐺𝐺𝐷𝐷e(𝑓𝑓c) is the per-element antenna group delay incurred by the incident reader and 

reflected tag signals. A mapping between 𝑡𝑡D and 𝑃𝑃 can thus be established as: 

𝑡𝑡D = 𝑃𝑃 ⋅ 𝑡𝑡A + Δ𝑇𝑇P (6.5) 

Figure 6.4. Processing steps involved in pause-adjusted delay estimation: (a) digital acquisition of selected 
tag UID; (b) application of residual carrier and out-of-band noise filters followed by UID template 
reconstruction; (c) tag delay characterisation by cross-correlation of filtered tag response with the 
reconstructed UID template. 
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Provided the maximum variation in pause error 𝑒𝑒 = maxΔ𝑇𝑇P − minΔ𝑇𝑇P is such that 𝑒𝑒 < 𝑡𝑡A, 

the tag position may be extracted from an estimate of 𝑡𝑡D. For accurate monostatic localisation, Δ𝑇𝑇P 

must be statistically consistent, and its variability with tag type, sensor-tag separation distance, 

and input RF power should be characterised. 

6.4 Tag delay characterisation 

This Section discusses the experimental characterisation of the pause error Δ𝑇𝑇P for a selection 

of off-the-shelf ISO/IEC 14443 compliant Type-A tags. The measurement system architecture was 

as previously shown in Figure 6.3, but with the LTL antenna shortened to a single sensor node with 

𝑑𝑑 = 30 cm, so that 𝑡𝑡D ≈ Δ𝑇𝑇P. The same LTL sensors were employed as in Chapter 5 and a 

photograph of the end section of the antenna is provided in Figure 6.5 (a). 

The reader transmitter (TX) consisted of a pair of function generators, an RF switch (Mini-

Circuits ZASWA-50-DRA+), and a power amplifier (Mini-Circuits ZHL-32A+), as shown in 

Figure 6.5 (b). The first generator (Aim-TTi TGF4042) produced the HF carrier, while the second 

(Aim-TTi TG5012A) produced the encoded baseband command bits. The generators were 

synchronised by common trigger signals, allowing the carrier to be phase-locked to the modulation 

signal edge transitions. The transmitter connected to the antenna via a single-notch filter-coupler 

Figure 6.5. (a) Photograph of a terminated LTL antenna section; (b) custom transmitter module and filter-
coupler; (c) a selection of NFC tags including a (T1) smart sticker, (T2)-(T3) fobs, (T4) nail, (T5) smart 
card, (T6) university key card, (T7) debit card. 
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from Chapter 3. A digital oscilloscope (Keysight InfiniiVision DSOX3024T) was used as the 

receiver (RX) with a 625 MSa/s sampling rate. The second generator triggered a signal acquisition 

in the receiver at the end of the “SEL” command as shown in Figure 6.3 (b). For each UID 

acquisition the HF carrier was switched on for 5 ms prior to the “REQA” command to ensure the 

tag under test successfully entered the “idle” state. 

Figure 6.6. Distribution of 100 𝑡𝑡D samples for the smart card (T5), measured at 𝑟𝑟 = 0 cm sensor-tag 
separation using randomised (blue), 0 degree (red), or 90 degree (green) HF carrier phase, respectively. 
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Figure 6.7. Variation of the pause-adjusted frame delay 𝑡𝑡D distributions with sensor-to-tag separation 𝑟𝑟 
for the smart card (T5). Delay estimates are quantised, with modes separated by carrier cycle periods. 
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Figure 6.5 (c) shows an assortment of off-the-shelf Type-A tags which were characterised. 

These include a (T1) flexible smart sticker (DFRobot FIT0313), (T2)-(T3) fobs (MikroElectronika 

MIKROE-1475, DFRobot FIT0314), (T4) plastic nail (Adafruit Industries 1483), (T5) a generic 

smart card, (T6) a university access card, and (T7) a debit card. All tags had a single-size UID. To 

characterise the pause error Δ𝑇𝑇P, the tags were individually centered on top of the sensor node, 

parallel to the inductor windings. The pause-adjusted delay 𝑡𝑡D was then estimated using 100 UID 

acquisition samples. Since only one sensor node was used in this experiment, the statistical 

variations in 𝑡𝑡D could be directly attributed to Δ𝑇𝑇P. For each measurement, the transverse sensor-

to-tag separation 𝑟𝑟 could be adjusted using acrylonitrile butadiene styrene (ABS) dielectric 

spacers, while the input carrier power 𝑃𝑃c could be varied up to 30 dBm. 

For all tags, the delay 𝑡𝑡D was highly sensitive to the phase of the HF carrier with respect to the 

bit modulation edges. Figure 6.6 shows histograms of 𝑡𝑡D estimates for the smart card (T5) with 

𝑟𝑟 = 0 cm and 𝑃𝑃c = 30 dBm, obtained using random phase (blue), zero-degree phase (red), and 90-

degree phase (green). The respective time variation ranges were 70.4 ns, 4.8 ns, and 6.4 ns, 

quantised by the sampling period of 1.6 ns. Tag microprocessors derive their internal clock signal 

from the HF carrier field [63], [244], [245], and the random phase estimates were expectedly 

Figure 6.8. A gradual mode transition in the pause-adjusted frame delay 𝑡𝑡D was observed at critical sensor-
to-tag separation thresholds for the smart card (T5). Distributions became bimodal during the step 
transition, with lobes separated by a single carrier cycle. 
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bounded by a carrier cycle period 𝑇𝑇c = 73.7 ns. For fixed phase, however, 𝑡𝑡D variability fell within 

four sampling periods, greatly improving consistency. 

Figure 6.7 illustrates the effects of sensor-tag separation on the delay estimate 𝑡𝑡D for the smart 

card (T5), with 𝑟𝑟 varied from 0 cm to 10 cm using 30 dBm carrier power. Several observations can 

be made: 1) the delays were split into narrow response modes; 2) adjacent mode edges were 

separated by multiples of carrier cycle periods 𝑇𝑇c; 3) the steps became more frequent with 

increasing sensor-to-tag separation. The total variability of 𝑡𝑡D for the range shown was 344 ns 

(4.66𝑇𝑇c), and the largest mode width of 9.6 ns was observed at 𝑟𝑟 = 10 cm. The mode transitions, 

or splitting, occur at certain critical ranges, with a gradual sample redistribution from one mode to 

the next. The first such transition occurs between 𝑟𝑟 = 3 cm and 𝑟𝑟 = 4 cm sensor-to-tag separation, 

as highlighted by the shaded rectangle in Figure 6.7. Figure 6.8 presents a high-resolution snapshot 

of the transition, with the evolution of 𝑡𝑡D updated at 1 mm intervals of sensor-tag-separation 𝑟𝑟. At 

𝑟𝑟 = 3.2 cm and 3.8 cm all 100 samples are contained within two distinct modes, with splitting 

Figure 6.9. Pause adjusted delay distributions for a selection of tags (T1)-(T7) over a range of sensor-to-
tag separations, with each distribution containing 100 samples. 
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occurring between 𝑟𝑟 = 3.3 cm and 3.7 cm. The crossover range was 𝑟𝑟 = 3.5 cm, with samples 

distributed evenly across the two modes. 

This behaviour appeared universal for all tags tested. Figure 6.9 presents histograms depicting 

the variation of 𝑡𝑡D with 𝑟𝑟 for tags (T1) – (T7) using 𝑃𝑃c = 30 dBm. All tags demonstrated multiple 

modes, with the mean values becoming more delayed with increasing 𝑟𝑟. The rate of increase, 

however, varied with tag type, with the smart sticker (T1) having the largest variation of 449.6 ns. 

Expectedly, tags with smaller antennas had shorter read ranges. However, the debit card (T7) 

characteristics differed from other tags, such that the mode edges were spaced by half a carrier 

cycle, while the maximum range was shortest despite the tag dimensions. The differences can 

likely be attributed to the higher chip complexity warranted by financial applications. The impact 

of range on delays was weakest for 𝑟𝑟 between 0 cm and 3 cm, where response modes were stable. 

Further investigation showed that mode transitions were not a direct consequence of increased 

sensor-to-tag separation but were instead caused by an effective reduction in available power. 

Figure 6.10. Distribution of pause-adjusted delays for tags (T1)-(T7) over a range of input carrier power, 
with sensor-tag separation fixed at 0 cm. 
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Figure 6.10 shows 𝑡𝑡D histograms for tags (T1) – (T7) as 𝑃𝑃c was reduced from 30 dBm to 10 dBm 

at 2 dBm intervals. The tags were placed directly on top of the sensor node with 𝑟𝑟 = 0 cm. Clearly, 

the effects of increasing sensor-to-tag separation 𝑟𝑟 and reducing reader carrier power 𝑃𝑃c are 

equivalent, as confirmed by Figure 6.9 and Figure 6.10. This is expected, since magnetic near 

fields decay rapidly with increasing 𝑟𝑟, resulting in diminishing transmitted power. Monostatic 

localisation systems should ideally be operated at the smallest possible sensor-tag separation using 

fixed input carrier power to minimise the effect of range on the delay estimate. 

6.5 System verification 

This Section discusses the experimental verification of the proposed monostatic tag 

localisation system. The experimental LTL antenna had 16 sensor nodes and used a cable length 

of 𝑑𝑑 = 1.22 m (optimised antenna with medium-length cables from Chapter 5). A high-power 

50 Ω absorber was used to terminate one of the ends, as shown in Figure 6.5 (a). The sensor 

inductors had 𝐿𝐿 = 1.73 μH, Q-factors of 250 at 𝑓𝑓c, and a stray capacitance 𝐶𝐶p = 4.13 pF. 

Capacitance 𝐶𝐶 was set to 120 pF, while the value of 𝐾𝐾 was tuned to 102 pF according to (6.4). The 

cable parameters were as in Table 5.1. 

 

Figure 6.11. Theoretical and measured LTL antenna characteristics: (a)-(b) scattering parameters; (c) per-
element group delay. Dashed lines indicate the carrier and subcarrier frequencies. 
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 Figures 6.11 (a) and (b) compare the measured (solid red) scattering parameters of the 

antenna to theoretical ones (dashed blue), the latter obtained using an S-parameter transformation 

of the transmission matrix (𝑻𝑻𝑻𝑻)𝑁𝑁𝑻𝑻 with 𝑁𝑁 = 16. Agreement is excellent. Figure 6.11 (c) compares 

the measured per-element group delay (solid red) with the analytic per-element group delay 𝐺𝐺𝐷𝐷e 

of an infinitely long waveguide (dashed blue), and that of a finite 16-element antenna simulated 

using the equivalent transmission matrix (dashed green). The analytic 𝐺𝐺𝐷𝐷e assumes perfect 

matching at all frequencies and thus lacks the ripples around the band edges, which are caused by 

matching to a real load. Agreement is again excellent. Measurements were made using a vector 

network analyser (Keysight E5061B). The measured per-element group delay was almost flat, 

varying from 55 ns at 𝑓𝑓c to 58 ns at subcarrier frequencies, confirming that the LTL antenna had 

minimal dispersion. 

Figure 6.12. Distributions of pause-adjusted frame delays 𝑡𝑡D obtained for node indices 𝑃𝑃 = 1 to 16 using 
tags (T1), (T5), and (T6), with 𝑟𝑟 = 0 cm and 𝑃𝑃c = 30 dBm. 
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For localisation, tags were sequentially placed at each sensor node, and 100 samples of 𝑡𝑡D were 

collected at 0 cm sensor-to-tag separation and 30 dBm input carrier power. Figure 6.12 shows the 

pause-adjusted frame delay distributions 𝑡𝑡D obtained for nodes 1 to 16 for the smart sticker (T1), 

smart card (T5), and a university key card (T6). As expected from (6.5), the response modes were 

delayed by each node index increment due to the additional antenna group delay 𝑡𝑡A incurred by 

the transmitted reader query and the reflected tag response. The distribution shapes differed 

between node indices, which can be attributed to minor variations in transmitted power between 

sensors, either due to loss or standing waves. According to Figure 6.9, the variation range of 𝑡𝑡D for 

tags (T1), (T5), and (T6) was 𝑒𝑒 = 174.4 ns at 𝑟𝑟 = 0 cm, while 𝑡𝑡A ≈ 110 ns according to 

Figure 6.11 (c). Since 𝑡𝑡A < 𝑒𝑒, the per-element group delay was insufficiently high for precise 

localisation at every sensor node. This is confirmed by Figure 6.12 where, for example, the 𝑡𝑡D 

estimates at 𝑃𝑃 = 2 partially overlap with those at 𝑃𝑃 = 3. The per-element group delay could, 

however, be increased by partitioning the elements into functional and non-functional nodes. The 

effective per-element delay was defined as 𝑡𝑡A′ = 𝑚𝑚 ⋅ 𝑡𝑡A, such that every 𝑚𝑚th node was functional, 

with the rest used for their slow wave effect. The minimum required value of 𝑚𝑚 was then 𝑚𝑚 =

⌈𝑒𝑒/𝑡𝑡A⌉  where "⌈. ⌉" denotes the ceiling function. The current system had 𝑚𝑚 = 2 and thus 𝑁𝑁′ = 8 

functional nodes with position indices 𝑃𝑃′ = 1 …𝑁𝑁′. 

The corresponding node partitioning is shown in Figure 6.12, with delay estimates obtained at 

non-functional nodes shaded in grey. Functional nodes were each assigned a unique response zone 

(shaded orange) of width 𝑡𝑡A′ = 220 ns, starting with 𝑃𝑃′ = 1. The functional node tag position 𝑃𝑃′ 

could then be extracted correctly from the 𝑡𝑡D estimate for all samples using the following mapping: 

Figure 6.13 shows the variation of the reflected UID signal power 𝑈𝑈 measured at the receiver 

with the node index 𝑃𝑃 for tags (T1), (T2), and (T6), normalised by the reflected tag power at the 

first sensor node 𝑈𝑈𝑃𝑃=1. The overall decay in power with tag position is representative of antenna 

losses, while the perturbations are indicative of standing waves, likely caused by slight variations 

in component values between sensor nodes. Such perturbations are most significant at the antenna 

ends. Expectedly, the recovered tag power was lowest at the last sensor, with total variability 

limited to 3.88 dB. The variation of reflected power along the antenna would naturally scale with 

the number of nodes, likely resulting in increased pause error uncertainty. Long antennas may thus 

𝑃𝑃′ = �
𝑡𝑡D − minΔ𝑇𝑇P

𝑡𝑡A′
� (6.6) 
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require higher group delay between functional nodes to compensate for increased 𝑒𝑒, or employ 

non-uniform response zones to compensate for the positive drift in Δ𝑇𝑇P as the carrier power decays 

at remote nodes. 

Accurate monostatic localisation requires sensor-to-tag separation to be both low and equal 

across all sensor nodes. This requirement may be enforced by discarding 𝑡𝑡D estimates for UID 

response samples with atypically low signal powers. Figure 6.14 shows the variation of tag 

response power 𝑈𝑈 for tags (T1) – (T7) placed at the first sensor node, normalised by the extracted 

tag signal power at 𝑟𝑟 = 0 cm (𝑈𝑈𝑟𝑟=0). Reflected tag powers which diverge from the expected 

powers at the estimated node index (as in Figure 6.14) would thus indicate unsupported range. For 

the present system, the worst-case tag power attenuation was -3.7 dB (Figure 6.13), corresponding 

to the attenuation incurred by an increase in 𝑟𝑟 from 0 cm to 3 cm (Figure 6.14). Samples with 

greater attenuation were discarded, thus limiting 𝑟𝑟 to 3 cm. The extracted tag power can be cross-

referenced with a local database created during an initial system calibration, containing a mapping 

between 𝑃𝑃 and 𝑈𝑈/𝑈𝑈𝑟𝑟=0. A mismatch between the extracted tag signal power and the expected tag 

signal power for the estimated node index would then indicate an invalid sensor-to-tag separation 

or a misalignment between the sensor and tag. 

Figure 6.13. Variation of normalised extracted tag signal power with position index for tags (T1), (T5), 
and (T6) using 𝑃𝑃c = 30 dBm. 

Figure 6.14. Variation of normalised extracted tag signal power with sensor-to-tag separation 𝑟𝑟 for tags 
(T1) – (T7). 
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6.6 Conclusions 

A monostatic NFC tag localisation system using an LTL slow wave antenna has been proposed 

and experimentally verified using a selection of off-the-shelf tags. Compared to bistatic systems, 

monostatic systems need neither a return signal cable nor a second receiver or filter-coupler. This 

reduction in complexity renders monostatic systems inherently cheaper, more practical, and 

deployable. Localisation is achieved by detecting small differences in tag UID response timings 

attributed to antenna group delay. Because accuracy depends on the variability between tag 

response fingerprints, all tags should be of the same make and model. The same localisation system 

can be used for tags with double- or triple-size UIDs by operating with the first four UID bytes 

obtained at the first cascade level.  Accuracy can be improved by partitioning nodes into functional 

and non-functional nodes, employing the latter for their slow wave effect. Non-functional nodes 

may be realised using elements with ferrite-core solenoid inductors for field containment and 

miniaturisation. Alternatively, higher node inductances may be employed to increase the per-

element group delay, albeit at the cost of additional signal distortion and increased antenna loss. 

Longer or shorter cable sections may also be used, based on application requirements. 

RF power levels were modest (1W) and fields were well confined, implying inherent safety 

and low electromagnetic interference. The node separations and antenna lengths already 

demonstrated suggest potential applications in monitoring building traffic, warehouse 

management, and animal tracking, but the lack of protection against eavesdropping currently 

disbars security applications. Enhanced anticollision algorithms would be required to manage card 

clash at high traffic densities, but localisation merely requires the acquisition of a valid UID. 

Extension to topologies other than linear (for example, stars) could be achieved by using additional 

fixed delays to distinguish each branch. Learning algorithms could be used to identify node 

positions without needing accurate calibration. The localisation method is fundamentally 

analogous to monostatic radar range-finding over short distance of targets whose scattering 

involves signal transformation and delay, with the filter coupler acting as a duplexer. Consequently, 

other developments used to enhance radar performance may be applicable. 

Future research may consider the localisation of active NFC-enabled devices such as 

smartphones, operated in either peer-to-peer or tag emulation modes. Communication between and 

positioning of battery-less NFC sensors may be of interest for internet-of-things and body-area 

network applications. Methods for system security enhancement through device fingerprinting can 

also be considered.  
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Chapter 7: 

Conclusions and Outlook 

This work saw the development of all aspects of slow wave near field communication and 

localisation, including complete bistatic and monostatic positioning systems, flexible waveguide 

antenna topologies with distributed sensor nodes, high-performance RF components for receiver 

isolation, and power flow modelling methods for periodic waveguides. As far as we are aware, no 

work of this kind has been performed elsewhere in the world, and many novel component designs 

and system concepts have resulted. We now reflect on our findings and consider their implications 

for future work. 

In Chapter 1 we reviewed the development history and prominent applications of radio-

frequency identification systems, examined the characteristics of available near field 

communication specifications, and discussed the operating principles and limitations of reader-tag 

communication. Despite the large number of competing NFC and HF RFID standards, the 

NFC – A technology based on ISO/IEC 14443 Type–A was identified as the key protocol due to 

system cross-compatibility and extensive worldwide adoption. The primary limitations of near 

field communication were determined to be adverse field scaling with transverse range, antenna 

perimeter and capture volume limitations of individual loops, and the costly hardware overhead of 

multiplexed antenna array solutions. Recent capture volume enhancement methods employing 

magneto-inductive travelling-wave antennas were reviewed and found to enable lateral scaling at 

no detriment to hardware complexity, while simultaneously reducing reader power consumption 

in multiple-element systems. 

In Chapter 2 we developed new magneto-inductive power-wave definitions, which can be used 

to extract scattering parameters and model internal power flow in waveguides with complex and 

frequency-dependent characteristic impedance. First, we reviewed the travelling- and power-wave 

definitions used for the characterisation of conventional transmission lines, highlighting their 

fundamentally different properties in the presence of propagation loss. Two sets of discrete 

magneto-inductive power waves were then defined and proven to satisfy the power conservation 

relations in lossy waveguides. Power-wave analysis was then conducted on multi-port magneto-

inductive devices and shown to avoid the physical anomalies of travelling-wave scattering 

parameters. Finally, we demonstrated how analytic solutions for reflection and transmission 

coefficients may be converted to power-wave scattering parameters at the junctions between semi-
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infinite media. This work was inspired by difficulties in modelling MI waveguide NFC systems, 

the focus of this thesis, but has wider relevance to discrete metamaterials. 

In Chapter 3 we designed, manufactured, and experimentally verified a family of frequency-

selective filter-couplers based on magneto-inductive waveguides and described their application 

in high-power NFC readers for receiver isolation and carrier suppression. Analytic design 

equations were derived using magneto-inductive power-wave definitions and used to develop 

directional filters with real and complex characteristic impedance. Advanced single-passband filter 

topologies with infinite rejection using multipath loss compensation and multiple-passband filters 

with improved rejection were proposed. Three-port devices and filter cascades for frequency-

division multiplexing were also discussed. Filters with tuneable transformer-coupled resonators 

were then fabricated and characterised. Experimental results were shown to be in good agreement 

with theoretical models, and extremely high performance (very high carrier rejection, combined 

with low sideband loss) was obtained. Finally, the filter power-handling characteristics were 

measured using realistic NFC–A signals and found to be linear despite the use of ferrite cores. 

In Chapter 4 we introduced and experimentally demonstrated a novel bistatic tag localisation 

method which employed time-of-flight differences in tag response for accurate one-dimensional 

positioning using a slow wave magneto-inductive waveguide antenna. We first reviewed existing 

localisation methods in the high-frequency regime, which were almost entirely limited to 

multiplexed antenna arrays subject to costly hardware overheads. An improved technique was then 

proposed whereby reader queries were injected into a slow wave antenna at one end, and the 

corresponding reflected and transmitted tag identifiers were extracted from both antenna ends via 

matched filter-couplers. Pair-wise cross correlation of the lengthy tag responses was then used to 

estimate the time-of-flight difference with high processing gain and converted to a position 

estimate using the antenna group velocity. The trade-off between slow wave factor and group 

velocity dispersion was noted and antenna optimisation discussed. A simulation model of the 

complete system was constructed and used to analyse the effects of system parameters, noise, and 

tag identifier value on localisation accuracy. The theoretical model was then compared to an 

experimental system comprising a custom 1 W transceiver module, an 11-element ferrite-coupled 

magneto-inductive antenna, and off-the-shelf NFC-A transponders. Accurate localisation was 

demonstrated at all antenna elements up to the tag reading limit. 

  In Chapter 5 we investigated a new class of flexible slow wave antenna topologies, 

comprising distributed inductive sensor nodes linked by coaxial transmission lines, developed to 

address the impracticalities of magneto-inductive waveguide antennas. General characteristic 

equations for loaded transmission lines were first derived and used to select a suitable sensor 
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configuration. Sensor parameters were then optimised using dispersion engineering for 

localisation and the effects of cable length analysed. Three experimental loaded transmission line 

antennas with 15 sensor nodes and cable sections of 0.3 m, 1.22 m, and 3 m were fabricated, 

resulting in total antenna lengths of 5.25 m, 20.0 m, and 48.5 m, respectively. These dimensions 

are already compatible with realistic building sizes. Waveguide scattering parameters and 

dispersion characteristics were measured and excellent agreement with the theoretical model 

demonstrated. Afterwards, each antenna was integrated with a custom NFC reader and shown to 

be capable of communication with and localisation of off-the-shelf NFC–A tags with different 

antenna form factors. Both one- and quasi two-dimensional antenna layouts were tested and 

accurate localisation up to the tag reading limit demonstrated. Significant improvements over 

magneto-inductive antennas were observed in terms of system practicality, scalability, signal 

distortion, and customisability. 

In Chapter 6 we developed a novel monostatic tag localisation method using absolute time-of-

flight estimates as measured by a single-receiver reader placed at the input of a loaded transmission 

line antenna. First, we briefly extended our analytic analysis of the waveguide antenna from 

Chapter 5, deriving topology-specific design equations and discussing parameter selection. We 

then defined the monostatic system architecture, where a transceiver injects a reader query at one 

antenna end via a filter-coupler. The delay between the last transmitted reader bit and the first 

modulation edge of the tag response is then estimated using cross-correlation with a reconstructed 

tag identifier. Since monostatic positioning is sensitive to tag timing errors, the pause in 

communication was statistically characterised for a selection of off-the-shelf NFC-A tags and the 

effects of transverse range, carrier power, and carrier phase investigated. It was then suggested that 

accurate localisation was possible provided the per-element antenna group delay exceeded the 

maximum tag delay error. Verification was conducted using the optimised loaded transmission line 

antenna with 16 sensor nodes and a high-precision custom transceiver. The antenna was then 

partitioned into functional and non-functional nodes, with the former used for localisation and the 

latter for the added slow wave effect. The estimated delay range was segmented into response 

zones and statistically consistent positioning achieved at 8 nodes using a linear mapping. Finally, 

we measured the variation of response signal power with position and sensor-tag separation. 

In this work, we combined radio-frequency identification with metamaterial technology to 

develop unique slow wave systems for near field communication and localisation. Compared with 

previously demonstrated HF RFID localisation methods, the radar-like approach demonstrated 

here provides greatly improved accuracy using simple and scalable hardware. Potential 

applications include monitoring the transit of goods or people. However, because tag responses at 
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one node may easily be read at another node, there is a significant possibility of eavesdropping. 

Applications are therefore likely to be limited to closed environments where security is relatively 

unimportant. Examples include monitoring automated warehouse robotics or providing physical 

verification of staff attendance at distributed locations for digital timesheets. Given the scope and 

novelty of the research, there exist numerous avenues for future development. We now discuss 

prospective research objectives in order of priority. 

The reader protypes employed for bistatic and monostatic localisation in Chapters 4 – 6 were 

implemented using standard RF laboratory equipment. While very effective for proof-of-concept 

demonstrations, the transceivers were bulky, required a PC for post-processing, and were incapable 

of addressing tag responses in real time. The development of purpose-built and compact readers is 

essential for practical system deployment. The readers must also support bit frame anti-collision 

protocols to enable communication with and localisation of numerous tags simultaneously. Paired- 

and single-receiver models should be developed for bistatic and monostatic localisation, 

respectively. Standardised loaded transmission line antenna kits should also be designed. The 

experimental sensors employed in Chapters 5 – 6 were implemented using copper tubing and 3D-

printed frames. Despite their excellent performance and low propagation loss, such designs may 

be impractical due to high fabrication costs and long assembly times. Sensors implemented entirely 

using printed circuit boards with a range of inductor dimensions and values should thus be 

developed. Corresponding non-functional nodes with low-loss ferrite-core inductors should be 

designed for increasing the group delay and physical separation between functional nodes. The 

antennas should be modular, easily reconfigurable, and inexpensive. With suitable hardware 

changes, such systems could be immediately deployed, and there are consequently strong 

possibilities for commercialisation. 

Further experimental tests on monostatic localisation, the most practical embodiment, should 

be conducted. The variation of tag delay estimates with node index should be characterised for a 

wider range of tags and the effects of sensor-tag separation, incident carrier power, and antenna 

length analysed. Relationships between minimum carrier power and antenna length should be 

established experimentally. The feasibility of active device positioning (such as smartphones) may 

also be tested. Finally, monostatic localisation with numerous tags distributed along the antenna 

should be demonstrated, and the effects of tag loading (if any) on delay estimates analysed. 

Extending localisation support to other proximity standards (namely NFC-B and NFC-F) is 

straightforward, requiring minor modifications to reader modulation schemes and bit codes. 

Adoption of vicinity protocols (NFC-V) is likely to significantly increase the maximum operating 

range due to reduced tag power requirements. Distributed vicinity localisation systems could be 
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particularly useful in asset management applications. Extension to near field ultra-high frequency 

RFID is also of interest but may require significant changes to the slow wave antenna topology, 

reader design, and theoretical models. 

Finally, learning algorithms and statistical methods may be developed to enhance positioning 

accuracy, particularly in the monostatic case, when (in contrast to the bistatic case) variable tag 

performance introduces uncertainties. Improvements to system security could be realised by tag 

fingerprinting, enabling (for example) the identification of cloned tags. Theoretical system models 

could also be improved by including tag loading effects, more sophisticated noise models, and 

accounting for antenna nonidealities. Such models could be used to develop artificial intelligence 

methods, increasing system robustness without lengthy hardware trials. 
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