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Abstract

Radio frequency identification (RFID) technologies have been used for decades in a wide
variety of applications, e.g. asset tracking, access management and mobile payment. The
evolution of memory and radio technologies is enabling development of RFID tags towards
wireless memory tags (WMT) with high storage capacity (> 1 gigabit).

This work contributes to the research and development of WMT technologies and
applications. The main objectives of this work are to show the feasibility of remotely-powered
WMTs and that the required host functionality is integrable to today’s mobile devices. A key
enabler for the technology is the air-interface that supports wireless powering of tags, datarates
above 100 Mbit/s and flexible usage needed for the new applications. Thus, an additional
objective has been to develop a system with a high performance air-interface and to justify the
chosen approach with an implementation showing the performance and feasibility of the
system.

The scientific merit of the thesis lies in the novel methods and the strong contributions made
to the design and development of the new dual-band radio system which overcomes the
traditional challenges of single-band RFID systems. In the work an impulse UWB transceiver
operating at 7.9 GHz center frequency has been developed. The transceiver utilizes one single
super-regenerative oscillator for bi-directional communication. Additionally, synchronization
schemes based on the use of a continuous wave signal (on UHF or HF band) for the
synchronization of the UWB link have been developed and tested. Finally, the feasibility of the
system has been confirmed by designing, developing and testing four system implementations.

Keywords wireless memory tags, ultra wideband, impulse radio, RFID, radio system, remote-
powering, super-regenerative
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Tiivistelma

Radiotaajuinen etdtunnistus (RFID) on laajasti kdytetty teknologia, jota on hyodynnetty
viime vuosikymmenind mm. logistiikkasovelluksissa, kulunvalvontajarjestelmisséi ja
etdmaksamisessa. Muisti- ja radioteknologioiden kehitys on mahdollistamassa RFID-
tunnisteiden eli RFID-tagien kehittdmisen kohti langattomia muistitageja (WMT), joiden
tallennuskapasiteetti on merkittavisti nykyisié tunnisteita suurempi (> 1 gigabitti).

Téassa tyossa on tutkittu ja kehitetty WMT-teknologioita ja —sovelluksia. Tutkimuksen
paitavoitteina on todentaa, ettd ilman paristoa toimivat langattomat muistitagit ovat
toteutettavissa siten, etta tagien lukemiseen ja kirjoittamiseen tarvittava toiminnallisuus on
integroitavissa matkapuhelimiin. Teknologian toteutettavuuden kannalta merkittava tekija on
ilmarajapinta, joka mahdollistaa langattoman tehonsiirron tageihin, yli 100 Mbit/s:n
datansiirtonopeuden ja joustavan kayton uusissa sovelluksissa. Tédsté syysta tyon
lisdtavoitteena on ollut kehittda jarjestelma4, jossa kdytetty ilmarajapinta saavuttaa tarvitun
suorituskyvyn. Valitun lahestymistavan suorituskyky on myos todennettu rakennettujen
testijarjestelmien avulla.

Tyon tieteelliset saavutukset perustuvat tyossé kehitettyihin uusiin menetelmiin, sekd uuden
kahta taajuusaluetta hyodyntavan radiojarjestelméan suunnitteluun ja kehitykseen. Kahta
taajuusaluetta kayttamalla voidaan ratkaista perinteisesti yhté taajuusaluetta kayttavissa
RFID-jarjestelmissa havaittuja ongelmia. Ty6ssd on myos kehitetty ultralaajakaistainen
(UWB) impulssildhetinvastaanotin, joka toimii 7,9 GHz:n keskitaajuudella. Lihetinvastaanotin
hyodyntéda yhta superregeneratiivista oskillaattoria kaksisuuntaiseen tiedonsiirtoon. Tamén
liséksi tyossé on kehitetty UWB-linkin synkronoimiseen tarvittavia menetelmis, jotka
perustuvat kapeakaistaisen (UHF- tai HF -taajuisen) signaalin kayttoon. Lopuksi jarjestelméin
toteutettavuus on varmistettu suunnittelemalla, kehittdmalla ja testaamalla nelja eri
jarjestelméatoteutusta.

Avainsanat langattomat muistitagit, ultralaajakaistainen, impulssiradio, RFID,
radiojarjestelma, langaton tehonsiirto, super-regeneratiivinen
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1 Introduction

In this thesis work an ultra-wideband (UWB) radio system has been developed for
wireless memory tag (WMT) applications. In this chapter the necessary background
technologies for WMTs are introduced. Then the motivation for the research
leading to this thesis is presented and the scope of the thesis defined. Finally, the
contents of the thesis are outlined and the scientific objectives listed.

1.1 Background

Wireless memories are based on the vision, where disposable non-volatile
memories could be used as a wireless ultra-local storage format for digital content,
e.g. music and video clips, and easily accessed with mobile devices over a touch
distance [2],[3]. Such a storage format can be seen for mobile devices as a wireless
equivalent of compact disks (CD), digital versatile disks (DVD), and Blue-ray disks
used in media players and computers.

In order to avoid the maintenance of draining batteries, remote-powering of the
tags by the host device is mandatory during wireless access. The vision about the
wireless memory tags (earlier also called RF memory tags) is based on the evolution
in the following fields of technology: radio frequency identification (RFID), non-
volatile memory (NVM) technologies, wireless power transfer (WPT), and ultra-low
power wireless communication.

1.1.1  Radio frequency identification (RFID)

RFID technologies have been used for decades in a wide variety of applications, e.g.
asset tracking, remote control and smart cards. A good introduction to the RFID
fundamentals is given in [4]. The radio interfaces and performance requirements
of RFID systems are highly application dependent. For example, different
requirements for communication range, the identification rate of tags, security,
operating environment, physical tag size, and device complexity have led to the
diversity of systems, and coverage of all applications with one standard RFID
solution has not been possible. To fulfill the requirements, the operating frequency
of RFID systems varies from 100 kHz to tens of GHz, and experiments even in the
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THz range have been reported [5]. The most common frequency bands used for
RFID are 125 kHz, 13.56 MHz, 860-960 MHz, and 2.4 GHz. For the long-range
applications the communication is done in the far-field conditions, whereas the use
of inductive coupling in near-field conditions is more common for short and touch
distance applications.

A common aspect of RFID systems is that the reader/writer devices have
substantially more resources than their counterpart tags. The reader devices are
usually also connected to a database where the tag interactions are stored and the
application specific data maintained.

In the simplest RFID applications, e.g. anti-theft systems, the tags embedded into
objects only provided 1-bit presence information when exposed to the
electromagnetic field transmitted by a reader. Identification (ID) of tags with
individual ID codes started from active tags and read-only memories and it has
become a commodity also for passive tags. Recently, especially the mainstream
development of passive RFID tags has been steered by applications such as logistics
[6] and mobile payment [7],[8]. In these applications the tags may include also
some amount of programmable non-volatile memory. Thus, a bi-directional
communication link between the reader and tags is required to enable writing of
data to tags.

RFID and NFC tags are examples of ultra-local storage, and lately the reader/writer
functions have been introduced also in mobile devices [9],[10],[11]. However,
today’s NFC and RFID tags provide very small in-chip storage capacity (up to tens
of kilobytes) and increasing of the capacity is not practical due to the narrowband
wireless access (up to 1 Mbit/s). As a result, large amounts of content (in scale of
mega- to gigabytes), such as multimedia, cannot be stored locally. This gives
motivation to increase the communication bandwidth of passive tags to take full
benefit of the increased storage capacity.

1.1.2 Memory technologies

Electrically erasable programmable read-only memories (EEPROM) are widely
used in RFID and NFC tags [4]. In EEPROM each memory cell usually has its own
read, write, and erase transistors. Dedicated transistors limit the integration
density, but storage capacity in the range of tens of kilobytes can be integrated as
embedded memory with other functions to a single silicon chip [12]. Reading of
EEPROM is relatively fast and low power-consuming, but erase and program
operations are much slower and require high programming voltages (> 10 V).

So called flash memories are the key enablers of today’s portable devices, e.g.
smartphones, music players and digital cameras [13]. In contrast to byte-wise erase
of EEPROM, NOR and NAND flash memories provide better integration density

22



Introduction

and are erasable as larger blocks of cells, typically in the range of 4 — 512 kB. The
main difference between the NOR and NAND flash memories is the control of
memory cells (both have one transistor per cell). In a NOR flash, each cell of the
memory array is directly connected to a controlling bit line, whereas in a NAND
flash several cells are arranged in series. As the inherent features, NAND flash
provides better storage density, whereas the NOR flash provides faster random
access. As the result, the NAND flash has become the mainstream storage-class
memory, whereas the NOR flash is primarily used as a code execution memory
requiring fast read access but only occasional programming. Additionally, in a
NAND flash certain number of faults are permitted to optimize the storage density,
and error correction codes (ECC) are used to overcome the shortcomings of the
memory cell technology. In a NOR flash faultless operation is usually expected since
it is often used to store system-critical information.

During the last decade, there has been a big debate about the scalability of the
NAND flash, i.e. its capability to follow Moore’s law. The foreseen problems caused,
for example, by the interference between neighboring cells in designs made with a
sub-20 nm CMOS processes, have driven the development. As the solutions to
maintain the development pace and to increase storage density (bits/mmz2), new
architectures have been developed. For example, in a technology trend called
multiple level cells (MLC), 2-4 bits are stored per cell in contrast to the traditional
single-level cell (SLC) technologies having one bit per cell. On the other hand, in
three-dimensional architectures multiple layers of cells are stacked to store more
bits on the same silicon area [14].

In addition to the improvements of NAND flash technologies, many new emerging
NVM technologies have been introduced to solve the scalability challenge [15].
Instead of using a floating-gate transistor to store information in flash memories,
the information is stored, for example, by using magnetic, resistive or
crystal/amorphous properties of materials. Thus, the most promising technologies
to be used as storage memory are called magnetic RAM (MRAM), resistive RAM
(RRAM), and phase-change memory (PCM). Traditionally, different technologies
have been used for storage and execution memories. Lately, effort to develop a
memory technology for both purposes has been made [16].

The MRAM cells consist of two ferroelectric plates, and each of them can hold a
magnetic field. One is a permanent magnet, and the field of the other is changed to
store information. Lately, spin transfer torque (STT-) RAM has been developed to
overcome the high write current of MRAM because the write current does not
down-scale well in the traditional MRAM cell. STT-RAM uses spin-polarized
currents which enable smaller and less energy-consuming bits. In addition to lower
power consumption, STT-RAM has better scalability, it is cheaper than MRAM and
requires only 1.2 V internal voltage. RRAM technologies are based on materials
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which can be switched between two resistance states with suitable voltages. Despite
its promising performance [17] the development of RRAM is still in its early phase
and the first products are just coming to the market.

In the PCM cells information is stored by using phase-change materials [18],[19].
The state of a memory cell is changed between amorphous and crystalline states
with an electrical pulse which heats the cell above its crystallization temperature.
The state is turned back to amorphous with a larger but faster pulse. The main
advantages of PCM over NAND flash include fast read and write access, good
scalability and endurance, and capability of bit-wise alterability without the need
for erase operation. On the other hand, a weakness of PCM is its incapability to
maintain data in high temperatures. This far PCM devices with 8 Gbit storage
capacity [20] have been introduced and several products are on the market. During
the work presented in this thesis, PCM has been the most promising new
technology for wireless memory tags due to the aforementioned advantages over
NAND flash and better maturity in comparison to other emerging technologies.

Lately, ferroelectric RAM (FeRAM) has been taken into use in RFID tags due to its
speed and very low power consumption [21],[22],[23]. In FeRAM every NVM cell
consists of a ferroelectric capacitor. However, FeRAM requires re-programming
after every read operation, and its integration density is worse than other rival
emerging technologies [24]. Due to its very high read/write endurance, FeRAM is
at its best as a RAM memory with non-volatile capability, but other NVM
technologies look more promising as a storage for wireless memory applications.

Altogether, the foreseen development trends on the field of NVM technologies are
the fundamental basis for the vision for wireless memory tags (WMT). In general,
the power consumption and price of NVMs are continuously decreasing. On the
other hand, storage density, storage capacity, as well as read and programming
speeds are increasing. This enables ultra-low cost passive memory tags (with
storage capacity beyond one gigabyte) which can be accessed and powered
wirelessly, for example, with mobile phones. As an example, the price of NAND
flash memories is reaching the level of $0.30/GB [25], which supports the vision
about the low cost (< $1) memory tags. Thus, the memory evolution allows
development of NFC and RFID tags to wirelessly readable and writable memory
tags.

1.1.3 Wireless power transfer and energy-scavenging

Wireless power transfer (WPT) was originally envisioned by Nikola Tesla already
in the late 19th century [26]. Ultimately, the target was to achieve freedom of
operation of electrical devices without having heavy batteries.

Despite its early invention, until these days the main embodiments of WPT have
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focused on wireless charging of devices over short distances. Instead of using
conventional cables and connectors for charging, wireless links are used to charge
batteries in portable devices. The most widely known examples are electric
toothbrushes, electric cars, medical implants [27], and other special-purpose
equipment. For high end-to-end efficiency, the systems operate usually on low
frequency (LF) to high frequency (HF) bands in near-field conditions. The links are
mainly based on inductive coupling but systems based on capacitive coupling have
been developed, as well.

Lately, new standards, e.g. Qi by Wireless Power Consortium (WPC) [28] and
Power Matters Alliance [29], have been developed to take wireless charging into
wider use. The key driver is to make daily use of smartphones and other battery-
powered portable devices more convenient. In those systems, a low data-rate
communication link, which is usually uni-directional, is used to control the
charging operation. The sufficient data-rate is in the range of kilobits per second.

Methods based on magnetic resonance have been proposed to extend the range and
to improve efficiency. Wireless charging systems operating on the UHF band in far-
field conditions (range in tens of meters) have been introduced [30],[31], as well.
The long range systems of today can be seen as real implementations of Tesla’s
original visions, whereas most of the wireless charging implementations only try to
replace connectors and transfer energy over relatively short distances.

The aforementioned RFID and NFC applications are also embodiments of WPT.
Instead of charging batteries, passive tags are powered wirelessly only during the
interactions with the reader/writer device. The power transfer is similar to the WPT
techniques but the link has been enhanced with a bi-directional communication
capability. According to the usage scenario of long-range RFID systems no batteries
are needed in the tags which is similar to Tesla’s vision.

Altogether, the WPT applications range from the long range RFID and wireless
powering of sensor devices to the charging of vehicles. Thus, the received power
level is also dependent on the application and varies from nanowatts (RFID) to tens
of watts (wireless charging of laptops), and even to kilowatts (wireless charging of
cars). Additionally, the RF to DC conversion efficiency in the receiving end varies
from several tens of per cents to over 9o %.

WPT is usually defined as energy transfer between two points. Another potential
approach to achieve autonomous operation of electronic devices is to collect energy
directly from the environment. This is called energy-scavenging [32],[33]. Methods
to collect energy from different sources have been developed, e.g. scavenging of
mechanical, thermal and radiant energy. Scavenging methods utilizing chemical
reactions have been developed, as well. Usually, scavenging can be used to augment
the battery, but the power consumption of mobile and sensor devices is often higher
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than the capacity of scavenging. Additionally, the level of scavenged power
fluctuates a lot. One way to stabilize and increase the power output is to scavenge
energy from multiple sources but that makes the systems more complex. Another
challenge related to energy-scavenging is the power management, because usually
the systems have no single operating point.

The envisioned memory tags do not have connectors and the wireless access must
be independent on the charging of batteries. Therefore, wireless powering of the
tags is a central part of the system. Depending on the application, energy-
scavenging may be used as a supplement to achieve autonomous operation of tags
between the interactions with reader/writers.

1.1.4 Wireless communication links

The digitalization of wireless communication has dramatically changed our
everyday life. Since the introduction of GSM (Global System for Mobile
Communications), network generations with better performance have followed one
another and enabled new mobile applications. In general, the synergy from the
investments spent on the development of communication systems have boosted the
evolution of all the relevant areas from mobile devices and mobile networks to the
core network, as well as backhaul links and satellite communication etc.

During the last decade, more local wireless systems have also become a commodity.
The performance in terms of energy/bit and maximum data-rates has significantly
improved in wireless sensor networks (WSN) and wireless local area networks
(WLAN) since the introduction of their first implementations. Ultra-low power
consumption and high number of nodes are the key characteristics in the WSN
systems, whereas maximum data-rate is a less important parameter. On the other
hand, common applications for the latest WLAN standards, such as IEEE 802.11ad
(formerly known as WiGig, Wireless Gigabit Alliance) [34], are to transfer video or
other large data files between a mobile device and a stationary device, e.g. a display
or an access point, which benefit from data-rates over 1 Gbit/s. Other wireless links
for direct device-to-device communication in short-range and near-field domains
have also been introduced with performance greatly exceeding 1 Gbit/s data-rates
[35]. As an example of mobile device applications for very short-range broadband
links, so called wireless connectors replacing traditional easily-breaking galvanic
connectors in mobile devices motivate the development of touch distance links
beyond 1 Gbit/s data-rates. As the extreme embodiment of short-range wireless
communications, chip-to-chip links targeted for intra-device communication with
maximum distances of several millimeters and data-rate capability over 10 Gbit/s
have been developed [36]. In general, when the range becomes extremely short the
wireless transceivers are very close to their wired equivalents [37], and physical
layer contributes less to the total power consumption of the system than in longer
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range links.

Every category mentioned above has its own characteristics on the system and
performance level, but common to these applications is that they have traditionally
been implemented on microwave frequencies, and increasingly also on millimeter
wave frequencies. Following the growing need for increased data-rate and low
power consumption as consumer equipment become mobile, future wireless
transceivers should provide simultaneously Gbit/s data-rates and high energy
efficiency, i.e. minimized energy/bit consumption [38]. Fortunately, the aggressive
scaling of the CMOS (complementary metal oxide semiconductor) technologies has
enabled the development of low-cost, low-power and high performance integrated
systems. Novel IC technologies are enabling efficient use of higher carrier
frequencies. This is valuable since wider frequency bands for unlicensed broadband
communication are allocated on higher frequencies (above 2 GHz). A significant
effort has been made also to reduce the power consumption of wireless links by
developing different transceiver architectures for OFDM (orthogonal frequency-
division multiplexing), single carrier, impulse radios etc. For mobile devices power
consumption of any wireless link is a critical parameter. The tolerable level is
around 2-4 watts [39], but a lower level is highly desirable.

1.2 Motivation and scope of the thesis

The evolution of mobile devices and wireless communication networks has enabled
digital content stored in the cloud to be available to mobile users everywhere.
However, the coverage and capacity of mobile broadband networks is limited even
in urban areas, and due to the explosive growth of mobile content wireless networks
have difficulties keeping up with the growth [40],[41]. To relieve the situation,
solutions like portable wireless storage devices have been proposed to be used as
“near-by” storage for locally relevant data [42]. Thus, the content is physically
located into the place where it is used and accessible also in situations where
connection to internet is unavailable or limited. In addition to overloading of
networks, there are obvious exceptions, e.g. emergency situations and
infrastructure blackouts, when network access cannot be guaranteed and local copy
of data is highly valuable. Lately, the issues related to internet privacy and security
have also raised the question if all the content is practical to be stored into servers
[43],[44]. Considering the global energy consumption of data transfer when data
are transferred between distant servers and mobile devices [45], ultra-local storage
of content provides energy-efficient solution when application-wise practical.

As a complementary solution to the mainstream approach to store digital content
into the cloud, this thesis focuses on the research of a technology which allows ultra-
local storage of content to batteryless and wireless memory tags. The tags can be
seen as an extreme embodiment of “near-by” storage, allowing object- or location-
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specific content to be stored locally into non-volatile memory tags embedded into
objects or locations [3]. The basic approach is the opposite to the cloud-centric
virtually ultra-local solutions [46], where tags embedded into physical objects and
locations are links to the content which is actually stored into servers in the cloud.

The host device is responsible of providing the power for wireless memory access
of passive tags. Semi-passive tags have functions, e.g. sensing, which rely on a
battery or on energy scavenging. However, a key characteristic of wireless memory
tags studied in this thesis is the capability to access the memory of tags also in cases
when the battery is discharged or scavenged energy is insufficient for
communication. Communication between two or more active devices is discussed
in this thesis only when seen relevant to provide background information for the
developed technology.

In the work presented in this thesis, the primary focus has been on the development
of a system which can be used in mobile handsets. Obviously, this sets strict limits
to the system, because in contrast to special purpose devices, in a multi-purpose
device the available resources must be shared with other applications. This has a
direct impact, for example, on the options feasible for wireless power transfer. Due
to the same reason, overall cost and size of the implementations, both in the host
device and tags, are also critical design parameters.

The following functional and performance requirements are defined for the system
studied in this thesis. The memory tags need to be connectorless and batteryless.
The tags need to have non-volatile storage capacity in the range of 1 Gbit, and the
air-interface needs to support data-rates above 100 Mbit/s when downloading and
uploading data from/to tags. Additionally, the operating range must be extendable
to 10-20 cm. The requirements will be discussed with more details in Section 2.6.

What comes to the radio system layering, the work presented in the thesis focuses
mainly on the physical (PHY) layer. The work started from an analysis of air-
interface options leading to the development of a new radio transceiver architecture
and a radio system specification. Based on the analysis and specification work,
transceiver prototypes and eventually a complete system demonstrator were made.
From the perspective of overall system performance, it is crucial to understand
cross-layer dependencies. Therefore, medium access control (MAC) layer and other
upper layers are discussed here to understand, for example, the cross-layer effects
on system level and benefits of different device architectures.

1.2.1 Outline of the thesis

The thesis is organized as follows. After the Introduction, potential applications for
the wireless memory tag technology are described in Chapter 2. They give
motivation for the work done in the thesis and set the basic requirements for the
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WMT technology. Chapter 3 focuses on the architecture of wireless memory system
and on the integration of the system to mobile handsets. The radio interface
developed in this thesis work is discussed in Chapter 4. The implementations based
on the principles of the previous chapters are discussed in Chapter 5. Chapter 6
considers directions for the future work and Chapter 7 gives a summary of the
publications. The conclusions of the work are presented in Chapter 8. Chapters 1-8
form the summary part of the thesis. The second part of the thesis consists of
articles [I]-[VII] and includes a detailed discussion of the main results of the thesis.

1.3 Scientific objectives of the thesis

The main objectives of this thesis are:
1. to show that remotely-powered wireless memory tags are feasible,

2. to show that the required host functionality is integrable to today’s mobile
devices,

3. to find the best option for the air-interface and to justify it.

The scientific merit of the thesis lies in the following novel methods and the strong
contributions made to the design and development of the new dual-band radio
system:

1. The design of the dual-band radio interface overcoming the traditional
challenges of RFID systems based on back-scattering.

2. The development of an impulse UWB transceiver which utilizes one single
super-regenerative oscillator for bi-directional communication.

3. The development, implementation and testing of synchronization schemes
which are based on the use of a CW signal for the synchronization of the
UWRB link.

4. The design and development of system implementations confirming the
feasibility of the system. This thesis describes the first system
implementation of the proposed approach.
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2 Applications of remotely-powered
wireless memories

The rallying point for the usage scenarios of WMTs is that one of the
communication nodes, i.e., a tag can be remotely powered for wireless memory
access by a mobile or stationary wireless memory host (WMH) device. The tag is
either used as a stand-alone tag, or the tag functionality is implanted into an object
or embedded as a sub-system to a device. When a wireless memory tag is embedded
into a device, the embedded wireless memory tag (eWMT) functionality provides
wireless access to the memory of the device even when its battery is discharged or
detached. Obviously, the technology can be also used to transfer data between
active devices but the novel opportunity of the technology is in the scenarios where
batteryless nodes are enhanced with wireless broadband memory access.

In this chapter various applications of remotely-powered wireless memories are
discussed. As the result, the requirements for the system are defined.

2.1 Batteryless tag as a stand-alone storage

In the early phase of the work, the starting point was to enable downloading of data
with a mobile phone from a pre-programmed and disposable passive tag. The
technology would have allowed a new distribution channel for digital content (e.g.
music, games and video) and enabled new business and marketing possibilities. For
example, all crowded places like bus stations could have been turned into market
places for digital content. However, it soon became evident that the read-only
functionality of pre-programmed tags does not provide big enough potential for the
technology. Therefore, the capability to wirelessly write data to tags became a
central requirement for the WMT technology [I].

By adding the writing capability, the scenario of having disposable tags was
extended to the concept where WMTs can be used as a generic storage format. In
general, WMTs can be seen as a wireless evolution step to the storage formats used
in portable devices such as mobile phones and laptop computers (see Figure 2.1).
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Figure 2.1. Vision for evolution of storage formats.

Instead of using optical disks (e.g. CD, DVD etc.), today’s portable devices are
equipped with card slots and connectors which also allow the extension of the
device’s storage capacity with memory cards and USB (universal serial bus) keys.
However, connectors are often vulnerable and also sensitive to dirt as well as to
moisture due to which waterproofness of the device is difficult to ensure.
Additionally, connectors usually require a significant volume inside of the device
itself which increases the cost, and physical attachment is limiting the convenience
to change the cards. Therefore, the replacement of galvanic connectors with a
wireless memory card interface is seen as a valuable development trend.

One solution to the problems mentioned above is to enhance the existing USB keys
and memory cards with WLAN connectivity [47],[48]. However, such cards operate
relying on batteries re-chargeable via galvanic connectors, and as such their power
consumption is challenging for remote-powering with mobile devices. To be used
as a generic storage format for mobile devices like the earlier formats, a
requirement for WMTs is that they are batteryless and powered by the host device.
This removes the need for maintenance.

The basic applications of a stand-alone WMT are similar to the applications of
optical disks, memory cards and USB keys. When attached to a host device WMTs
can be used to extend the storage capacity of the device, or even the capacity of
execution memory [49]. On the other hand, WMTs can store important data locally
such as a carry-on copy or a back-up of user’s private content. This is done without
the risk of draining battery in tags, breaking connectors, or poor coverage of
wireless broadband because WMTs can be always accessed wirelessly with mobile
devices over short distances.

The use of WMTs merely as a generic ultra-local storage format for mobile devices
provides access to the content independently on the broadband connectivity or
cloud services. Local storage is preferred over cloud storage, for example, in case of
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sensitive content due to security and privacy. On the other hand, independence
from the network connectivity is important also in case of emergency. Therefore,
an example application is to store user’s medical information in a WMT that the
user carries with him/her. Alternatively, WMTs can be used to extend the capacity
of identification documents, for example by adding user’s pictures to identification
cards and passports. As a reference, a state-of-the-art passport can store up to
700 kbytes of data [50].

As examples of less sensitive content, WMTs can be also used to distribute copies
of advertisements and other commercial material. A usage scenario for delivering a
2-minute movie trailer by using a WMT was presented in [II]. This resulted as the
requirement to be capable of downloading a 50 MB multimedia file in less than 10
seconds with a mobile device from a WMT. Basically, the target performance covers
many general purpose multimedia applications. However, it was concluded that to
have a realistic target performance it was not yet mandatory for the WMT
technology to support applications like the transfer (and storage) of complete HD
movies during the same 10 second interaction.

2.2 Batteryless tags implanted in physical objects and locations

Similarly to RFID tags, the content stored in WMTs is in most cases more relevant
when linked with physical objects or locations. For instance, instead of distributing
digital copies of marketing material by using stand-alone WMTs, it is more intuitive
if the tag is implanted on a physical object like a movie poster, concert pass,
promotional gift etc, and the content can be downloaded to a mobile device just by
touching the object.

The usage of wirelessly readable and writable memory tags was studied in [3] where
the concept called ubimedia (ubiquitous media) was also defined. It is a concept
where media files are embedded in everyday objects and the environment, and the
user can read and write those files with his/her personal mobile phone simply by
touching the physical objects. The digital content associated with the object is
physically located to the place where it is relevant, and available independently on
the coverage or congestion of mobile broadband networks and on the price of data
plans. In case of location-specific data, the memory tag approach provides benefits
also in the global energy consumption of data transfer from a distant server [45].
The ultra-local storage of ubimedia is complementary to the cloud-centric approach
where only a link (NFC tag or QR code) to the content is stored into the physical
object and the access to actual content requires a network connection [46] (not a
real ultra-local storage).

Some examples of object-specific digital content are user instructions and manuals,
service history, augmented reality, extended product information, samples etc.
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Additionally, combination of multimedia with a physical object provides many new
opportunities, for example in toys, games and sports equipment. In case of 3D
printed objects, WMTs can store the relevant data related to the manufacturing,
maintenance, repairing and re-cycling of the object. Basically, WMT could store the
whole history of the object. In all these applications it is valuable if the content is
available wherever the object is located.

As mentioned, the digital content can be more relevant locally than globally and
therefore linked with a physical location. Examples of locally relevant content are
tourist information, emergency information, safety instructions and 3D indoor
maps.

In this thesis work the use of wireless memory tags and location specific content
was extended in the context of ambient intelligent (AmI) and smart-space
applications in [III],[51]. Instead of only sharing separate object and location
specific content, a population of WMTs storing and distributing large quantities of
information could be used to implement smart-space applications together with
mobile devices and other devices forming the smart-space. A requirement for the
concept is that the content is in a format that is reusable across application,
enterprise and community boundaries. Therefore, the third essential technology
area for the concept is the semantic web technologies [52] targeting to make
information globally ubiquitous and interoperable.

Depending on the usage scenario, the studied concept requires different capabilities
from WMTs. In the simplest case, WMTs only store data and transfers them during
the interactions with a WMH device. WMH is responsible for defining and
managing the data transfer. Basically, there is no need to process the content itself
in the tag. Even the file-system can be maintained in the WMH side if it is first
copied from WMT to WMH in the beginning of interaction and then updated
version is written to WMT after the payload data in WMT have been modified.

In more sophisticated cases where tags are capable of hosting an information agent
or running a smart space it may be necessary to have sufficient processing
capabilities in the tag itself. Fully active tags were excluded from the study to
achieve easy and low cost maintenance. Thus, the remaining alternatives were fully
passive tags and semi-passive tags. In the passive solution the data is processed fast
in WMT during the interaction with WMH. In the semi-passive solution the data is
processed over a long period of time (as a background process) by using a dedicated
power source, e.g. the power harvested from the environment, and only the high
data-rate communication requires wireless powering provided by WMH.

In smart-space environment also the user interaction is in a critical role since the
fast data connection is enabled only if user voluntarily accesses a WMT. Therefore,
the system must be fast, flexible and reliable in addition to many other
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requirements. The need of bi-directional high speed data transfer is obvious to
achieve convenient user experience when the storage capacity of tags increases.
Flexibility can be understood as a requirement for practical communication range.
From user’s perspective it is needed especially to allow intuitive and convenient
control through user interface of a mobile reader.

Figure 2.2. Physical interaction of a mobile WMH device and WMT [ll1].

Figure 2.2 presents a situation where mobile phone is used to interact with a tag
which is part of a smart-space. As can be expected, the communication range must
be long enough to avoid need for accurate pointing of reader to tag in varying usage
conditions. The communication link should also allow movement of the WMH
device while the user makes selections through the user interface. Reliability of the
user interaction can be understood as the quality of data transfers, i.e. low
probability of errors on different levels, but also as security and privacy aspects
because obviously users cannot tolerate such infringements if the content stored to
wireless memory tags is private.

2.3 Semi-passive sensor tags and data-loggers

RFID tags enhanced with sensors is a growing application field. The
implementations can be divided into passive, semi-passive, and active sensor tags
[53]. In the passive tags, sensor data are read simultaneously as the tag is remotely
powered and identified by the reader/writer device [54], whereas semi-passive tags
may collect the data over time relying on energy-scavenging or re-chargeable
batteries, and the remotely-powered data transfer is done when the reader/writer
is within the communication range [55]. Active sensor tags are usually designed to
operate in a wireless sensor network and share the collected sensor data in real-
time with other nodes of network or a gateway. However, the network connectivity
is often the most energy consuming function of tags and it limits the data-logging
capacity [22]. In applications where real-time sharing of sensor data is not
mandatory, semi-passive tags combined with a large memory may independently
collect large amounts of data over a long period of time and store it locally until
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downloaded by a reader/writer device [56].

The work presented in this thesis enhances the storage capacity and
communication bandwidth of sensor tags in the aforementioned applications.
Increased storage capacity is essential especially in case of semi-passive tags that
may collect the data autonomously over a long period of time, and there is no
opportunity to upload the data to the network. When combined with sensors the
WMT technology can be used to enhance many medical, industrial and scientific
data-logging applications.

As example use cases, the sampling rate of a sensor node may be once in 1-10
seconds and one sample may contain 2-32 bytes of data. The resulting data is in the
range of 0.5 — 83 MB per month, and in the range of 6.3 — 1000 MB per year. Once
the data are collected from the sensor node, fast data transfer and independence
from the charging-level of batteries increase the convenience from the user’s
perspective in comparison to the data-loggers connected via wired interfaces [57].
For instance, a proposed application where brain activity and head movement are
monitored with a semi-passive sensor patch during sleep requires approximately
36 Mbytes of memory for the data collected during 9 hours [58].

For the usage of object and location specific content, finding of a specific WMT may
be a challenge due to the short targeted communication range of the WMT
technology. To overcome this, semi-passive WMTs can be also accompanied with
RTLS (real-time locating system) technologies, using UWB or narrowband
technologies in which case it is easier to find WMTs even when they are not visible.

2.4 Batteryless tags with zero-power displays (or actuators)

In principle, zero-power display technologies equal to non-volatile memories [59].
After programming, they can maintain the state of pixels indefinitely without using
electricity. Due to the paper-like properties they are also called as electronic paper.
When such a display is combined with a wireless memory tag, the passive display
can be updated just by touching the display with a mobile device. In addition to
applications obvious for electronic paper, similar approach can be envisioned to be
used to implement configurable packaging, posters, advertisements, and other
consumer products, even textiles. Depending on the available energy, the display
tag may also update its display with the data from the non-volatile storage memory
in a semi-passive mode, for example, by using energy-scavenging.

For small monochrome displays, the bandwidths of existing NFC and RFID radio
interfaces are sufficient [60],[61], but for colored high-resolution displays higher
data-rates will become mandatory. In addition to the use of WMT functionality as
the air-interface for zero-power displays, the memory and display can be used as a
combination so that the display presents an image relevant to the content in the
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memory, e.g. a still image of a video clip.

Similarly to the combination of a WMT and a display, the WMT technology can be
combined with other output devices and actuators. However, in most actuator
applications the required communication bandwidth is relatively low and the
enhancement provided by the WMT technology is not mandatory.

2.5 Device-to-device communication

As presented in Section 1.1.4, numerous wireless technologies have been developed
for ultra-fast short-range device-to-device communication. Although research
results show the feasibility of radio links achieving data-rates beyond tens of
gigabits per second, in the mobile devices of today Bluetooth™ is still the most
widely used radio link for direct sharing of content between devices and their
accessories. However, it only provides data-rates up to 3 Mbit/s. Different versions
of IEEE 802.11 standard radios can also be used without access points for direct
communication between devices up to 250 Mbit/s, and the latest standard IEEE
802.11ad targets to achieve up to 7 Gbit/s data-rates.

For the communication between active devices, the radio system can be fully
symmetrical since equal resources can be expected in most cases at both ends of the
link. For the wireless memory tag system the key differentiator is the capability to
enable wireless memory access even in the cases where the battery of a device is
discharged or the host sub-system of the device is in an inoperable state [62]. By
having a wireless memory tag embedded into the memory system of the device,
another reader/writer device may access the dedicated memory in the
aforementioned exceptions [63]. As an example, the feature can be used to rescue
data from a malfunctioning device or the memory can be used to repair the host
system. Actually, the whole execution context can be transferred between devices
by copying the content of execution memory over the WMT link [64]. Furthermore,
when integrated into accessory devices having limited power sources, a touch
distance broadband connection allows touch-like immediate transferring of
content to and from the accessory.

Because one end of the system is remotely powered, it is not possible to achieve the
data-rates equal to the state-of-the-art device-to-device communication links.
However, the WMT technology can be used also for communication between active
devices in which case the communication range can be extended from what is
feasible for a remotely-powered WMT. Additionally, a usage scenario called
internet kiosk can be used to enable internet connection seemingly with zero power
consumption in mobile devices [II].
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2.5.1 Wireless programming

One special application of wireless memory tags is the wireless programming (or
flashing) of electronics [65]. The logistics and distribution chain of electronics take
time, and usually the hardware design of products is ready much earlier than the
final release of the software. Thus, the software of a physical product shipped from
a factory may become outdated during the time the product travels to the end-
customer. Additionally, customization of products at the very last point of
distribution chain is valuable to optimize flexibility of logistics and to fulfill
customer’s needs. The method called mass customization is used on many fields of
business to produce customized products with low unit costs [66].

With wireless memory tags embedded in electronics, the software configuration of
products can be updated and customized independently of whether the battery of
the product is installed or not, and even when the product is physically in a sealed
sales package. The software package configured to WMT can be modified in
different phases of the distribution chain from manufacturing to retail and the
product is flashed with the latest software and customization when the product is
taken into use the first time. The performance required from the wireless interface
depends on the size of the configured software package and the system architecture
of the product [67],[68],[IV]. (Afterwards, the author has also proposed a solution
based on a wake-up radio for the customization of the products in sales packages
with battery installed [69].)

In case of mobile devices, the same device may operate as a WMH device when
powered and fully functional, and as an eWMT device when the battery is
discharged, in case of malfunction or when the device is still in production or
distribution phase. To efficiently take benefit from the both operating modes, a
requirement for the WMT system is that the two modes utilize the same functional
elements as much as possible.

2.6 Requirements for the WMT system

Similarly to the RFID technologies, requirements set for the wireless memory
system are highly application dependent. Thus, for example, optimal frequency
bands for remote-powering and broadband communication, practical air-interface
symmetry, as well as, requirements for maximum operating range, maximum data-
rate, and power consumption, are different from one application to another.

For the system studied in this thesis, the following key requirements were set to
cover the majority of foreseen applications:

1. The technology targets to memory tags without connectors and battery.
Therefore, wireless powering must be sufficient for the radio and the
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memory in the tags.
2. The storage capacity of tags must be in the range of 1 Gbit (and beyond).

3. The average duration of interactions between a WMT and a WMH should
be less than 10 s. Thus, the transfer of the content to/from the tags in 10 s
should be feasible which leads to the data-rate requirement above 100
Mbit/s (originally the target net data-rate 10-50 Mbit/s, Figure 2.3).

4. Because fast writing of data to tags is a focal feature for many applications,
the air-interface needs to support equally fast reading and writing of tags.

5. The required WMH functionality must be integrable to today’s mobile
devices. To achieve the target, the overall WMH solution must be designed
by keeping the following principles in mind:

o Simple enough, minimizing the additional HW and thus also the
additional cost from the integration of the WMH capability.

o Power consumption of the WMH functions must be low enough to
enable the use of the functions in a multi-purpose device
simultaneously to other functions.

6. The WMH functionality needs to operate in the eWMT mode when the
battery of WMH is discharged or the host system is malfunctioning.

7. For many applications the operating range needs to be slightly larger than
touching but there is no major benefit from distances over 30 cm. From the
perspective of industrial design of electronic devices (including WMT),
flexibility in component placement is beneficial. Therefore, the maximum
range for the communication link was originally specified to be in the range
of 30 cm (see Figure 2.3), but was later decreased to the range of 10-20 cm.

Data-rate
[Mbit/s]
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Figure 2.3. Target performance of the wireless memory system as originally set in the beginning of
the MINAmI project (2007).
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In addition to the key requirements, the following features and parameters can be
seen as concessions from the perspective of the overall system design:

1. Because the system is used sporadically only when the WMH and WMT
devices are within their interaction range, the system does not have to be
active all the time.

2. The target physical size of stand-alone WMTs was defined to be equal to the
corresponding RFID and NFC tags. In several applications, paper-thin form
factor was seen valuable, but due to the increased performance of tags it was
foreseen that the size of the tags can be slightly larger in the first phase.

3. The third concession is that stand-alone tags do not have to include any user
interface (UI) but the UI of WMH devices can be used to control the system
and the resources of the WMH devices can be used to show the content of
stand-alone tags.

The applications of WMTs with sensors and zero-power displays were discussed
above. From the perspective of high data-rate wireless communication, transfer of
the digital content stored in the memory makes application-wise no difference.
However, interfacing with sensors and displays may set additional requirements to
the memory access and processing of data. The focus of this thesis is on the wireless
communication interface, but the option to interface with local sensors and displays
is considered when relevant from the system design perspective.

2.7 Discussion

In this chapter various applications of the remotely-powered wireless memories
have been discussed. As part of the work, new applications enabled by the enhanced
performance of the WMT technology in comparison to existing RFID and NFC have
been studied and developed. As an example, the use of wireless memory tags and
location specific content was extended in the context of ambient intelligent (AmI)
and smart-space applications. Instead of only sharing separate object and location
specific content, a population of WMTs storing and distributing large quantities of
information could be used to implement smart-space applications together with
mobile devices and other devices forming the smart space.

As a result from the analysis of the applications the requirements for the system
have been defined. This gives the basis for the system design and the key decisions
related to the system architecture.
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3 System architecture

The work presented in this chapter is based on the publications [1I],[TII],[TV],[V].
A wireless memory system fulfilling only the requirements of a specific application
(in Chapter 2) could be designed by following an architecture optimized for that
specific purpose. However, the need to cover multiple application scenarios with
one solution that fits to a multi-purpose device, such as mobile phones, guide the
decisions made in specifying the most suitable system architecture. Therefore, this
chapter presents the decisions and their justifications made during the specification
of the system architecture for the wireless memory tag system. The actual
air-interface developed in this thesis work is discussed with details in Chapter 4,
and therefore the radio link is presented here only on the level needed to justify the
overall system architecture.

3.1 Overview

As presented in Chapter 1, currently available mobile phones contain several radio
transceivers, such as cellular, Bluetooth, and Wi-Fi, along with NFC. Most of the
wireless technologies are made for well-established communication between active
devices, consuming a relatively large amount of power. These technologies are also
not inherently designed for ad-hoc, possibly one-time, connections between devices
that have not communicated with each other before, resulting in long latency in
establishing the communications. RFID technologies, e.g. NFC, enable
communications between an active and a passive batteryless device with short
connection set-up latency. However, they have severe limitations in data transfer
speed and the communication systems based on back-scattering are usually highly
asymmetrical resulting as significantly higher complexity in the reader device. To
solve the problem of providing high-speed communication while simultaneously
providing power wirelessly to the tag, a dual-band radio interface was proposed in
the early phase of the work [I]. The principle was to use one narrowband signal on
RFID frequencies (e.g., RFID frequency bands globally available between 860-960
MHz) to maximize wireless power transfer, whereas the communication link itself
is based on impulse UWB technique to provide a high communication bandwidth
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with high energy/bit efficiency. The approach also enables integration of the
broadband extension to existing RFID/NFC systems.

Reader/writer - Baseband and data control: Tags
Data-rate 10-100 Mbit/s

Powering & clock reference:
UHF band (900 MHz)

Communication link:
Impulse UWB (7.9 GHz)

e
| UHFRF
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Max. 10-20 cm
Figure 3.1. Original block-diagram of wireless memory system.

Figure 3.1 presents the original block-diagram of the target system. The color codes
divide the functions to high bitrate RF, baseband and the WPT functions. One of
the key objectives was to use as similar implementations as possible in both ends of
the system because that decreases the development effort and manufacturing costs.
The main asymmetry is due to the WPT link since the WMH device needs to provide
power to WMT. Respectively, WMH operating in the eWMT mode requires that the
hardware is capable of extracting the power from the external WMH device.
Otherwise, the data transfer link and memory systems were planned to be similar
to each other.

3.2 Wireless memory tag

In the majority of RFID applications the remote identification of tags is the primary
use case and the tags must be as simple as possible to enable manufacturing of large
tag population with ultra-low cost. Therefore, RFID tags that can be manufactured
with cost-efficient methods, e.g. by using printed electronics, have been developed
[70]. On the other hand, to minimize the complexity of tags the system-wise
complexity is increased in reader/writers. This makes it challenging to integrate the
reader/writer functionality to mobile multi-purpose devices.

As a starting point for the development of the overall WMT system, balance of the
complexity between WMH and WMT was taken as a target. A 1 Gbit NVM requires
in any case a considerably large silicon area in WMT, and therefore it was seen
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feasible to use a bit more resources for the RF part in WMT than in traditional RFID
tags. Additionally, the requirement to minimize the added HW in mobile handsets
motivated the re-use of existing functions of phones. Altogether, the RF link for
communication was targeted to be symmetrical.

For the high-level architecture in WMT there were basically two approaches:
embedded and stand-alone NVM. The decision to focus on stand-alone NVMs was
guided by the following facts. First of all, the targeted 1 Gbit capacity is relatively
large both in storage capacity and physical size. Usually, the size of the embedded
memory is small in comparison to the host system. Second, there are usually
differences in the silicon processes required for the optimal RF and memory cell
performance. Therefore, freezing the development of RF and memory circuits with
each other would have been impractical in the very early phase.

On the other hand, a single-chip solution would provide benefits in terms of system
optimization and remains as an interesting future opportunity. Co-integration
brings benefits, especially, in efficiency of power management (rectifiers,
regulators), in data flow management (integrated data buffering), in interfacing
between the blocks (inter-chip vs. intra-chip), and in sharing of resources
(reference clocks).
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Figure 3.2. Block-diagram of WMT, as presented in [llI].

Figure 3.2 shows a block-diagram of WMT. When using a stand-alone NVM device,
the RF transceiver IC includes functionalities needed for receiving power and clock
over the WPT link and high data-rate communication. The required computing
power is mainly defined by the tag’s capability to manage the content in NVM. In
the first option where the tag is just a dummy storage and even the file-system is
managed by the WMH device, the controller can be a simple FSM (finite state-
machine) [V]. In case of more complex memory management it is necessary to run
an onboard MCU or even CPU [III]. Adding a processing element to the tag also
simplifies the wireless connection. This is because WMH does not have to manage
the memory accesses in page or block level but can manage the data transfer on
higher level (e.g. as files). An ultra-low power processing element can process the
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access requests independently and even provide some more advanced services like
metadata-based queries [71]. The implementations presented in Chapter 5 focus on
the demonstration of the first option. The energy-scavenging and sensor sub-
system are optional and needed when the tag is used in a semi-passive sensor data-
logging mode.

3.2.1 Selection of NVM technology and interfaces

From the very beginning it was evident that the memory technology of WMT has a
big effect on the system architecture. Table 3.1 summarizes the minimum
requirements set for a NVM device in a batteryless WMT [IV]. Wireless power
transfer sets strict limits to power consumption. Therefore, the data throughput is
maximized with the available power budget. For the system studied here, the
feasible maximum level for the power consumption of NVM is set to 10-20 mW.
Data-rates above 50 Mbit/s in read and 10 Mbit/s in write are required at the
minimum to achieve sufficient overall system performance (10 mW equals with 200
pJ/bit in reading and 1 nJ/bit in writing). Low supply voltage (1.2—-1.8 V) is needed
to better optimize the efficiency of the WPT link (see Section 4.3.2 for more details).

In this work, the PCM technology has been studied as a NVM option for WMTs
[IL,[IIL,[TV]. PCM is a type of non-volatile semiconductor memory that stores
information through a reversible structural phase change in a chalcogenide
material. Information is stored during the change in resistance that the material
experiences in phase change from the amorphous (disordered, reset eq. ‘0’) to the
polycrystalline (regularly ordered, set eq. ‘1’) state. At product level this is
implemented as an operation known as overwrite. The overwrite command enables
writing to PCM devices in a similar way as writing to RAM without the overhead
due to the out-of-place update required in Flash memories. Out-of-place update
requires multiple operations also if only one single page is updated. These
operations consist of copying of valid pages within the addressed block,
programming of updated pages, programming to invalidate the obsolete block and
erasing of the obsolete block. As the result, with NAND the total number of pages
to be copied is unpredictable which leads to unpredictable overall energy efficiency.
The overwriting feature of PCM is beneficial in WMT applications where low
latency and fast interactions are needed.

The NAND flash array program/read currents for state of the art single-level cell
(SLC) devices are typically in the range of 25 to 50 mA which is slightly less than
what is achievable for the state-of-the-art PCM devices. However, the management
of NAND is more complex than what is needed for PCM. For NAND, specific
algorithms are required to match standard reliability requirements like error
correction code, wear leveling, program and read disturb, bad block management
etc. Execution of such algorithms can be done internally in the tag or externally by
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WMH but in both cases the execution requires additional energy. The simpler
memory management is another benefit of PCM. The overwrite feature is also a
significant benefit when comparing PCM with NOR Flash. NOR Flash requires
large programming currents and due to the slow erase operation the programming
throughput of NOR Flash is low. Because PCM is bit-alterable no separate erase
operation is needed which overcomes the bottleneck of NOR Flash.

As summarized in Section 1.1.2, the majority of other emerging NVM technologies
are either not mature enough (e.g. MRAM, RRAM), or they cannot provide needed
performance or future scalability (e.g. FERAM). For instance, the required capacity
of 1 Gbit is not feasible with most of the memory technologies in a form-factor small
enough.

Table 3.1 describes also the performance of a state-of-the-art PCM device. Since the
reference device has not been optimized for WMT applications, there is an obvious
gap in the performance. However, by making an application specific
implementation, i.e. by optimizing the internal architecture of the PCM device, the
number of cells read/write in parallel, and the properties of memory cells
themselves, as presented in [IV], the performance gap can be significantly
narrowed. As presented in the NVM comparison in [72], currently the read and
write energy consumption of PCM is about 10 pJ/bit and 200 pJ/bit. Although the
internal functions, e.g. buffering and control logic of the NVM device, add a
significant portion to the overall power consumption, one may conclude that the
performance of existing PCM technology is feasible for WMT applications.

Table 3.1. Performance requirements for the memory device [IV].

Parameter Active |Batteryless|Parallel PCM Unit
device device (NOR like)
Capacity (Density) 1 1 1 Gbit
Supply voltage <3.3 1.2-1.8 1.8 \

Read Bandwidth >50) >5() 2128 Mbit/s
Program Bandwidth >50 >10 70 Mbit/s
Overwrite Bandwidth 30 >10 30 Mbit/s
Erase Bandwidth 25 >10 20 Mbit/s

Read Power <50 <10 90 mW

Program Power <50 <20 130 mW

Overwrite Power <50 <20 130 mW

Erase Power <50 <20 130 mW

Endurance 1076 1006 1076 W/E cycles

In addition to the NVM technology itself, the interface of NVM device must be
carefully selected for low power consumption. The overall power budget achievable
with wireless power transfer and lower number of I/O signals to interface with a
stand-alone NVM justify the usage of a serial interface. Serial interface minimizes
also the pin count. The alternatives considered during the work were 12C (inter-
integrated circuit), LPDDR2 (low power double data rate), SPI (serial peripheral
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interface) and UFS (universal flash storage). SPI is a well-known serial interface for
low-power applications and memory devices, and the solution is directly usable in
stand-alone WMTs. The maximum data-rate of SPI interface (over 100 MHz) is in
line with the system requirements. Therefore, SPI was chosen as the memory
interface for the WMT implementations studied in this work.

3.3 Wireless memory host

In the wireless memory system, the WMH device is responsible for providing power
wirelessly to the tag but it is also in most cases the node where the data stored in
tags is consumed or generated. Thus, it is also natural that the WMH device is the
master of the communication and manages the data transfer. Additionally, the host
system running applications, user interface etc., provides the highest control layer
for the WMH functionality. In the WMH device there are several implementation
options from the architectural perspective. The conventional way is to connect the
wireless memory functions directly to the application processor. In that case all the
data and control signaling goes via the processor and data are stored in the general
mass storage of the device. However, this approach requires intensive involvement
from the application processor since it must handle the data stream between the
mass storage and the RF unit. This may also imply a performance bottleneck due to
the software activity and high power consumption.
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Figure 3.3. Architecture of the WMH device, as presented in [II].
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A system architecture for wireless memory tags based on NoTA (network on
terminal architecture) was presented in [II] and [73]. The block-diagram and
system layering of a NoTA based WMH device is presented in Figure 3.3. NoTA is
a modular service-based system architecture for mobile and embedded devices
offering services and applications to each other [74]. A modular architecture is
mandatory in the WMT system to optimize performance. For example, latencies
common in the memory access of centralized systems are not acceptable. Power
consumption of the mobile WMH device is efficiently minimized with an
independent wireless memory sub-system (MINAmI sub-system in Figure 3.3)
keeping the involvement of the main processor at the minimum. In contrast to
conventional radio systems, the main processor only triggers the communication
and the independent sub-system handles the transfer and storage of the data. Thus,
the main processor does not have to be involved in the low level communication
processes.

As the third option, the architecture using a dual-interface memory was defined in
[IV]. The main principle is presented in Figure 3.4 (on left). The data read from tags
are stored into the memory and accessed by the application processor via the
interface I/F1 after or during the downloading. When writing to tags the memory is
used similarly as a large FIFO (first in first out). The data transfer is initiated and
monitored by the application processor but the actual data stream is handled by the
RF unit. The same memory device can be re-used as a general system or storage
memory of the WMH device when reader/writer capability is not in use. Actually,
in the reader/writer state the RF unit may directly access content in storage
memory when instructed by the processor via Ctrl I/F.
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Figure 3.4. WMH functionality based on a dual-interface memory (on left), and embedded WMT
functionality in the WMH device utilizing the same architecture (on right) [IV].

In general, both architecture options studied in this thesis can be seen as
distributed solutions and wireless DMA (direct memory access) systems which
minimize the latency and overhead in the wireless memory sub-system due to the
load of the application processor of a multi-purpose device.
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In addition to the system architecture, the interfaces commonly available in the
device platforms affect the system design and the achievable performance.
Basically, the host system can interface with the WMH sub-system with any fast
enough peripheral interface (>100 Mbit/s). In today’s mobile platforms, interfaces
like SDIO (secure digital input output) and 4-SPI are widely used as interfaces for
memory cards but also as the high performance interface for peripheral sub-
systems, e.g. WLAN radio. On the other hand, data-rates provided by interfaces like
I2C and standard SPI would limit the end-to-end performance of the system. MIPI
(mobile industry processor interface) is considered as the high speed serial
interface between sub-systems in NoTA.

The limitations for added HW in the mobile device also requires that the existing
or upcoming resources should be re-used as much as possible to enable the WMH
functionality in mobile handsets. During the work, powering re-using HW of UHF
RFID and NFC functions were seen feasible due to the growing interest towards
integration of low data-rate RFID functionalities to mobile devices. Therefore, UHF
RFID and NFC have been the most promising technologies to be re-used for
wireless power transfer and as the starting point in the WMT radio system design.

3.3.1 Embedded wireless memory tag (eWMT)

Capability to share the same memory between battery-powered and wirelessly
powered states is the key to the aforementioned new applications and savings in
component costs. The wireless memory access by using eWMT enables improved
logistics, personalization and SW updates even when the electronic device is off, or
without a battery. The dual-interface architecture presented in Figure 3.4 supports
the eWMT functionality. Lately, a similar dual-interface functionality has been also
introduced based on NFC and I2C interface [68]. Due to the system-level symmetry,
the embedded tag memory device can be re-used as the buffer memory in the
reader/writer state when the device is on. Alternatively, usage as general system or
storage memory is feasible.

Non-volatility of a fast enough memory enables usage of the same memory device
in all the functional states but sharing requires a dual-interface NVM device. From
the architectural perspective the twofold usage of the same memory is beneficial
but obviously it also sets high and somewhat contradictory requirements for the
memory device (first column in Table 3.1). The power budget and bandwidth
requirements for NVM are highly dependent on the usage scenario. When NVM is
used as a system memory or mass memory of WMH, the main criterion is the
read/write bandwidth and, for example, parallel interface is justified. The power
consumption needs to be low enough for mobile devices but it is not the main
optimization criteria. For the eWMT mode, the requirements are equal to NVM in
a stand-alone WMT (second column in Table 3.1).
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For the dual-interface memory architecture, one of the memory interfaces needs to
be compliant with the low-power requirement of eWMT. However, the other
interface may be, for example, a mass storage interface, e.g. eMMC if the memory
is used both for eWMT and as a storage memory. The work presented in [IV]
studied the use of a NVM device both as an execution-in-place memory of the
application processor and as the memory of eWMT. Therefore, ADMUX (Address
Data Multiplexing) was considered as the processor interface of the NVM device
because it is widely used in low-end mobile platforms.

By taking into account the twofold requirements set by the applications, the optimal
solution should be based on a scalable serial interface. The same interface could be
used as a host processor interface (high datarate) and as the interface for passive
memory tag (lower datarate, very low-power). One future candidate is UFS
(universal flash storage) [75].

3.4 System implementation

A system implementation following the architecture defined in [II] and [IV] was
presented in [V]. The block-diagram and protocol layering of the implementation
are shown in Figure 3.5 and will be discussed with more details in Chapter 5.
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Figure 3.5. System implementation and protocol layering [V].

When considering the designed system architecture and the implementation, we
can conclude that the result is well in line with the requirements set for the
technology in Chapter 2. The same sub-system can be used with small variations in
all the targeted operating modes, as presented in Figure 3.6. Especially, the same
UWB transceiver IC can be used in special and multi-purpose WMH devices, as well
as, in embedded and stand-alone WMT modes. Depending on the preferred
solution, a dual-interface memory can be used in mobile devices as an embedded
tag memory and as the buffer memory in the WMH state. Additionally, the memory
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can be re-used as the general system or storage memory when the WMH capability
is not in use.

Tag

/

Pl

i = - HE

[ [ —1 | | [ - . |
RN <« ‘IEEE a4 I
Special purpose Embedded tag  Mobile Reader/Writer Stand-alone tag
Reader/Writer

Figure 3.6. Wireless memory system in different operating modes. (See Figure 3.1 for details of
block-diagrams.)

3.5 Discussion

In this chapter the studied architecture options of the wireless memory system were
presented. The applications presented in the previous chapter defined the system
requirements and different options for the system architecture were considered to
fulfill the requirements. As a result, the proposed dual-interface memory
architecture supports efficiently all the operating modes, including the embedded
WMT mode.

The memory technologies suitable for the wireless memory system were also
analyzed. As a result, the PCM technology shows several benefits over the
mainstream and emerging NVM technologies.

In most RFID systems the complexity of tags is minimized leading to higher
complexity on the reader/writer side. The reader/tag asymmetry on the physical
layer may significantly hinder the integrability of the reader/writer functionality to
multi-purpose devices. In comparison with simple content download functionality,
the requirement to support write data-rates equal to reading also justifies symmetry
of the radio communication link. Furthermore, from the cost and development
effort perspective use of a similar transceiver IC in all operating modes is valuable.
These three principles guide the design of the radio system and transceiver ICs
presented in the next chapters.
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4 Radio interface

During the time this thesis work was started (late 2006), it was not foreseen that
any of the existing radio interfaces, common in mobile phones, could alone fulfill
the requirements of the WMT applications. Figure 4.1 shows the positioning of the
existing and emerging wireless technologies from the early phase of the work. For
the long-range and local area communication between active devices, there were
already many technologies available (e.g. Wi-Fi and LTE) with data-rate
performance sufficient for the target application. However, the technologies were
not designed for passive devices and the foreseen power consumption was out of
the range feasible for WPT with mobile host devices. On the other hand, the RFID
technologies were developed mainly for low data-rate applications, except the
solution called MemorySpot developed by Hewlett-Packard [67]. This technology
landscape was the starting point for the air-interface work started in the MINAmI
project. The details of the air-interface are covered in this chapter.
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Figure 4.1. Positioning of wireless technologies.
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4.1 Single-band solutions in RFID systems

In RFID systems the physical interaction is usually based on the back-scattering of
narrowband RF signals [4]. The reader device provides a continuous wave (CW)
signal which is used by the tag to extract supply voltage by rectifying and regulating
the incoming signal. The communication from the tag to reader is possible thanks
to the modulation of the back-scattered signal from the tag, whereas the
communication from reader to tag can be done, for example, with simple amplitude
or phase modulation methods respecting the power extraction needs in the tag.

As solutions to increase the communication bandwidth of passive tags, many
single-band radio interfaces based on load-modulation and back-scattering have
been proposed. In the 13.56 MHz frequency band, data-rates up to 13.56 Mbit/s
have been achieved by using modulation schemes like 16-PSK (phase-shift keying)
[76]-[80], instead of conventional ASK (amplitude-shift keying). In the goo MHz
UHF RFID band, tag-to-reader data-rates of 5 Mbit/s have been achieved [81]. In
the 2.45 GHz band data-rates up to 4 Mbit/s have been demonstrated over few
centimeter distances [82], and 10 Mbit/s has been reached over millimeter
distances with the aforementioned MemorySpot technology [67]. Demonstrations
in the 60 GHz ISM (industrial, scientific, medical) band have shown feasibility of
20 Mbit/s data-rates with semi-passive tags [83],[84]. Additionally, a 37.5 Mbit/s
data-rate has been achieved in the 34 GHz radar band with active tags [85]. Use of
millimeter-wave frequencies enables, for example, on-chip antennas helping
miniaturization of tags [86], but the efficiency of remote-powering for a
considerably large NVM in wireless memory tags is very low.

The use of a single frequency band for both communication and wireless power
transfer limits either the data-rate or communication range of the system. The main
reason is that wireless power transfer is more efficient at lower frequencies,
whereas wide enough band for communication is available only at higher
frequencies. This limitation becomes more pronounced when the target is to
increase the storage capacity of tags and the communication data-rate which both
increase the power consumption.

An additional classical challenge in integration of single-band RFID reader
capabilities into small volume, is the need to achieve high enough isolation between
the Tx and Rx branches of the reader. The reason is that the strong Tx signal
coupled directly to the Rx branch blocks the receiver which hinders the detection of
the weak back-scattered signal from the tag. As a solution, in industrial UHF RFID
readers it is common to use dedicated antennas for Tx and Rx branches. However,
in mobile devices the preferred approach is to use only one antenna to save space,
and in the dimensions of mobile devices the sufficient isolation is hard to achieve
even with multiple antennas and circulators [87].
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Due to the trade-offs either in bandwidth or efficiency of remote-powering in
single-band RFID systems, dual-band systems combining narrowband
remote-powering with high data-rate impulse ultra-wideband (UWB)
communication link have been developed. For the same reason, a dual-band
air-interface based on a simple UWB transceiver and a WPT link on a dedicated
frequency band was seen as a promising solution for passive wireless memory tags.

4.2 Ultra-wideband communication

UWB signals have been used in applications like radar, sensing and military
communications for decades. Some of the key benefits of the large bandwidth are
the good time domain resolution enabling positioning, and high data-rates
achievable with low transceiver complexity resulting in low cost. The commercial
interest towards UWB communication increased significantly in 2002, when FCC
(Federal communications commission) issued an UWB ruling allowing license-free
usage of the band between 3.1-10.6 GHz for communications and other
applications.

According to FCC UWB rulings a signal is classified as an UWB signal if the
fractional bandwidth Bs of the signal is 0.2 at the minimum. The fractional
bandwidth is defined as:
o fHSL
By = 2fH+fL @1
where fu and f; are the higher and lower frequency of the -10 dB bandwidth.

Another definition for the UWB signal is that its signal bandwidth is 500 MHz or
more.

In addition to the use of UWB spectrum, another fundamental characteristic of
UWB communication is that the signal is noise-like, i.e. the power spectral density
of the transmitted signal is very low. This minimizes the interference with the
existing narrowband radio systems enabling license-free use, but makes the
detection of signals more difficult. FCC’s power spectral density emission limit for
UWB transmitters is -41.3 dBm/MHz.

4.2.1 UWB transceivers

Many different communication techniques can be used to comply with the UWB
definition. A good introduction to UWB techniques can be found from here
[88],[89].

In general, UWB communication is associated with impulse radios in which case
the transmission of very short pulses results in an UWB spectrum. However, many
other spread spectrum techniques can be also used to generate UWB signals. As an
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example, in WiMedia standard [90] multi-band OFDM transceivers [91] have been
developed for applications like fast multimedia file transfer with mobile devices in
wireless personal area networks (WPAN) [92]. For touch-distance communication
over several centimeters, a technology called TransferJet™ has been developed
utilizing direct sequence spread spectrum (DSSS) transceivers [93]. Data-rates over
500 Mbit/s have been demonstrated with OFDM and DSSS techniques. In
comparison with the impulse UWB, the complexity of OFDM and DSSS
transceivers is much higher. In particular, in multi-carrier systems several mixers
are needed to generate and down-convert the signal on required bands. The power
consumption of the transceivers is in the range of several hundreds of milliwatts
merely for the RF transceiver. Therefore, these transceivers were not selected for
the system developed in this thesis.

In contrast to narrowband, DSSS and multi-carrier systems, impulse UWB can be
seen as a carrierless baseband system where a stream of pulses is modulated with
the transmitted data. The transmission of an extremely low power pulsed signal is
possible with simple and low-power transmitters. As a trade-off, the receiver side
is usually more complex. The main reasons for this are the challenging detection of
the weak Rx signal and the delay spreading of the signal due to multi-path
propagation.

The most common modulation schemes used in impulse UWB radios are pulse
amplitude modulation (PAM), pulse position modulation (PPM), and pulse polarity
modulation. On-off-keying (OOK) is the simplest version of PAM. In OOK
modulation a pulse is transmitted in case of symbol ‘1’ and not transmitted in case
of symbol ‘0’. A common feature to all the methods is that binary information is
encoded to a property of pulses significantly shorter than the symbol duration. In
the modulation scheme called transmitted reference, one symbol is encoded to two
pulses so that the first pulse works as a reference and the detection of the latter
pulse carrying the information bit is enhanced because the detector may compare
every information pulse with a dedicated reference pulse. More generally, instead
of using two pulses per symbol, one symbol can be also encoded to a sequence of
several pulses. Time-hopping PPM is widely used to achieve coding gain in impulse
UWRB radios. The method improves the tolerance against interferences, and the
attenuation and delay-spreading caused by the propagation channel. However, it
limits the maximum data-rate because the duration of a symbol lasts multiple pulse
repetition periods. The method is also used for the smoothing of transmission
spectrum because periodical repetition of similar pulses results as strong spectral
lines in the transmission spectrum. Additionally, time-hopping PPM is used as a
scheme for multiple access when different nodes of the system use individual
coding sequences.

Depending on the modulation scheme the impulse UWB systems can be also
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divided into coherent and non-coherent systems [94],[95]. Simple energy-detectors
are called as non-coherent because the phase of the pulse does not contain
information. A traditional challenge in impulse UWB systems is the complexity of
the synchronization mechanisms. In non-coherent systems this is common due to
the time needed to synchronize with the time-hopping sequence, whereas in
coherent systems correct detection of Rx signal necessitates high time-domain
accuracy. Synchronization of the impulse UWB link will be covered in Section 4.4.4.

As mentioned, impulse UWB systems are known to be power-efficient due to the
low duty-cycle of the transmitted signal. Lately, impulse UWB transceivers have
been developed especially for sensor networks where ultra-low power consumption
is critical. Additionally, UWB is used to enable positioning in real time locating
systems (RTLS). IEEE (Institute of Electrical and Electronics Engineers) has
specified the standard IEEE 802.15.4a for low data-rate WPAN applications [96].
The PHY layer based on impulse UWB is specified to operate on low-band
(3.1-4.8 GHz) and high-band (5.8-10.6 GHz) of the UWB spectrum. The specified
data-rates are between 0.1-27 Mbit/s and communication range between 10-100 m
[97]. Low data-rate impulse UWB links have been developed also for centimeter
distances [98].

Altogether, impulse UWB radio is a potential technique to be used in high data-rate
RFID and WMT applications due to the inherently low-cost and power-efficient
transceivers.

4.2.2 UWB in RFID applications

At the time the thesis work was started, the state-of-the-art UWB tags were mainly
active [99]. For RFID applications, impulse UWB transmitters provide good
performance measured as energy/bit supporting high data-rates due to inherently
low duty cycle of transmitted signal. However, the power consumption and
complexity in the receiving end of the systems is usually significantly higher and
out of the range feasible for energy scavenging over long distances. The main
reasons are the challenges related to synchronization and low energy multipath
recovery due to low transmission power [100]. Moreover, very few receivers take
advantages of the inherently low duty cycle of the UWB pulse waveform as the
transmitters do. This has steered UWB based RFID research to develop
asymmetrical systems that utilize impulse UWB as transmitter technology from
tags to the reader device and a narrowband technology in the opposite direction
[101],[102],[103]. This enables simple tags, whereas considerably more resources
are needed in the reader. In RFID systems use of impulse UWB improves, for
example, number of detected tags, communication distance and data-rate in tag-
to-reader communication. Uplink data-rate up to 33 Mbit/s has been reported
[104].
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In the first phase of the work, options to overcome the limitations of single-band
RFID systems were studied by considering options for the back-scattering of pulsed
signals which overcomes the Tx-Rx isolation challenge common in mobile devices
by separating Tx and Rx signals in time. One idea was to utilize high Q resonators,
e.g. a film bulk acoustic resonator (FBAR), in the tag transceiver to delay the
incoming pulse from the reader/writer. The basic idea was to use minimum energy
in the tag to generate a feedback signal from the tag to the reader device. (Later,
this led to the principles presented in [I].) By modulating the duration of delayed
resonance, i.e. on/off, the tag can transmit data. However, during the time it was
unclear how stable and efficient the method might be, and remote-powering of the
NVM in WMT with a pulsed signal was concluded to be impractical. A bit similar
principle was earlier proposed for accurate ranging with active UWB reflectors
[105]. Later, the reflection of UWB pulses was proposed in [106] for passive RFID
tags.

4.3 Dual-band radio-interface for wireless memories

The limitations for added HW in the mobile device required that the existing or
upcoming resources should be re-used as much as possible to enable the WMH
functionality in mobile handsets. Figure 4.2 shows an overview of the frequency
bands reserved for the RFID applications and the frequency bands most commonly
used in mobile devices.
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Figure 4.2. Overview of the most potential frequency bands for the WPT system. The listed cellular
and broadcast systems are the most common ones that were available in mobile devices in 2009.
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A new WPT transmitter, dedicated only for WMT usage, was not seen economically
feasible in mobile devices due to the size of antennas required for efficient power
transfer over several centimeters.

As an extreme solution use of an existing broadband link, e.g. Wi-Fi or LTE for data
transfer, and powering of the tag by using wireless charging methods was
considered. A major short-coming of this approach is the cost and complexity of
tags. Wireless charging of mobile devices was under development which led to the
establishment of the WPC consortium in 2008. However, the technological synergy
of the wireless link at 125 kHz did not look promising at that time, and there were
no plans to re-use the technology so that mobile devices could provide wireless
powering for peripheral devices.

In mobile device, powering re-using HW of UHF RFID and NFC functions was seen
feasible due to the growing interest towards integration of low data-rate RFID
functionalities to mobile devices. Additionally, the possibility of integrating the
WPT function to the cellular radio subsystem of mobile devices increased the
interest towards the UHF band [II]. The higher RFID bands (on 2.45 GHz and 5.8
GHz) were less interesting due to the lower WPT efficiency and the increasing use
of Bluetooth and Wifi on the same frequency bands. As the conclusion, UHF RFID
and NFC were the most promising technologies to be used for WMT system design.

In contrast to the low interest to integrate a dedicated WPT transceiver to mobile
devices, integration of a new high data-rate communication radio transceiver was
seen feasible because operation on high frequency band and the short targeted
communication range enable use of small antennas. This gave motivation for the
development of the dual-band air-interface for mobile devices.

4.3.1 Regulations

4.3.1.1 UWB

After the FCC’s allocation of the UWB frequencies, other regulatory bodies have
also allowed UWB communication under regulations relatively similar to FCC.
However, the differences in regional regulations limit the global usage of the band
between 3.1-10.6 GHz. A good fulfillment of global UWB regulations can be
achieved on the upper UWB band between 7.25-8.5 GHz where the regulations
valid in the US, Europe, Japan and China allow UWB transmission below
the -41.3 dBm/MHz limit [107]. (Regulations in Japan allow the level in indoor use
[108]).

In addition to the aforementioned benefits of using impulse UWB in WMT
applications, the globally available regulation window justifies the selection of the
upper UWB band for the communication link of the WMT air-interface. The upper
UWB band is less used than the lower UWB band, and use of detect-and-avoid
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mechanisms are not required in the upper band. The upper UWB band is also
significantly less used by mobile devices than the ISM bands at 2.4 and 5.8 GHz.

4.3.1.2 RFID at UHF

Ultra-high frequencies for RFID are globally available between 860—960 MHz, but
there are regional differences in the regulations [6]. As an example, FCC specifies
the ISM band between 902-928 MHz for RFID usage. The maximum channel width
is 500 kHz and frequency hopping (with a channel occupancy of no greater than
400 ms averaged over a ten second period) is used among the channels. In Europe,
four 200 kHz channels, each spaced 600 kHz apart, have been reserved in the
865-868 MHz frequency range (maximum usage up to 4 seconds at a time). The
maximum transmit power allowed for the readers is usually between 2-4 W ERP
(equivalent radiated power). Most of the other regional regulations are
modifications of FCC and European regulations. A more detailed regulatory status
for different geographical zones is available here [109].

4.3.1.3 RFID at the 13.56 MHz ISM band

In the HF band, the use of inductively coupled short range devices is allowed
worldwide in the 13.56 MHz ISM band defined by ITU (International
Telecommunication Union). In contrast to RFID at UHF, there are no requirements
set for the spectrum access, e.g. duty-cycle, in the 13.56 MHz ISM band [110].
Globally there is some variation in the allowed maximum magnetic field strength
at longer distances. For example, in most countries in Europe the limit is 60
dBuA/m at a distance of 10 m. According to the ISO14443 standard the reader
device is required to transmit a minimum H-field of 1.5 A/m and 7.5 A/m at the
maximum.

4.3.2 Wireless power transfer link

As ultra-high frequencies for RFID are approximately in the same frequency range
as Global System for Mobile Communications (GSM) and WCDMA 9oo MHz, in
the mobile phone there is a possibility of integrating the WPT function to the
existing cellular radio subsystem [II]. In that case, the cellular subsystem is
designed so that the WPT PHY layer function may request a direct access to control
the activation of the narrowband transmitter. Especially, the time-domain
interleaving of different functions is crucial to support co-existence of the
GSM/WCDMA and WPT signaling.

In addition to the integration benefits, in the early phase of this thesis work the
foreseen benefit from achieving flexibility and the range of 10-20 c¢m justified the
selection of the UHF band over the HF band as the WPT frequency for the WMT
system. The assumption was that operating in the far-field condition gives the
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required flexibility in the usage, especially, if the data-rate of the system is scalable
depending on the recovered power level in the tag.

According to the regulations set for RFID at UHF, the maximum Tx power is
between 2-4 W. However, for the battery-powered mobile WMH device that level is
impractically high, especially because the transmission needs to be on for long
periods of time (between 100 ms — 10 s). Expecting PAE of 50% for the UHF power
amplifier the total power consumption in the mobile device for the WMH
functionality was targeted to be in the range of 1-2 W [111],[112]. Figure 4.3 shows
three scenarios for the link budget calculation in the 9oo MHz band. The high
power scenario is for stationary and special purpose devices with more resources
and freedom in the product design. Two other scenarios are for mobile devices, the
first one being the targeted optimized solution, whereas the second one leaves more
margin for the product design (e.g. covers, smaller antennas, etc.). A WPT link
budget is presented for the UHF band also in [VI].
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Figure 4.3. Link budget for the WPT link at 900 MHz.

Based on the WPT link calculations, the target power consumption for the whole
WMT device was set to 10 mW in the nominal operating mode, and 20 mW in the
high performance mode. Because the overall system performance is dependent on
many parameters, the intention was to optimize the overall implementation during
the work. As examples, the power level available for the tag is highly dependent on
the actual operating range and the WPT antenna system. On the other hand, the
data-rate was required to be scalable over the distance so that the connection could
be maintained up to 20 cm as presented in Figure 2.3.
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Figure 4.4. Overall efficiency of the WPT link.

The overall WPT chain is presented in Figure 4.4. The overall efficiency of WPT
chain nsystem can be calculated as the ratio of power available for the tag (Pugy) and
power consumed from the battery of the reader device (Ppattery). In the reader side
the chain contains voltage regulation (from battery to supply voltage), power
consumption of a 900 MHz signal generator, efficiency of power amplifier and
parameters related to the antenna (such as matching, gain etc.). The propagation
part contains in the simplified case only the attenuation calculated from the Friis’
transmission equation:

Pr _ L)Z
P GeGr (4nd “2)

where P; and P, are the transmitted and received power, G; and G- are the gains of
transmit and receive antennas, A is the wavelength, and d is the distance. However,
in a real implementation some margin should be left for factors such as polarization
mismatch, (fading) and/or near-field effects (far-field estimate valid only when the
distance d > A/2s). At the tag’s side the chain contains the following main factors:
antenna gain, antenna matching and the efficiencies of the rectifier and the voltage
regulator (50 % expected for an optimized solution [26],[113],[114]).

4.3.3 High data-rate communications link

When selecting the most suitable option for the high data-rate communication in
the WMT system, the impulse UWB transceivers have several benefits over the
more complex transceivers. However, the power consumption and complexity of
the conventional impulse UWB receivers cause challenges, especially, if the tag is
remotely powered and the target is to write data to tag at data-rates equal to
reading. Thus, a solution for ultra-low power UWB reception at high data-rate was
required. The use of the WPT signal for the synchronization of the UWB link was
seen as an opportunity to decrease the complexity of synchronization and
requirements set for the synthesizer in the tag.

Eventually, the global UWB band at the 7.9 GHz center frequency was selected as
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the frequency band for the communication link of the WMT system. The main
reasons were the lower usage of the band in comparison with the ISM bands, wide
enough frequency band available allowing use of simple transceivers at the target
data-rates, high enough frequency enabling small antennas which could be also
integrated on the IC package, and IC processes mature enough for commercial
implementations (in contrast to millimeter-wave frequencies).

4.4 Super-regenerative transceiver

4.4.1 Super-regenerative receivers

Parametric oscillators are defined as oscillators whose one intrinsic parameter is
varied over time. A sub-class of parametric oscillators relies on the control of its
damping factor. The principle was widely used in vacuum tube circuits since
invented in 1922 by E.H. Armstrong who named super-regenerative circuits [115].
These circuits were mainly used as RF receivers. Less attention was paid to the
principle after the use of super-heterodyne architecture providing better selectivity
in narrowband communication became common. A good overview of the theory of
super-regenerative receivers is presented in [116].
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Figure 4.5. (a) Block diagram of conventional super-regenerative receiver and, (b) principle of
operation in pulsed communication [I] .

A simplified block diagram of a super-regenerative receiver is presented in Figure
4.5. The receiver consists of a low-noise amplifier, an oscillator and an envelope
detector followed by a low-pass filter and a demodulator. The core of the receiver is
an unstable circuit, a super-regenerative oscillator (SRO). This parametric
oscillator is made unstable by controlling its damping factor ¢ with a specific
command called quench signal, which controls the growth and the cut off of the
oscillations. The principle of the super-regenerative receiver is reminded in Figure
4.5b with a trapezoidal quench signal and pulsed input signal (similar principle for
narrowband input signals). If the damping factor  goes negative at t = 0 without
any input signal vi(t) at the input of SRO, the self-oscillation starts from noise.
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Therefore, in the first quench period the amplitude of the resulting self-oscillation
vo(t) does not exceed the detection level vq before the oscillation is already damped
at t = t. by the inactivation of quench signal. However, if the amplitude of the
incoming signal vi(t) is large enough within the sensitivity period of the receiver,
the oscillation increases much faster and the resulting amplitude exceeds the
detection level of the detector at t (the latter quench period in Figure 4.5b). This
enables extraction of information from input signal modulated with OOK or PPM.

Due to the simple structure and low-power consumption of super-regenerative
receivers, the principle has been used in low-cost applications of narrowband
receivers [117],[118], and recently in wireless sensor networks where available
power for communication is limited. The super-regenerative receivers have been
developed also for DSSS communication [119], and the same principle has been
used in impulse UWB receivers [95][120]-[127]. Table 4.1 summarizes the power-
consumption of the super-regenerative receiver designs found in the literature.

Table 4.1. Power-consumption of super-regenerative receivers.

RF frequency Modulation | Data-rate Power consumption Year | Reference
(GHz) (Mbit/s) (mW)

1 OOK 0.18 1.2 2001 | [117]

1.9 OOK 0.005 0.4 2005 | [118]

2.4 Pulsed 11 2.1 2007 | [120]
3.55-4.05 Pulsed 1 11.25 2008 | [121]

3-4 Pulsed 10 11.2 2009 | [95][122]
3.25-4.25 Pulsed 10 10.8 2011 | [123]
6-10 Pulsed 10 2.6 2008 | [124]
6.5-7.5 Pulsed 100 3 2008 | [125]

60 Pulsed 200 10* 2009 | [126]
57-62 Pulsed 2200 98 2013 | [127]

*Includes only LNA and SRO.

The low power consumption achieved in the different frequency bands and
data-rates motivated the study to use the super-regenerative architecture in an
impulse UWB receiver in the WMT system. The super-regenerative receiver
architecture takes benefit from the duty cycle of impulse UWB communication
since it is fully active only when damping factor ¢ of the unstable circuit is negative.
Thus, the mean power consumption of the receiver can be decreased according to
the targeted data-rate as in impulse UWB transmitters. However, the sensitivity of
such a receiver is high only for a limited period of time around the negative zero-
crossing of the damping factor [95]. This is well in line with the application since
energy of impulses is concentrated in time.
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4.4.2 Super-regenerative transceiver architecture

After the analysis of the requirements set by the WMT applications, system
architecture and the feasibility of the existing UWB transceivers, a new air-interface
concept mixing impulse UWB and narrowband communication was introduced in
[1]. The air-interface is based on two key principles. The first one is the impulse
UWB transceiver based on the super-regenerative architecture, and the second one
is the frequency synchronization of the impulse UWB transceivers with the WPT
signal.

Figure 4.5 illustrates the use of the regenerative principle in a pulse receiver. If the
LNA stage is removed, the generated and regenerated pulses highlighted in Figure
4.5b are directly radiated to the air due to the direct connection between the
oscillator and the antenna. In this sense, the super-regenerative principle acts as an
emitter. This principle is close to the pulse-injected locked oscillator principle used
in UWB emitters [128]. In the WMT system the UWB transceiver must be capable
of acting with an equal performance as a receiver and as a transmitter to enable
both downloading and uploading of the content. Thus, a symmetric transceiver
architecture is preferred. Besides, the bi-directional UWB link overcomes the
data-rate limitation of classical RFID standards, and equal UWB transceivers used
in both ends of the link take efficiently into account the resource limitations of
mobile devices.

Usually, a crystal oscillator provides the clock reference for an RF transceiver. It is
therefore a critical component in RF transceivers but also an expensive one. In the
dual-band air-interface, the narrowband WPT signal makes it possible to power the
tag remotely. In addition, this same signal can be used as a master clock in both
UWRB circuits to get frequency synchronization, which is a major issue in UWB
communication when both ends run their own reference clocks. The solution
reduces significantly the requirements set on the UWB receiver side and requires
no crystal oscillator in the tag.

A block-diagram of the impulse UWB transceiver is presented in Figure 4.6. It is
based on the simple super-regenerative architecture in which the transmission of
pulses and amplification of received pulses is done with one single super-
regenerative oscillator. The oscillation to generate OOK modulated Tx pulse stream
as well as to achieve re-generative gain in reception is controlled with quench signal
which starts and stops the oscillator. The shape of the quench waveform affects both
emitted signal spectrum in Tx mode and sensitivity in Rx mode, while its period
controls data-rate [VI]. In reception the detection of incoming pulse is performed
by an envelope detector with a 1-bit comparator. The digital baseband manages the
dataflow as well as timing of quench generation, and is further connected to a finite
state-machine (FSM) managing the communication protocol and memory accesses.
Two super-regenerative impulse UWB transceivers based on the proposed
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architecture were implemented in [V],[VI].
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Figure 4.6. Block diagram of the communication system [VI].

The timing of the quench periods for the transmission of pulses and detection of
the received pulses is triggered by the digital Tx/Rx timing signal. In transmission
state the quench signal of the oscillator is modulated with the Tx data signal. The

actual shape of quench waveform in transmission and reception states is defined by

the quench generation block.

The time-domain dependency of the UWB signal and the WPT signal (either UHF
or HF) is presented in Figure 4.7. When WPT at UHF is used, the CW (continuous
wave) signal provides directly the clock reference with the time-resolution in
nanoseconds (1/funr) for both ends of the impulse UWB link operating at 7.9 GHz

center frequency.
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Figure 4.7. Time-domain dependency of UWB and WPT signals [V].

For the nano-second time resolution, a frequency multiplier like a DLL (delay-
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locked loop) must be used (furr/fur = 64) when the impulse UWB link is integrated
with an NFC system. As shown by the second waveform, one 13.56 MHz period is
here divided into 8 slots of 16 ETU (elementary time-unit) each. Thus, the delay
elements of the DLL are 576 ps each. It is also the time resolution for the timing
and the shape control of UWB pulses.

For the impulse UWB link, the data-rate of the OOK modulated pulse stream is
scalable in discrete steps between 13.5—108 Mbit/s. The data-rate is defined by the
number of active slots (1/8, 2/8, 4/8 or 8/8) within one frame. Exact data-rate
depends on the frequency of the reference clock and hence the terms standard
(SDR), medium (MDR), high (HDR) and very-high (VHDR) data-rate are used.

The system and the TRx IC presented in [VI] used the UHF signal as the WPT
signal, and thus the quench current was controlled by a 32-bit cyclic shift register
running at funr. The length of the register defines the length of the pulse repetition
period (PRP) and can be set to 32, 16 or 8 flip-flops, which leads respectively to
accurate data-rates of 28.125 Mbit/s, 56.25 Mbit/s and 112.5 Mbit/s with funr =
900 MHz.

In the clock synthesis unit implemented in [V], the reference clock (ClkRef) can be
selected from the HF or UHF signals. When the UHF signal is used, the frequency
is first divided by 64 in the UHF power recovery block. Thus, the internal frequency
of ClkRef is close to 13.56 MHz in all cases. The clock synthesis block is based on
DLL and provides the time-resolution of ETU = 576 ps.

4.4.3 Link budget

The link budget of the impulse UWB link for the typical 10 cm communication
distance at 112.5 Mbit/s data-rate was presented in [VI], and for the 30 cm distance
at 56 Mbit/s data-rate in [VII] (see Table 4.2). In both cases, the link margin is
10 dB which is reserved to leave enough room for the product design, losses due to
device covers, and miniaturization and misalignment of UWB antennas.
Additionally, the results presented in [V] show that BER (bit error rate) better than
1075 is feasible for the link distance of 10 cm with 13 dB link margin.
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Table 4.2. Nominal parameters for communication system [VII].

Wireless power transfer link Unit Value
Reference frequency fwpr MHz 900
Elementary time unit ETU ns 1.1
UWB communication link

Center frequency fc GHz 7.9
Signal Bandwith B MHz 625
Pulse time spreading 30 ns 2.3
Pulse Repetition Frequency (max) PRF Mp/s 56.3*
Frame duration (min) Te ETU 16 (8%)
Data-rate (max) HDR Mbit/s 56.3*
Tx Power Spectral Density limit PTX-mean | dBm/MHz -41.3
Tx maximum output voltage (50 Q) Vp.1x mV 147
Usage distance (max) d cm 30
Time of flight (max) TOF jax ns 1
Link margin PL urgin dB 10
Overall path Loss (max) PL dB 50
Rx Signal to Noise Ratio Eprx/no dB 28.9
Rx minimum input voltage (50 Q) Vp-rX mV 0.5

*Scalable up to 112 Mbit/s [VI]

In the WMT system the maximum target range is short (30 cm) and the main
objective is maximum throughput with simplified transceivers instead of
networking capabilities and long range. Thus, no additional coding is needed to
overcome challenges caused by complex multipath propagation and high pathloss,
and thereby one pulse per symbol OOK is used. To minimize complexity the pulse
position within PRP is constant. For the multiple-access and for the selection of a
tag several approaches will be presented in Section 4.5. Additionally, the smoothing
of the Tx spectrum can be done by using either the pulse polarity randomization
[129] or the method based on the random starting phase of the super-regenerative
oscillator [130]. Thus, there is no need for time-hopping control which simplifies
the phase synchronization of the UWB link which is often problematic in impulse
UWB systems because of the low duty cycle of impulse signal [100].

4.4.4 Phase synchronization and connection set-up

In a conventional impulse UWB system the acquisition of phase synchronization
with the incoming transmission requires correct reception of a preamble sequence
and due to the spreading codes the receiver has to search through a large number
of possible phases. If the duty-cycle of the receiver is low, as is the case with the
super-regenerative receiver, preamble must be repeated multiple times to ensure
high probability of correct reception.

As said, the frequency synchronization of impulse UWB transceivers is achieved
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thanks to the mutual narrowband CW signal. However, the initial phase difference
between the UWB transceivers is random after the power-up. Therefore, the first
step is the search of correct phase for Tx and Rx timing. The scrolling of relative
phase offset between transceivers is done by changing the frame duration from the
nominal length with the steps of ETU.

Interrogation period Data transfer period WPT modulation
= Max. 0.4-4s % Max. 0.4-4s < (=select command)
2 CW 4 CW \ WPT link
» 860-960 MHz
Reader 112 I:I?IW Read/write request UWB link
Tag 1 -|—| ' 7.9 GHz
Tag 2 |_|_|: ] Memory access
Tag N B N '
Reader CMD] __ iclD} l [PhasesearchICMD CMD CND
Tag2 [L— ... RSP RSP I | RSP [ DATA1 | [ DATA? |
O ey " Down-soaled cat-rie { Nomina datere
[Rx ] [ [ R | > [R] [ [ | Rx [ Rx [Rx [ Rx |
! [ ] [ [ | [Tx | [ [ | X [Tx [Tx [T
3 PRP =8, 16, 32 *ETU | :
o v Rx sensitivity curve
Reader (" ; 7, | Scrolling of timing | i
f T - I VT T >
Tag 2 Jl Tx pulse X*PRP time Il 5,
" Incorrect phase If Correctphase

Figure 4.8. Connection set-up and communication protocol as presented in [VII]. Tag 2 selected for
data transfer by the reader device.

Figure 4.8 gives a time-domain presentation of the connection set-up and
communication protocol on the two frequency bands. The topmost waveform
presents the envelope of the WPT signal transmitted by the reader device (UHF in
[VII]). The UWB communication of the reader and tags is presented below on
packet, frame and pulse levels. In Figure 4.8, the reader activates the UWB
transceivers of tags with a short ASK modulated WPT command followed by a
period of CW signal. Other tag discovery schemes are discussed in Section 4.5.1.
After the activation of the UWB link the frequency synchronization is achieved with
the WPT signal. The initial phase difference between UWB transceivers is random
within a pulse repetition period (PRP) because the ramp-up of WPT signal takes
microseconds and is slow in comparison with the time resolution of the UWB link.
Thus, the first step in the UWB communication is to find the correct phase for the
Tx/Rx timing, i.e. phase synchronization.

In this thesis work, several approaches were studied for the acquisitions of phase
synchronization. A novel phase synchronization method called delayed reflection
was studied in [I]. The approach is strongly related to the super-regenerative
transceiver architecture and it enables the detection of the correct timing for
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bi-directional UWB communication simultaneously, i.e. during the same frame, at
both ends of the link.

As the work progressed, it was concluded that similar system-wise performance can
be achieved with the loopback method introduced in [VII]. Due to the marginal
benefits of the delayed reflection over the loopback method, and the sensitivity of
the reflection method on the hang-over phenomenon [95], the delayed reflection
method was not used in the later phases of this work.
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> } |
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f T
b) Reader to tag frame (" Tag to reader frame

Figure 4.9. Timing for bi-directional link for a) 30 cm, b) 0 cm. (TOF = time-of-flight, PL = pathloss).

In contrast to the delayed reflection, the loopback method transmits pulses in the
half-duplex mode. Figure 4.9 presents the basic principles and the target condition
for the constant parameter settings for the bi-directional communication link. The
diagram shows transmission of pulses from reader to tag and from tag to reader. In
Figure 4.9a timing is optimized for the maximum distance and the transmitted
pulses (red) overlap after propagation and attenuation (blue) well with the
sensitivity period of the receivers. Obviously, the same Tx/Rx timing settings
cannot be optimal for the short distances (Figure 4.9b) because time-of-flight
(TOF) is shorter. However, at short distances the smaller pathloss compensates the
effect of non-optimal timing. Due to the short communication distance, the
variation in TOF over the whole range (30 cm) is about 1 ns in one direction which
is less than the duration of the transmitted pulses (30 = 2.3 ns). Additionally, if the
time resolution of the system is 1 ETU, the scrolling of detection point fulfills the
condition where timing-offset |5| < ETU/2. When the bi-directional timing window
is larger than 1 ETU, constant timing settings which are suitable for two-way
communication over the whole target range can be defined. This was confirmed by
simulations in [VII].

In the loopback method pulse level handshaking is done to minimize error recovery
time and to achieve synchronization in two directions before communication on the
packet level is started. The reader operates as the initiator in Tx and Rx modes in
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turns (2 active frames/PRP). If the value of detected bit is ‘0’ it scrolls the timing of
next Tx-Rx pair. The tag operates in Rx mode (1 active frame/PRP) until an
incoming pulse is detected, i.e. the condition for bi-directional communication. In
other words, the tag repeats the detected bit until a feedback pulse is triggered, and
confirmation on packet level started [V].

In the loopback method the length of the preamble sequences, traditionally needed
for every packet in impulse UWB systems for synchronization, are efficiently
minimized. An improvement to the robustness of the method is to fine-tune the
timing after the initial connection set-up. Such fine-tuning has been studied for a
uni-directional link in [131].
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Figure 4.10. Synchronization success rate with a) UHF, b) HF clock reference [V].

The loopback and the more conventional request-response synchronization (REQ-
RSP) schemes were verified by using the system demonstrator presented in [V]. In
contrast to [VII], the full pulse-level handshaking was not used in the loopback
method in [V] but the synchronization was confirmed directly on the packet level
after the detection of the first feedback pulse. As shown in Figure 4.10, the
synchronization of the UWB link can be established in varying conditions both by
using UHF and HF clock references (due to the extra jitter of the DLL, in HF mode
only 80 % of synchronization attempts succeed during the first round but over 98
% during two rounds). Thus, the results presented in [V] confirmed in practice the
feasibility of the original ideas developed in the thesis work [VII].

In the UHF mode, the assumption was that the number of ETU steps needed to find
synchronization is uniformly distributed over the UWB timing window, i.e. between
o and 127 ETU at SDR. This is validated by the results in Figure 4.10. With both of
the synchronization methods the success-rate is 99.8 % during the first scan round
and 100% after the second round.

With the HF reference, the periodicity of 16 ETU (duration of a time slot) can be
seen in the distribution of the correct timing positions. In theory, with the HF
reference it is possible to find the synchronization always near to the same UWB
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timing position. However, reset of the slot counter is not synchronized with the
clock reference in the TRx IC presented in [V]. Therefore, the slot alignment
between WMH and WMT varies from a reset to another. This results as the
periodicity in the synchronization time. The system demonstrator will be discussed
with more details in Section 5.3.

4.5 Communication protocol

An initial version of the complete protocol stack was presented in [II]. The MAC
layer has three operational modes: the passive mode, where no internal power
source is available or used (i.e. WMT); and the active (i.e. WMH) and semi-passive
modes, where internal power source is available.

In general, the amount of devices communicating simultaneously and sharing the
communication channel is expected to be low. Tag-to-tag communication has been
presented in [132], and it was also envisioned in [I]. However, the thesis work has
focused on point-to-point connections and therefore the network layer of the
system is simplified. The communication protocol functions needed in WMT are
mainly MAC layer functions. The proof-of-concept system presented in [V] focused
on the communication between a WMH device and WMT. Figure 4.11 shows the
top-level state-machine of the MAC layer instructed by the host sub-system. The
command set implemented in the TRx IC includes also the commands for the semi-
passive mode. In semi-passive mode the device enters the tag mode after the boot-
up but the roles between WMH and WMT with a controller can be switched with
token exchange commands. Thus, the controller of the semi-passive device may
manage the data transfer by reading data from WMH and WMH does not have to
manage the memory accesses of WMT.

Other
command

stop_discovery

| totag |
AN A (Other

v = command

Figure 4.11. Top-level state-diagram of the WMH MAC state-machine.
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4.5.1 Discovery and selection of tags

Because the WPT signal is used as the clock reference for the UWB link, the UWB
communication is done only during the unmodulated periods of the WPT signal.
The UWB link may tolerate narrowband modulation of the WPT signal if ASK with
low modulation index or PSK is used. However, that has not been confirmed in this
thesis work.

As presented in Figure 4.8, the selection of a tag can be initiated by using the WPT
signal. The communication link over the WPT signal can be uni-directional. In that
case the responses to the discovery commands need to be transferred over the UWB
link. As the impulse UWB link is developed as a broadband extension to the existing
NFC and RFID protocols, the second option is to make the selection of tags on the
bi-directional WPT link before the handover to the point-to-point UWB link. This
is the foreseen option for the final implementation but the integration of
narrowband NFC/RFID functions were not yet implemented to the impulse UWB
transceivers studied in this thesis work. A modification to the second option is to
do the UWB discovery during the CW periods in the interrogation signals of NFC
or RFID protocols [133].

The third alternative is to communicate solely over the UWB link which was chosen
as the approach for the proof-of-concept protocol in [V]. Thus, no communication
is expected at the WPT frequency and the UWB link is started only after the WPT
link is activated. In that case, the phase synchronization of the UWB link is the first
step in the tag discovery. The ID of the available tag is received in the discovery
state. As presented in [V], with the loopback method one scanning loop takes only
10 us whereas the more traditional REQ-RSP loop takes about 1.1 ms at the
13.5 Mbit/s data-rate. In case of collisions during the UWB discovery, one option is
to use a randomization command for tags to change their otherwise constant Rx
timing with 1...N x ETU [134].

4.5.2 Data transfer

To simplify the testing and control of a stand-alone tag device, the communication
protocol was designed so that all the functions of tags are initiated by the host
device. The basic principle of the command-response protocol is that WMH works
always as the master of the link and WMT as the slave (the air-interface command
set is presented in [V]). WMH is all the time aware of the functional state of the
selected tag (see Figure 4.12) which simplifies testing and verification. WMH
controls the state of WMT by sending commands which are executed and
responded by the tag, whereas the tag does not send any commands on its own
initiative (except in semi-passive mode after the token exchange). After the power-
up and boot-up, the tag is most of the time in receive mode waiting for incoming
UWB commands. Any loss or misdetection of responses indicate to WMH that re-
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transmission is needed. If the maximum number of re-transmissions is reached,
the connection is interpreted as lost.

WMH mode

Y Available state WMT mode
- SOF=SOF1
| - SDR data-rate only
] - Limited command set
SELE_CTJ - Only OK responses

Memor ]
Y Selected state
\ access ! - SOF=SOF2
) I- All data-rates
Timer Access control, 1 - All commands
Mute Security } - OK/notOK responses

Figure 4.12. State-diagram of WMT [V]. (SOF = start-of-frame sequence)

Efficient identification of tags is the primary function in the narrowband NFC and
RFID protocols. The amount of transferred payload data is usually small. In
contrast to that, a key characteristic of the UWB protocol of wireless memory tags
is the efficiency of data-flow. Fast Tx/Rx switching enables highly efficient MAC
protocol [35], which was a key argument why the super-regenerative transceiver
was selected for the system [I]. The optimal payload size of UWB packets depends
on the bit-error-rate (BER) performance.

Protocol efficiency in different BER conditions
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Figure 4.13. Efficiency of protocol in case of payload data transfer (read-data-from-tag). Tx/Rx
switching time is 8 symbols at both ends of system (independent on data-rate) [V]. (EOF = end of
frame field, optional)

Figure 4.13 shows the simulated efficiency of the protocol (effective data-rate times
packet-success-rate) in different BER conditions and with respect to the payload
size. Performance of read-data-from-tag function is shown (Figure 4.11). The
uppermost curves assume that the memory control of WMT is done internally. The
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lowermost curves show the overhead caused by the NVM commands (memory I/F
in Figure 3.5) managed by WMH. The NVM page size equals to the payload of the
UWB packets. The low-level processing of commands takes up to 8 symbols in TRx
IC and thanks to the common reference clock (CW signal) of UWB transceivers, the
protocol efficiency above 90 % can be achieved (75 % in [35]). When BER is 104, a
payload of 128 bytes is optimal but in better BER conditions larger payload
improves efficiency. In the TRx IC the size of the DPRAM (dual-port RAM) buffer
is 256 bytes. Thus, 128 bytes is the maximum payload for pipe-lining and 81 %
efficiency is achieved when BER is 105,

The results show that a highly efficient protocol (low protocol overhead) can be
used in the WMT system developed in this thesis work. The key aspects of the
protocol are the minimized packet frame because no extra fields are needed for the
frequency synchronization. Every command has a 1 byte start-of-frame (SOF) field,
1 byte command field, 0-256 byte data or parameter field, and a 16-bit CRC (cyclic
redundancy check) field. The end-of-frame (EOF) field is optional. The tag sends
an OK response to correctly detected commands. The structure of responses is
equal to commands but the command field is replaced with an acknowledgement
(OK/notOK) field. The parameters related to the communication, e.g. payload
length and data-rate are configured over the air with register access commands, and
therefore the data transfer commands include no control field. Additionally, no
length field was used in the commands to avoid delayed transmission of responses
in case of the command length mis-interpretation. For pipe-lining of the RF page
buffer accesses dedicated get page and put page commands having binary sequence
number were used.

In addition to the minimized packet frame the simple UWB transceiver and low-
level control enables inherently fast Tx/Rx switching between the packets.

4.6 Discussion

This chapter described the dual-band air-interface developed for the WMT
applications and justified the decisions behind the development. The solution
overcomes the limitations of single-band RFID systems and provides equal data-
rates both in reading and writing of content from/to tags.

A significant difference between the developed system and the majority of impulse
UWB systems is the CW signal available thanks to the WPT link. The UWB
transceiver architecture developed in this work uses parametric oscillator theory
for acting alternatively in receiver/transmitter mode of operation. The principle
shows promising and simple solution to get a pure symmetric transceiver which
takes efficiently benefit from the low duty-cycle of the impulse UWB signal. The CW
signal simplifies the synchronization of the impulse UWB link which is a
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conventional challenge in impulse UWB systems. Several new synchronization
schemes have been developed and tested during the work.

To allow freedom in usage and product design, the UWB link has been designed up
to 30 cm distance. It is substantially more than what is necessarily practical for the
remote-powering of passive tags. On the other hand, the flexibility of the link can
be utilized with active and semi-passive tags, as well. Altogether, the impulse UWB
link developed in this thesis work is suitable for the WMT use cases and fulfills the
requirements set for the data-rate (over 100 Mbit/s) and communication range
(over 30 cm with scalable data-rate).

The minimization of the overall power consumption of the UWB transceiver is
made feasible by removing amplifier stages. Indeed, since the target
communication range is only tens of centimeters, no linear amplifiers, such as
power amplifier in transmission or low-noise amplifier in reception, are necessary
to compensate the path loss between the transceivers. All the needed gain is
achieved from super-regeneration. The Tx and Rx functions share the same RF
blocks and the usage is controlled by the control logic. This allows substantial
silicon area saving.

The aforementioned findings were made during the system development. In
addition to the theoretical studies, a fundamental part of the work has been the
system prototyping work. In the next chapter the main development steps of the
system implementations will be discussed.
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5 Radio system implementations

This chapter is based on the publications [I1,[II],[V],[VI],[VII]. The feasibility of
the applications, the architectures, the operating principles and the overall system
presented above have been studied by implementing several test setups and system
demonstrators. The research and development phases of the wireless memory
system from the initial ideas to an integrated system are presented. In addition to
the implementation itself, this chapter describes the assumptions made in the
beginning of the implementation phases, the decisions and findings made during
the implementation work, and the outcome of the steps leading to the targets of the
next implementation phase. The work consisted of altogether four main phases.
The key findings and results of the whole implementation work are discussed at the
end of this chapter.

5.1 Verification of delayed reflection and SRO transceiver
architecture

The main target of the first test implementation was to verify the feasibility of the
delayed reflection principle by using the SRO transceiver architecture proposed in
[1]. In the first phase, the main focus was on the PHY layer and the optimization of
power consumption and integration level of the system were not targeted.
Therefore, a set-up using laboratory equipment and available HW was used.

Due to the time and effort needed to design and implement a custom IC, the
verification system presented in [I] was based on an existing super-regenerative
UWB receiver [95],[122]. A super-regenerative RF front-end originally designed as
a receiver was used to transmit UWB pulses by connecting a dedicated Tx antenna
to the receiver path between the SRO and the detector. This allowed the use of a
single SRO in the reception and the transmission of UWB pulses. The Rx IC was
designed to operate in the 3-4.5 GHz frequency band in contrast to the targeted 7.9
GHz center frequency, but for verification purposes the exact center frequency was
not critical. Clock references for both ends of the UWB link were generated from a
single signal generator. In this phase no WPT was targeted but the main focus was
to verify the operating principle of the UWB link.
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The block-diagram of the test set-up is presented in Figure 5.1. The set-up included
two similar integrated circuits, TRx1 and TRx2. The quench waveforms generated
with pattern generators controlled the damping function of oscillators. The timing
of quench signals was controlled by a Matlab algorithm. The output signals of the
SROs were divided by using directional couplers to Tx antennas and to an
oscilloscope. Digital processing emulated by Matlab code achieved the signal
envelope recovery and peak detection.

Antenna 4 (input) Antenna 1 (output)
Matlab
Amplifier  Oscillator  Buffer processing
M i
stage
T iver 1 ]
ransceiver Phase

Phase
synchronization
algorithm

synchronisation
Pattern | recovery
generator |

Rhythm
synchronisation

Antenna 2 Pattern Antenna 3
(input) generator (output)
Amplifier 4' Buffer \r
Oscillator
Transceiver 2

Figure 5.1. Block diagram of test set-up used at 4 GHz center frequency for verification of super-
regenerative impulse UWB transceiver architecture [I].

To verify the synchronization principle based on delayed reflection, TRx1 drove the
synchronization protocol. The transmitted pulse position was stepped with 0.2-1 ns
steps according to the fine or coarse synchronization algorithm to find the correct
alignment with the TRx2 quench signal. One measurement round included the
following phases. In TRx1 the first quench pulse generated oscillation which
resulted in the first Tx pulse. This pulse was transmitted from antenna 1 to antenna
2 at the input of TRx2. If the sensitivity period of TRx2 was correctly aligned with
the incoming pulse, the oscillation regenerated in TRx2 resulted in a pulse with
amplitude comparable to the Tx pulse. Otherwise, the regenerated oscillation
started from noise and resulted as significantly smaller amplitude. The resulting
pulse was directly transmitted from antenna 3 to antenna 4 and in the case where
the input pulse was correctly aligned with the sensitivity period of TRx1 it resulted
as a successfully detected reflection. Communication based on delayed reflection
was verified by comparing the reflected Tx pulse stream (modulated with the Tx
data) of TRx2 with the Rx data of TRx1.

The key results of the first test set-up were the verification of the synchronization
and communication principles by using the novel single SRO transceiver
architecture. The communication data-rate demonstrated with the system was 10
Mbit/s. The power consumption of the reference Rx circuit [122] and its duty-cycled
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operating principle (SRO power consumption: 2.3 mW @ 10 Mbit/s) indicated that
the targeted overall power consumption could be achievable with a more optimized
implementation, but due to the low integration level of the system, it was not
possible to verify the exact power consumption. Additionally, use of dedicated Tx
antennas, buffer amplifiers and the accurate clock reference generated from a
signal source left questions open about the real feasibility.

However, the results achieved in the first phase gave motivation to implement a
customized IC that followed the theory and principles presented in Chapter 4, and
fulfills the target specification made for the system.

5.2 RF transceiver at 7.9 GHz

After the first successful verification phase, the next target was to make an
integrated RF transceiver implementation at the targeted 7.9 GHz center frequency.
The key questions of the second implementation step were related to the feasibility
of the transceiver power budget and verification of the specified air-interface by
using WPT and wireless synchronization of the UWB link. Additionally, the
required silicon area of the transceiver was essential to have a cost-wise feasible
implementation. The focus of this phase was still on the PHY layer, and therefore
upper layers of the system were left out of the test IC reported in [135],[VI]. To have
flexibility in the system development, the digital communication protocol was
implemented on FPGA (field-programmable gate array) circuits.

The circuit specified for the second implementation phase was the first
implementation of the proposed air-interface operating according to the theory and
the specification presented in Chapter 4. The transceiver supported 112 Mbit/s
data-rate and confirmed the feasibility of the UHF/UWB dual-band air-interface in
the WMT applications. The RF transceiver was powered by using a WPT signal in
the 900 MHz UHF band. As presented in [VI], the resulting power consumption of
the implemented RF transceiver (Tx: 6.5 mW, Rx: 5.4 mW @ 112 Mbit/s) was
competitive in comparison to the state-of-the-art UWB transceivers.

The synchronization method studied in [I] was taken as the starting point in the
second phase. However, the overall system analysis showed that the importance of
the synchronization scheme was not as high as assumed in the beginning of the
work because even the full REQ-RSP loop can be run in 1 ms at SDR. Due to the
marginal benefits of the delayed reflection over the methods presented in [VII] and
its sensitivity on hang-over phenomenon, the delayed reflection method was not
used in the later phases of the work. The development of the communication
protocol was done on the programmable platform and the initial packet structure
was similar to the one presented in [V].
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UWB antenna

UHF antenna

Figure 5.2. Hardware used in the system verification of the first UWB transceiver designed for 7.9 GHz
center frequency. Left: demonstrator of reader/writer [ll]. Right: demonstrator of eWMT and
micrograph of the UWB transceiver IC [VI].

The hardware used in the first end-to-end system demonstrator [II] is presented in
Figure 5.2. The reader/writer presented on the left side consists of an antenna
mock-up connected to an RF IC test board. The RF IC test board is attached to an
FPGA evaluation board which is further connected to a laptop computer controlling
the system and running test applications. The antenna mock-up (size:
10 X 40 x 100 mm3) containing UHF and UWB antennas was developed to test
antenna implementations realistic to be used in mobile devices. The rest of the
WMH functions presented in Figure 5.2 was foreseen to be integrable to one single
IC.

The hardware of the eWMT demonstrator was embedded under the back-cover of
a Nokia N9oo mobile phone. The PCB (printed circuit board) presented on the right
in Figure 5.2, was powered from a battery. The complete system demonstrator was
used to present Nokia’s Explore & Share concept [136]. Due to the large size of the
first reader/writer implementation, the demonstrator focused on showing fast data
transfer between a kiosk device and eWMT embedded to a mobile device [II]. As
the concept demonstrator the system gave also insight into wireless programming
application although eWMT was battery-powered.

In general, the results of the second phase confirmed the feasibility of the
UHF/UWB dual-band air-interface at 7.9 GHz center frequency in WMT
applications. The achieved 112 Mbit/s data-rate and the energy per bit performance
of the transceiver were competitive and the RF transceiver was powered by using a
WPT signal in the 9oo MHz UHF band. The promising technical results motivated
the development of a more integrated solution which could be used to implement
in-scale proof-of-concept demonstrators of the foreseen applications and to
concretize the original visions.

5.3 Complete wireless memory tag system

After the successful implementation of the first integrated RF transceiver at
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7.9 GHz, the UWB transceiver IC was enhanced with a digital part containing the
functionality needed in WMT to communicate according to the protocol presented
in Section 4.5. However, the results of two intermediate IC implementations have
not been reported, except the IC testing system [137]. The learnings accumulated
during the specification, design and testing of the intermediate circuits were
utilized in the specification work of the first complete TRx IC reported in [V].

The main target in phase three was to implement an integrated, fully
remotely-powered and autonomous WMT by using the dual-band air-interface.
Therefore, a complete system was designed and implemented to demonstrate the
end-to-end data transfer with a remotely-powered tag. In addition to the WMT
mode, the circuit supports packet level communication in the WMH mode.
However, in WMH mode external resources are needed to master the
communication link. The additional targets were to find limitations of the
integrated implementation and to evaluate the performance in practice. The
autonomy of the tag enables wireless testing of the tag in real operating conditions
so that no control or measurement cables affect the tests. Autonomous operation of
the tag requires that it has to be capable of configuring itself in the power-up in case
the default configuration was not optimal. In addition to the system and circuit
specifications, the end-to-end data transfer protocol was designed as part of this
thesis work. The protocol was designed so that the NVM devices available for the
WMT implementation can be accessed over the air efficiently without major
overhead.

One of the key questions was the feasibility of the WPT power budget in real mobile
device products. The overall power budget in the UHF band was found challenging
to be used in mobile phones operating as WMH devices. Without using any costly
Schottky diodes, the achieved overall yield for power extraction (rectifier and
regulator) was in the range of 21 % [VI]. Additionally, the link budget presented in
Figure 4.3 (Mobile 2) was found to be too optimistic to be achieved with the GSM
antennas of mobile devices without significant re-design. Fluctuation of the near-
field coupling was also found very high (-4...-15 dB over 2...5 cm distance). The fast
evolution of cellular systems to new frequencies (during 2010-2012) resulted in
increasing complexity in the cellular radio sub-system, and made it hard to justify
integration of the WMH sub-system with the cellular radio sub-system. Especially,
the proper interleaving of the functions in time-domain is a challenge. Additionally,
the interest to integrate the RFID reader capability to mobile devices decreased. On
the other hand, penetration of NFC in mobile phones was increasing which
increased also the interest towards the NFC based mobile WMH implementation.

For stationary devices, and especially for wireless programming applications, WPT
in the UHF band was still practical. The main reason was the possibility to re-use
the antenna and RF parts of cellular radio front-end to implement remotely-
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powered eWMT in mobile phones because other radio systems are not active during
wireless programming. The system implementation was also relaxed due to the fact
that a special-purpose device could be used as WMH in wireless programming and
the required communication range was shorter than originally in mobile WMT
applications. Additionally, for industrial applications it is feasible to use WPT in the
UHF band, because in majority of applications special purpose devices can be used
with more volume and battery capacity.

As a secondary application the active WMTs were also considered. The results of
[VI] showed that the clock extractor requires the minimum UHF input power
of -24 dBm. With the link budget calculation (Tx power 500 mW, o dB antenna
gains) presented in [VI] it gives the range of 9.5 m in optimal conditions. Thus,
active tags could easily take full benefit of the UWB link (VHDR over 30 cm).

The intermediate circuits utilized WPT in the UHF band, but due to the
aforementioned reasons the use of a HF signal for WPT became more attractive.
Therefore, a relevant research question in phase three was that how to efficiently
support HF/UHF remote-powering and clock synthesis in the TRx IC, and what
would be the resulting performance of the system. With the HF remote-powering a
drawback is the limited range due to the inductive coupling at 13.56 MHz.

Size: 19x11 cm

.............

Figure 5.3. HW implementation of demonstrator WMH (areas with double line: see-through view
presenting components on bottom side) [V].
Test extension UWB antenna

UHF antenna
i o

Digital part -
- _ Clock
UHF synthesis
& guench
.......... E:JU"‘éEr & HE © generation
extraction 7

U 1

1

1 UWE unit
1

Figure 5.4. Left: HW implementation of proof-of-concept WMT demonstrator. Size: 8x5 cm?. Right:
die micrograph of TRx IC. Size: 1.9x2.0 mm? [V].
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Figure 5.3 and Figure 5.4 show the HW implementations of WMH and WMT
implemented in phase three. The PCB of the tag includes a TRx IC and a 64-Mbit
NOR Flash memory with SPI interface (by Micron). For remote-powering, either a
loop-antenna at 13.56 MHz or PIFA (planar inverted-F antenna) at UHF RFID band
(fine-tuned to 868 MHz) is used. In WMH the top-level control comes from host
software running on a PC or a mobile device, which is connected to the WMH PCB
via high speed USB (universal serial bus). The WMH PCB is also powered via USB.
The internal WMH FSM of TRx IC is controlled by CPU (central processing unit)
and FPGA (field programmable gate array) which run the MAC layer functions
according to the commands from the host sub-system (Figure 4.11). Commercial
NFC and UHF RFID circuits, controlled by CPU, are used as the HF and UHF
transmitters for remote-powering of WMT.

To demonstrate the feasibility of the complete system, WMT was remotely powered
with a HF signal from the WMH device. Tx output power of HF and UHF
transmitters are 150 mW and 100 mW (without extra amplifier). The measured
yield of rectifiers in TRx IC is 30-35% in the HF mode and up to 17% in the UHF
mode. Therefore, the overall power budget of WMT with NOR Flash memory is
more feasible in the HF mode. Two HF antenna sizes were tested: 30x50 mm? and
15x25 mmz2, both with 4 turns. Reading and writing of NVM was done successfully
over the air with all HF antenna combinations. Erase operation was successful only
with similar antennas in WMH and WMT due to the high peak current
consumption. The detailed implementation and the exact test configuration are
presented in [V].

Table 5.1 shows the power consumption of the TRx IC. In comparison to [VI], the
increment in power consumption after adding the digital functionality is only
37 pJ/bit (Tx) and 22 pJ/bit (Rx) at VHDR. However, improvements in the
analogue part partially explain the small overall increment. The digital part
contributes 75-80% to the power consumption. Command execution in digital part
adds up to 1.5 mW = 13.9 pJ/bit to the total power consumption. (The execution of
the put page command (PUT_PG) at VHDR is the most power consuming air-
interface command. It transfers data from the WMH device to the RF page buffer
of WMT.)

Table 5.1. Power consumption of transceiver circuit [V].

Data-rat H i
[l%[%ii/as]e Core () [mW]| Energy/bit [pJ/bit]| Total ® [mW]
) 13.5 6.1 450 6.8
Transmit 54 7.6 141 10.2
mode
108 9.4 87 (50 @) 14.4
) 13.5 6.0 441 6.6
Receive 54 73 134 9.8
mode
108 8.7 80 (58 @) 13.6

(1) Core without I/Os; (2) With test I/Os enabled; (3) Energy/bit in [VI]
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Table 5.2 shows the total current consumption of the demonstrator WMT
(including NVM) when the UWB data transfer commands (payload 256 bytes) are
executed. In the Ready state, the TRx IC is in the Rx state. In the UHF mode, power
consumption is about 200 uW higher than in the HF mode due to the clock divider.

Table 5.2. Power consumption of WMT — data transfer commands [V].

Current [mA], Vdb=2.4V
Data-rate Ready state GET PG | GET PG | PUT PG PUT PG
[Mbit/s] Peak Average Peak Average
13.5 4.2 5.4 4.9 52 5.2
27 4.5 5.9 5.4 6.0 5.3
54 5.1 6.9 6.2 6.8 6.1
108 6.1 7.5% 6.9% 7.3% 6.8%

In UHF mode, power consumption is ~200 uW higher than in HF mode due to the clock divider.
* Measured in UHF mode.

With the system demonstrator the overall WPT link efficiency (including rectifier)
of 0.2 was achieved over 1 cm (Iwmr = 12.5 mA @ Vdb=2.4 V, P1x = 150 mW). This
is well above the level needed to execute data transfer commands in WMT, but
leaves room for optimization. For example, fixed matching of WMH and WMT
limits the performance. With optimal matching the link efficiency of 0.55 is possible
[138],[139]. The TRx IC has also two supply voltages (1.2 V and 1.8 V) in [V] and
therefore the rectified voltage is Vdb = 2.4 V, whereas only one supply voltage
(1.2 V) was used in [VI].

In the work presented in [V] a complete end-to-end transfer from the NVM of a
remotely-powered tag to the host application (and vice versa) was made for the first
time. An effective MAC layer data-rate of 7 Mbit/s was achieved in reading and
4 Mbit/s in writing by using the air-interface in the HF mode at the 27 Mbit/s data-
rate. Despite the fact that the performance was lowered from the theoretical (80%
protocol efficiency feasible for the 2 x 128-byte RF page buffer, Figure 4.13) due to
several limitations in the system implementation, the main achievement of phase
three was the end-to-end high data-rate communication with a fully autonomous
and remotely-powered WMT. The feasibility of short turn-around times (6-8
symbols) between commands and responses at both ends of the UWB link was also
verified for the link formed by two TRx ICs.

As presented in [V], the air-interface of the system implementation can be used at
the 108 Mbit/s data-rate in the UHF mode when WMT is powered from the UHF
signal. Over the tested 9 cm distance BER better than 105 (54 Mbit/s) is achieved
and over short distances BER is below 10-¢ (108 Mbit/s). However, due to the low
efficiency of the UHF link, the complete system is used in HF mode. On the other
hand, the DLL block suffers from extra jitter. To minimize power consumption,
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DLL is synchronized on both rising and falling edges of ClkRef which requires a
precise 50% duty-cycle from ClkRef. With an HF signal the exact 50% is hard to
maintain which increases BER at high data-rates (above 27 Mbit/s). In the UHF
mode the duty-cycle is closer to 50% because the frequency is divided by 64 to
generate ClkRef.

In addition to the jitter of DLL, the end-to-end system performance is lowered due
to the integrated but still non-optimal WMH implementation. The TRx IC includes
FSM for the packet level communication in WMH mode. However, in WMH mode
external resources (FPGA + CPU) are needed to master the communication link.
Because the verification of the remotely-powered WMT concept was the key
objective of the TRx IC design, the full WMH MAC layer was not integrated to the
circuit but part of it is implemented as an embedded system. When writing data to
the tag, the effective data-rate is dominated by the programming time of the NOR
Flash device. Therefore, 4 Mbit/s is the limit despite the higher end-to-end
throughput capacity of the UWB link. In case the NVM write is slower than the air-
interface, the transceiver can be also shut down during the NVM write operation
[140].

In addition to the confirmation of the BER and WPT link performance, the
synchronization schemes presented in Section 4.4.4 (results in Figure 4.10) were
tested. Based on the results, the original functionality was verified. On the other
hand, the effect of the extra jitter originating from the DLL design was found to
affect the success rate especially with the HF powering signal, and therefore the
performance can still be improved.

5.4 Proof-of concept with a mobile WMH

The form-factor of the demonstrator HW presented above is not small enough for
direct integration and practical use in the context of mobile devices. To achieve the
targeted integration level, a more compact demonstrator using the TRx IC used in
the proof-of-concept phase was designed to show the feasibility of mobile WMH
devices and miniaturization of WMT.

Instead of using a Linux laptop as the host device in WMH, a system where a Nokia
No phone runs the software of the upper layers was designed. A USB accessory was
implemented for the N9 phone and the overall demonstrator is presented in Figure
5.5. The basic functionality and architecture of the USB accessory and tag are equal
to the demonstrator presented in the previous section [V], but the UHF WPT link
has been omitted. Additionally, the storage of the NOR flash memory device was
increased to 128 Mbit (bottom side of the WMT PCB). The TRx IC is located on the
top side of PCB together with the UWB antenna. The HF antenna is connected with
a twisted pair of jump wires to PCB and the stack of two boards is inside of plastic
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covers. The structure of the USB dongle is similar to the tag but the size of the WMH
PCB is larger than the tag because it includes the NFC, FPGA and CPU circuits in
addition to the TRx IC of the tag.

Miniaturized tag P USB accessory

PCB (bottom side) . Miniaturized tag

& -

1]

PCB (top side)

= &

HF antenna -

-: creo
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Figure 5.5. Integrated version of system demonstrator. Top left corner: a remotely-powered wireless
memory tag (dimensions: 25x25x7 mm?3, storage capacity: 128 Mbit). Bottom left corner: wireless
memory host implementation as a USB accessory (removable test connector extension attached) for
Nokia N9 mobile phone (dimensions: 52x28x10 mm?3. Right: demonstrator HW assembled in plastic
covers.

At the time of writing this thesis, the development work of the application software
for the N9 mobile phone has not yet been finalized. However, the USB accessory
HW has been tested by using a Linux PC as the USB host device, and the reading
and writing of data from and to a remotely-powered miniaturized tag has been done
successfully.

5.5 Memory technologies

NOR flash memories (64 and 128 Mbit) have been used in the system
implementations. For program and erase operations, the consumption of NOR
Flash device dominates the overall consumption. Current consumption during
execution of NVM commands has been presented in [V]. Reading and writing of
NVM was done successfully over the air with several HF antenna combinations.
Erase operation was successful only with similar antennas in WMH and WMT due
to the high peak current consumption. Additionally, to tolerate the peaks a large
capacitor (200 puF) was needed in the supply voltage of WMT.
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As presented in Section 3.2.1, the PCM technology has several benefits over the
NOR and NAND flash memories in the WMT applications. Especially, the overwrite
feature is a significant benefit when comparing PCM with NOR Flash. Because PCM
is bit-alterable no separate erase operation is needed which overcomes the
bottleneck of NOR Flash. However, the PCM products brought to the market have
not been suitable to use in the system implementations of this thesis work. The
memory interface of the TRx IC is a 1.8 V SPI interface. Obviously, the need to
choose between different interface options have limited the number of suitable
NVM devices. The capacity of most new NVM devices using emerging technologies
(e.g. FeRAM) is up to several megabits. The largest NAND flash devices have
storage capacity above 100 Gbit, but they are also incompatible due to the parallel
interfaces, need for intensive memory management and 3 V supply voltage.
Therefore, the NOR devices have been the best option for the WMT system
implementations this far. At the time the design of the latest system
implementation, 1.8 V monolithic NOR devices with the capacity of 128 Mbit were
available. Additionally, stacked devices up to 1 Gbit storage capacity have been
available [141] but the stacked structure is basically equivalent with several NVM
devices used in parallel. However, at the time of writing this thesis, new monolithic
NOR devices up to 2 Gbit storage capacity have been introduced and available with
1.8 V SPI interface [142]. Altogether, the targeted 1 Gbit storage capacity is feasible
with the NVM devices available today although the writing and erase performance
of NOR flash are still not optimal.

5.6 Discussion

The work presented in this chapter summarizes the implementation work made as
part of the research of the wireless memory technology. The work was started from
the verification of the super-regenerative transceiver architecture and
synchronization methods with a macro-scale system including laboratory
equipment. In the next phase the system was based on the custom-made RF
transceiver IC in the 7.9 GHz center frequency, which verified the PHY layer
performance of the target system. In the third phase the first complete
remotely-powered WMT was implemented. In the fourth phase the form factor of
the system reached the level suitable for a mobile WMH and the original goal of the
thesis work was achieved. Additionally, the TRx IC developed in this thesis work
can be used in all the operating modes of the architecture presented in Chapter 3.

The die area of the transceiver circuit is 3.8 mm? and it includes the basic WMT
functionality (exc. NVM). The circuit can be used also as WMH if completed with
the MAC layer resources. The studied device architecture options presented in
Chapter 3 enable efficient re-use of memory resources in mobile devices.

The end-to-end data transfer performance of the example system demonstrator is
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somewhat limited due to the chosen prototyping architecture having the SPI
interface between the higher parts of the WMH MAC layer and the TRx IC.
Significant improvements can be achieved on WMH side by co-integration of MAC
to the TRx IC. This removes the bottleneck caused by the interface to external MAC.
On WMT side, larger buffering and an internal memory controller decrease the
protocol overhead (Figure 4.13). Additionally, the results showed that the
performance of the WPT link can be improved, for example, by using automatic
impedance matching in WMH and WMT.

The research of the radio system originated from the scenario where passive WMT
tags are read and written with mobile devices. In the early phase of the work, WPT
based on the UHF band was justified. Later it became evident that it is not practical
to integrate the WMH functionality with the cellular radio sub-system in mobile
devices. However, at that point the system research was mainly driven by the
interest towards the wireless programming application, and therefore synergies
with the industrial RFID systems at UHF increased. In the latest phases, the
capability to use the HF signal for remote-powering was studied and integrated to
the system. With the HF signal, the range of the WPT link is limited due to the
inductive coupling. On the other hand, for the HF signal there are no similar time-
domain limitations as exists for the UHF signal due to the RFID regulations.

The test results of the proof-of-concept system demonstrator confirmed the overall
feasibility of the impulse UWB radio system studied in this thesis. The results
proved that data-rates of over 100 Mbit/s are feasible in the remotely-powered
mode for tags when the reader/writer functionality is integrable to the form factor
feasible for mobile devices. The integration is feasible especially because the WMT
technology can be integrated as a broadband extension to the existing NFC
functionality in mobile devices. It enables the re-use of the NFC antenna and
transceiver for the remote-powering of tags. A commercial NFC circuit, similar to
the circuits used in mobile devices, was used as the HF transmitter in the system
demonstrator. Its power consumption is below 0.5 W. After adding the power
consumption of a TRx IC (with integrated MAC layer), storage memory and the host
sub-system, the instantaneous total power consumption of an integrated mobile
WMH functionality is estimated to be in the range of 1-2 W depending on the
chosen system architecture. This is within the limits feasible for mobile devices.
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This chapter contains discussion on how the WMT technology can be developed in
the future, and what are the main technology trends foreseen on the area.

6.1 Impulse UWB system

The test results of the proof-of-concept system implementation confirmed the
overall feasibility of the impulse UWB radio system studied in this thesis. However,
the system was not integrated inside the covers of a mobile device. Therefore, for
example the real interference environment remains to be studied in the future. For
the same reason, the use in authentic circumstances may raise points for
improvements along the productization of the technology.

In the WMT device, the integration level can be improved, for example, with the
system-in-package (SiP) integration of the TRx IC, UWB antenna and NVM. In
addition to the more integrated solution, the key improvement points of the system
implementation have been identified. First of all, as concluded in the previous
section, the overall efficiency of the WPT link can be enhanced. The achieved
margin in the power budget can be used to increase the end-to-end data-rate, to
increase the distance or to decrease the power consumption in the WMH device.
Second, integration of the whole MAC layer functionality to the TRx IC used in
WMH removes the bottleneck of the latest system implementation. This enables
also merging of MAC and PHY layer page buffers in the TRx IC which leads to better
effective data-rate and takes full benefit of the protocol efficiency. Third, the end-
to-end data-rate can be improved by using more advanced options, e.g. 4-SPI and
SDIO (secure digital input output), as the NVM and MAC interfaces instead of the
basic SPI. However, the use of more parallel interfaces has to be balanced with the
overall power budget in WMT. Finally, the performance of the UWB transceiver can
be improved. In the HF mode the jitter performance of the DLL in the UWB
transceiver can be improved by correcting the design. This leads to better BER
performance. Better WPT efficiency allows also the use of more advanced TRx
architectures leading to higher data-rates. In this thesis work the complete concept
was created by starting from the simplified UWB TRx architecture enabling low
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power consumption and high data-rates. However, data-rates significantly higher
than 200 Mbit/s are challenging with the simple transceiver architecture when the
signal bandwidth is below 1 GHz. An improvement point for the super-regenerative
UWB transceiver is to enhance the damping of ghost pulses radiated during
detection.

In the future the intelligence of tags becomes also feasible when the power budget
is more relaxed [IIT]. Thus, the evolution of the technology may add to WMTs a
memory controller and a micro-controller that is capable of running application SW
and to manage the metadata of the content stored in NVM [71]. Additionally,
interfacing with sensors and low-power displays will become relevant to enable new
applications proposed in Chapter 2.

In April, 2012 JEDEC (Joint Electron Device Engineering Council) standardization
forum announced plans to start the standardization of non-volatile wireless
memories [143]. The air-interface presented in this thesis is one option for the
wireless memory standard and enabler for the applications presented in Chapter 2.

6.2 Technology trends

The availability of more advanced NVM devices will improve the overall power
budget enabling higher end-to-end data-rates in batteryless mode, and full
utilization of the high data-rate air-interface. For batteryless memory tags giga-
bit-per-second data-rates and gigabytes of memory are forecast [144],[38]. The
future vision is based on the advancements in millimeter wave ultra-low power
transceivers for data link [36],[145]-[149], and NVM technologies used for the
storage in the tags [20].

6.2.1 Novel memory technologies

In the thesis work, the only suitable NVM devices with large enough storage
capacity were NOR flash devices. However, the write and erase performance of
NOR flash is not optimal for the WMT applications, as presented in this thesis. After
the study of the NVM technologies done in this thesis work, it seems obvious that
the progress of emerging NVM technologies is highly dependent on the foreseen
business potential. The development of new NVM technologies to the commercial
level is very expensive and for example the evolution of the PCM technology has not
yet resulted as products directly usable in the system implementations studied here.

On the other hand, the scaling of NAND flash technologies continue towards 10 nm
processes. Additionally, the storage density is increased with 3D and MLC
architectures. Despite the debate around the topic, NAND flash has maintained its
mainstream position as a storage class memory. Two main factors limiting the use
of the NAND devices in WMT applications is the availability of devices with suitable
88



Future work

serial interface and the need to have exhaustive memory management, although the
power consumption and the density of the NAND devices are on the level feasible
for remotely-powered WMTs.

6.2.2 Wired interfaces

By taking into account the twofold requirements set by the applications for the
NVM device in WMH, the future solution should be based on a scalable serial
interface. The same interface can be used as a host processor interface (high data-
rate) and as the interface for passive memory tag (lower data-rate, very low-power).
For wide exploitation of the technology a standardized solution is preferred. One
candidate is UFS (universal flash storage) [75] as presented in Section 3.3.1. UFS
refers MIPI M-PHY and UniPro specifications for layers L1—L4 that are optimized
for mobile applications. Initially UFS v1.0 specifies the use of M-PHY high speed
serial interface up to 2.9 Gbit/s/lane and later UFS v2.0 up to 5.8 Gbit/s/lane. Thus,
it is a good solution for interfaces in mobile reader/writers but a simplified
operating mode is needed for batteryless memory tags because the complete
protocol stack of UFS is too complex to be used as such.

6.2.3 Millimeter-wave radio links

The decision to research the UWB transceiver at the 7.9 GHz center frequency was
made in 2007-2008. During that time research results on transceiver
implementations operating in the 60 GHz ISM band were already published but the
technologies were still in the research phase. Additionally, at that time the foreseen
power consumption was not low enough to justify the potentially achievable high
data-rates with simple transceivers. During the thesis work, the maturity of
millimeter wave transceiver designs have evolved and lately implementations using
the super-regenerative architecture have been published also at 60 GHz frequency
band [145],[146],[149]. Thus, the future WMT solutions may take benefit from the
higher frequency bands and gigabit-per-second data-rates as soon as enabled by
the end-to-end solution (WPT, NVM, internal interfaces etc.) and required by the
applications.

6.3 Summary

In this thesis, the key objective was to research the technology feasible for the WMT
applications. As the future direction the wireless memory tags can be enhanced
towards wireless memory cards, as presented in Figure 6.1. The foreseen
performance requirements are different for the use as a wireless memory card
(right) and for the use as a wireless memory tag (left), and that may steer the
selection of technologies. In general, the wireless memory tag applications require
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more flexibility in the usage range but the minimum data-rate and storage for the
first applications is achievable with the technologies available today. On the other
hand, for the wireless memory cards the data transfer performance needs to be on
par with traditional memory cards but few millimeters is enough for the usage
range and the tag can be even in a fixed position on the host device. Figure 6.2
summarizes the forecast for the evolution on different technology areas.

Fixed position

Touch

Max 1-5 Ghit/s

Wireless
storage
extension
(external)

Min 1-5 mm

Memory Capacity: 100 Mbyte ——= 1 Gbyte —> >10 Gbyte

Figure 6.1. Difference of wireless memory applications: wireless memory tag (left) and wireless
memory card (right).
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Figure 6.2. Forecast for wireless memory evolution.
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[I1 A new symmetric transceiver architecture for pulsed short-range
communication

This paper proposes a novel symmetric super-regenerative transceiver architecture
for pulsed short-range communication. The proposed architecture is targeted for
wireless applications where ultra-low power consumption and data-rate in tens of
megabits per second are needed over distances in the range of tens of centimeters.
The transmitter and receiver are both based on super-regenerative principle and
both functions in the transceiver utilize one mutual super-regenerative oscillator.
Additionally, the transceiver architecture allows fast synchronization of
transceivers thanks to the delayed reflection phenomenon which makes it possible
to detect correct timing simultaneously at both ends of the system. Measurement
results demonstrate the feasibility of the proposed principle.

[ll] System architecture for high-speed close-proximity low-power RF
memory tags and wireless internet access

An open architecture platform for implementing passive radio-frequency
identification (RFID) tags with a mass memory for close proximity environment
was developed. Applications for such mass memory tags are, e.g., multimedia files
embedded in advertisements or logged sensor data on a low-power sensor node. In
the proposed architecture, a mobile phone acts as the reader that can read or write
the memory of these RFID tags. The architecture also enables creation of a new type
of wireless internet access suitable for, e.g., internet kiosks. The architecture is
designed so that development path to a full Network on Terminal Architecture (No-
TA) is feasible. The wireless reading speed of the mass memory tags, demonstrated
to be 112 Mbit/s, is in the range that a 3-minute 640x320-pixel video can be loaded
from the tag to the phone in less than 10 s. This solution supports Nokia’s Explore
and Share concept.

[ll]] Agent/space-based computing and RF memory tag interaction
As devices become more ubiquitous and information more pervasive, technologies
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as Semantic Web and Space-Based computing come to the fore as a platform for
user-interaction with their environment. Integrating technologies such as advanced
RF memory tag with mobile devices and combining this with computation
platforms such as those supporting Semantic Web principles provides for the user
innovative and novel applications.

[IV] Dual-interface memory for RF memory tag systems

In the simplest form the RF memory tag system consists of a stand-alone memory
tag with a large non-volatile storage memory (capacity in gigabits), and a
reader/writer device. The reader/writer device powers the tag wirelessly during
data transfer. An RF memory tag can be also embedded into an electronic device
providing wireless access to storage memory even when the device is without a
battery or the battery is empty. This enables totally new applications but set also
new requirements for the memory devices. In this paper the requirements for the
RF memory tag systems are analyzed and a dual-interface memory architecture
proposed.

[V] An impulse UWB radio system with HF/UHF remote-powering for
wireless memory tags

This paper presents for the first time a complete impulse UWB radio system
implementation for remotely-powered wireless memory tag applications. A
narrowband signal, either at 13.56 MHz or 900 MHz, is used for remote-powering,
and the communication link is based on impulse UWB communication at 7.9 GHz
center frequency. The narrowband signal is also used as the mutual reference clock
for both ends of the UWB communication link. A fully integrated transceiver
optimized for tags has been implemented and used also in the reader/writer device.
The air-interface of the remotely-powered transceiver operates up to 112 Mbit/s. A
complete system demonstrator including a remotely-powered 64-Mbit memory tag
has been built to test and verify the concept. The results confirm the feasibility of
solely remotely powered wireless memory tags.

[VI] A 112 Mb/s full duplex remotely-powered impulse-UWB RFID
transceiver for wireless NV-memory applications

A dual band symmetrical UWB-RFID transceiver for high capacity wireless
NV-Memory applications is reported. The circuit exhibits a figure of merit of 58
pJ/b and 48 pJ/b in Tx and Rx respectively, with a 112.5 Mbit/s data-rate capability.
The UWB transceiver operates in the 7.9 GHz center frequency and is remotely
powered through a UHF CW signal. The circuit has been implemented in a 0.13 um
1.2 V CMOS process.
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[VII]] Connection set-up and synchronization in RF memory tag system

This paper proposes a connection set-up procedure and a simplified protocol for
the synchronization of super-regenerative impulse UWB transceivers in a RF
memory tag system. The protocol utilizes efficiently the features of the
super-regenerative transceiver architecture, such as the short Tx-Rx switching time
enabling responses on pulse level. The proposed communication system is designed
so that the timing of transmission and reception can be fixed on pulse level for
bidirectional communication which efficiently minimizes the need of preambles
and resynchronization on packet level.
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8 Conclusions

The research question of this thesis was to find out whether it is possible to
implement a wireless memory system which enables remotely-powered high-
capacity memory tags with the constraint that the reader/writer functions are also
integrable to mobile devices without major power consumption and cost increment.

This thesis covers the implementation of a system designed for the wireless memory
tag applications. The requirements set by the applications have been converted into
a system specification which has been further used to define the system
architecture. As a result, the proposed dual-interface memory architecture supports
efficiently all the operating modes, including the embedded WMT mode. The
requirements set for the different parts of the system have been iterated in several
implementation rounds resulting in a complete reference system implementation.
The TRx IC developed in this thesis work can be used in all the operating modes of
the presented system architecture.

As the radio interface is the key part of the system, a new dual-band air-interface
was developed to overcome the traditional challenges of single-band RFID systems.
The hypothesis was that by enhancing the existing RFID systems with an UWB
radio interface the performance targets can be achieved. The air-interface is based
on two key principles. The first one is the impulse UWB transceiver based on the
super-regenerative architecture, and the second one is the frequency
synchronization of the impulse UWB transceivers with the WPT signal. The
resulting transceiver implementations fulfill the set data-rate, power consumption
and communication distance requirements. The results show that data-rates over
100 Mbit/s are feasible for wireless memory tags in the remotely-powered mode.
The theoretical studies and performance have been confirmed with a complete
system implementation.

The work presented in this thesis focused on mobile-phone centric applications.
This sets strict limits for the available resources. At the time the work was started,
it was justified to develop the UWB technology by using the UHF signal for remote-
powering and as the clock reference. During the work it became evident that
wireless powering with a 9oo MHz UHF signal is not practical for mobile multi-
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purpose devices. The main reasons are the low end-to-end efficiency of the WPT
link and the required time-domain interleaving of the transmission with other radio
systems decreasing the benefits of re-usable RF parts. Additionally, the chipset
integration of the cellular sub-systems in mobile devices made it hard to get access
to the level needed for the deep integration of the WMH sub-system with the
cellular radio sub-system. As a conclusion, for the mobile phone WMH
implementation the remote-powering of passive WMTs over 20 cm range turned
out to be over-optimistic. Additionally, the benefits from the long range were not
big enough to justify the substantial increment in the power consumption of the
mobile devices. On the other hand, the UHF signal is still a practical choice for
industrial applications and also for the studied wireless programming application
over short distances. The penetration of NFC in mobile phones increased during
this thesis work which increased also the interest towards the NFC based mobile
WMH implementation. As the consequence, the HF signal compliant with NFC was
selected as the WPT signal for the latter phases of the work.

The remaining part of the system development is the phase where the technology
can be tested in its real usage conditions and environment. In this work, the system
has been integrated into an accessory device of a mobile phone, but the
optimization for the real environment of use requires additional effort.

One of the key hypothesis in the beginning of this thesis work was related to the
evolution of memory technologies. In general, the evolution has continued as
expected, but the use of new novel NVM technologies is still marginal. Thus, one
can say that the forecast was slightly too optimistic what comes to the commercial
introduction of the emerging NVM technologies. The conventional NOR and NAND
flash memories have maintained their position as the storage memory technologies
of the embedded and mobile devices. At the moment, the most suitable NVM
products for the WMT applications are serial NOR flash devices. The largest ones
have storage capacities of 1-2 Gbits and their power consumptions are low enough
to be used in batteryless memory tags. However, the system performance can be
improved with the NVM technology having faster and less power-consuming erase
and write performance. In the future, giga-bit-per-second data-rates and gigabytes
of memory are forecast for batteryless memory tags. The future vision is based on
the advancements in millimeter wave ultra-low power transceivers, in intra-device
interfaces and in the NVM technologies.

Many critical requirements must be fulfilled to make a new wireless solution a
widely-used and well-established technology in mobile domain: standardization is
important, cost needs to be low enough, and the benefits must be such that no other
technology can compare. To become a widely used new technology, the fulfilment
of business requirements are often even more important than the fulfilment of the
technical requirements. This is also true for the WMT technology. This thesis work
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shows that the technology is feasible, but it remains to be seen, what are the
application areas where the technology will be taken into use first.

The concept called internet of things (IoT) has become topical in many application
domains. According to the vision, even the smallest devices are all the time
connected to the internet. In the beginning of this thesis the concept called ultra-
local storage was envisioned. A trade-off of the ultra-local storage is the fact that
the content is not necessarily available over long distances. However, the concept
can provide high data-rates energy-efficiently over short distances even without any
infrastructure and maintenance, and thus become a complementary solution in the
otherwise cloud-centric world.
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Errata

In [VI], the transceiver is defined as a full-duplex transceiver. However, the UWB
transceiver is capable of communicating only in half-duplex mode.

In Table I in [VI], the unit on the twelfth row of the second column is mV. However,
the correct unit is uV.



Radio frequency identification (RFID)
technologies have been used for decades in a
wide variety of applications, e.g. asset
tracking, access management and mobile
payment. The evolution of memory and
radio technologies is enabling development
of RFID tags towards wireless memory tags
(WMT) with high storage capacity (> 1
gigabit). This work contributes to the
research and development of WMT
technologies and applications.

The main objectives of this work are to show
the feasibility of remotely-powered WMTs
and that the required host functionality is
integrable to today’s mobile devices. A key
enabler for the technology is the air-
interface that supports wireless powering of
tags, data-rates above 100 Mbit/s and
flexible usage needed for the new
applications. Thus, an additional objective
has been to develop a system with a high
performance air-interface and to justify the
chosen approach with an implementation
showing the performance and feasibility of
the system.
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