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Summary
In this thesis, it is analyzed in detail aspects related to compact RFID radio communications design,
and its interaction with di�erent sort of elements starting from passive tags, the most widely used
interface in RFID world. Ending with application of RFID sensor semi-passive tags, where a new sort
of technologies are emerging in this interesting �eld.

With the idea of facilitating the introduction of such RFID sensing new technologies, we have developed
and RFID reader that is very compact in design, and uses the mobile phone as the main human
interface. For that purpose, the reader has to comply with compact small factor, such as small planar
integrated antennas, very low power consumption and compact front end. Also must take special care
of interference. The mobile phone is a device that includes so many radio sources, that we must ensure
our radio can coexist with them, without being a�ected by their interference and, without a�ecting
them.

In addition to the previous interference analysis, and design demonstration for RFID front-end, we
have include some new concepts to mention:

• Analysis of limitations in read ranges for UHF-RFID technologies.

• Apply HF-RFID (such as NFC) not only for communications, but also for energy transfer.

• Optimization of NFC front-end when using radio for both communication (with mobile phone)
and sending energy to remote sensors (charge remote battery).

• Prove of concept using our designed RFID sensing devices.

• Demonstrate new concepts of NFC-energy transfer for RFID sensors.

In order to help better understand the presented concepts, there are some analytical demonstrations
explained in detail, with particular numerical examples being applied to our design, that have the
intention to be taken as reference formulation and values for design.

Some concepts are explained based on simulations. In particular chapter 2 includes a system simulation
that faces with di�erent temporal and frequency e�ects. There are electromagnetic simulations (for
antenna simulation), with electrical simulation (front-end devices) and system simulations (include
RFID modulation and coding aspects). In chapter 3 many interaction e�ects between coils and RFID
antennas are evaluated in detail. Also include the new concept that is used to optimize simultaneously
communications and energy transfer between our NFC device and a new made RFID sensor tag.

There are many explanations on how the energy transfer circuit works, based on di�erent con�gurations
between primary and secondary circuits (transmitter and receiver), and optimization techniques.
While chapter 4 and 5 are dedicated to hardware design, for reader in HF and UHF frequencies,
as well as passive-sensor tag design. Measurements are taken not only showing the possibility to use
NFC as a means for very short distance communications between our designed reader with the mobile
phone, but also to transfer energy to new ultra-low power RFID sensors.



1 Introduction and Objectives

1.1 Brief Introduction to short range devices (SRD)

Radiofrequency identi�cation (RFID) and near �eld communications (NFC) are wireless technologies
that have experienced an exponential growth in recent years. Nowadays, RFID is a technology of use
in several �elds, such as item tracking, inventory, access control, etc., with RFID tags that can operate
at several bands including, high-frequency (HF) band (13,56 MHz), ultra-high-frequency (UHF) band
(860-915 MHz), and microwave bands (typically operating at 2.4 GHz). RFID is becoming very
popular and widespread. The radio technology is improving time by time, system integration into the
Radio Frequency Integrated Circuit (RFIC) is becoming more dense, antenna is more compact, the
price lowers, and the performance improves. As an example, e�orts to improve the RFIC performance
in RFID tags such as sensitivity and the input impedance, allows for longer read ranges and wider
operation bandwidth. For those reasons, it becomes feasible the possibility to integrate the radio in
mobile or portable devices, which opens the possibility for its use in even more di�erent situations
and environments such as wireless sensors [1]. The number of applications where RFID is deployed is
increasing, and so the number of reader transceivers and tag antennas.

With the advent of Internet of Thinks (IoT), there is a forecast that a larger number of RFID tags will
be deployed with sensor functionality and data logging requirements. Also larger number of readers
will be required with extended capabilities. RFID transceiver design is then a topic of interest to
create higher performance readers with lower costs and more compact size.

RFID tags mainly use an identi�cation code (ID) called Electronics Product Code (EPC), that is used
by an external system to retrieve more information of the object from a back-end database. RFID tags
come with additional memory in the form of Electrically Erasable Programmable Read-Only Memory
(EEPROM), which can store more information than just the ID. The type of data format has been a
topic of investigation for [2], such as Extensive Markup Language (XML) or Comma Separated Values
(CSV), also there is the way to �nd methods on how to increase the memory on a tag.

• Passive tags can reach up to a maximum of 2KB memory or 32 KB for UHF-RFID [3]

• Active tags have memory between 16 bytes and 128 KB [4]

NFC is a technology that has been progressively growing in application such as mobile payment,
contact-less payments, public transport, museum services, etc. It applies in the short range contact-less
range, operating at the near �eld (inductive coupling) in the HF frequency band (13.56MHz). With
the idea of using such technologies in every time more and more applications, there is a need also
to increase integration, so to reduce radio architecture complexity, sometimes developing radio parts
into the digital domain, named Software De�ned Radio (SDR), having compact, simple and low cost
radio transceiver designs that can be widely used. In the case of short distance communications links,
the environment components do not a�ect so much to radio system performance. So while in RFID
reading range can reach various meters, the surrounding environment has higher e�ects in the radio,
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but in NFC where reading rage is of few centimeters, and the surrounding conditions do not a�ect so
much.

With the aim of extending the UHF RFID functionality into the Internet of Things (IoT) sensing
�eld, in combination with the mobile phone or device equipped with NFC technology, with special
focus on increasing the read range and tag reading technologies, the goal of this work is to design a
compact RFID to NFC reader capable to communicate with mobile phones, integrating a low-pro�le
patch antenna for an UHF RFID module, able to operate in contact with a mobile phone. The
communication between the mobile phone and such a module is achieved by means of NFC technology,
since most smartphones, tablets etc. are equipped with NFC capability

When performing mid-long range communications, the surrounding e�ects may in�uence the quality
of signals, so it becomes necessary to be able to analyze and diagnose possible impairments e�ects
caused in the radio link parameters. With the aim of being able to produce a tool that enables to work
on these two previous standards, it is of importance to investigate several of the system requirements
that can be critical for their radio performance. In the following section the main objectives of the
system investigated in this work will be presented.

1.2 Objectives of the thesis

To expand the use of RFID passive or semi-passive technologies, there are several issues to be solved,
either on the technology side as well as for the system part. Since most common applications
are hand-held devices, compactness and long battery lasting are mandatory conditions to consider
in the design phase. In that sense, we emphasize the importance of providing compact antenna
design, perfectly matched and integrated with the RFIC or active part of the architecture for general
performance optimization, as well as multi-standard functionality in the case that more than one
protocol are desirable. A particular aspect considered here is the design of compact low pro�le
microstrip patch antenna to operate in contact with a mobile phone, in addition to the design of a
NFC antenna, that is intended to communicate with the NFC antenna already being used by actual
mobile phones.

Aspects related to UHF and NFC antenna integration will be considered; compatibility with wireless
power transfer for recharging the batteries of RFID or NFC sensors that require energy harvesting,
or study possible interference caused by the own radio or external devices; spurious emissions caused
by di�erent radios and determined by local regulations such as ETSI in Europe [5] or FCC in US
[6]. Other e�ects are self-leakage, local oscillator phase noise or other radios transmitting at adjacent
channels are also relevant when evaluating performance degradation by an RFID system. Also strong
coupling e�ects between antennas, and analysis on how they in�uence on communication range.

A main goal of this thesis is then, analyzing system performances of NFC and RFID as Short Range
Devices (SRD) operating in the ISM bands (mainly 13.56 MHz and 868 MHz) with their peculiarities
in terms of link budget analysis. Real implementation using conventional RFIC's supporting both
NFC and UHF-Gen2 protocols, looking at common bene�ts in the ID but mainly for RFID-sensors
and other Wireless Sensor Networks (WSN) applications. Such sensors can be battery powered, so in
this case a novelty in circuit implementation is presented in this work, by applying the principles of
wireless power transfer (WPT) into NFC in order to charge batteries at short distances attached into
battery powered (BAP) wireless sensors.

In Fig. 3.30 we show the block diagram of all parts of the system that will be developed, and part of
them analyzed and studied in detail in order to demonstrate feasibility of the system.

11
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Figure 1.1: Bloc diagram of the system under investigation, highlighting special contributions of this
work .

• Paper 1: "Review of interference sources in congested environments and its e�ects in UHF-RFID
systems" [7]

• Paper 2: "Compact design of UHF RFID and NFC antennas for mobile phones" [8],

• Paper 3: "Recon�gurable system for Wireless Power Transfer (WPT) and Near Field Communications
(NFC)" [9]

• Paper 4: "NFC system optimization for simultaneous powering and communication with wireless
sensors" [10]
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2 Budget Link and interference Analysis

2.1 Introduction

With the increasing number of applications where RFID tags are being considered, there is an interest
in pushing its capabilities into the limits to expand its potential applications even further. This is
sometimes equivalent as being able to use them in longer range communications links such as wireless
sensor networks (WSN), where low consumption sensors are attached to an RFID tag, and the reader
takes the measurement after powering the tag. Also means, being more prone to radio interference,
couplings, or secondary e�ects due to design uncertainties. Transponders (or tags) that operate at the
low-frequency (LF) band of 125 kHz [11] and HF 13,56 MHz have already been deployed for a number
of years with the disadvantage of limited range typically less than 1 m, normally in the centimeter
range. The maximum read range for passive RF tags at UHF frequencies is typically from 2 to 10
m [12], with either tag and reader optimized for the link. Actual mobile phones include NFC, by
expanding mobile radio from NFC to RFID has direct in�uence on read range.

There are several e�ects in�uencing radio performance such as self-leakage, happening when continuous
carrier is sent by the reader while receiving circuit is activated and, may lower receiver sensitivity.
Due to its strong in�uence, some authors [13] are proposing methodologies for its compensation within
the own chip. Local oscillator phase noise, is also in�uencing read range, since it will leak to the
receiver passing through the power ampli�er and isolator, overshadowing thermal noise component
from receiver. This e�ect can be minimized, such as in [14], thanks to the short time di�erence
between RFID transmitter and backscattering signal. The range correlation e�ect can further reduce
such unwanted in�uence. Finally other important causes of range reduction are the ones caused by
other radios, in adjacent channels or also propagating strong signals in nearby frequency bands.

From our knowledge there is no work dealing with a wide range of possibilities for interference issues
that nowadays RFID readers are prone to, so in this work, are listed and analyzed in detail several
sources of interference that may a�ect the RFID systems when coexisting with various sort of other
radios mainly in the UHF band. Also the analytic expressions for such in�uences are detailed,
introducing new aspects for such evaluation, such as the mutual tag antenna in�uence or new radio
sources such as LTE (4G) that are penetrating in the UHF band. All of them are analyzed and some
analytic examples are presented for a better understanding.

In our low power radio system application, long radio range is combined with low power consumption
and multi-protocol application, so an study of range performance versus di�erent sort of parameters is
of much interest in order to evaluate the limitations of the radio. Several e�ects, internal and external
from the radio, are analyzed.

Firstly a review of di�erent standard wireless technologies being used nowadays, some applied already
for WSN applications are being listed in table 2.1, with the most relevant indicators of its performance.
Such metrics will be compared with the ones related to RFID-NFC technology in terms, for example,
of sensitivity and power consumption, so one can justify design decisions in the use of most appropriate
technology for a particular application.

13
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Table 2.1: Consumption from tag IC's and other SRD's radios

Param. Bluetooth UWB ZigBee WiFi BLE
IEEE spec. 802.15.1 802.15.3a 802.15.4 802.11a/b/g
Freq. Band 2.4 GHz 3.1-10.6 GHz 868/915 MHz; 2.5; 5 GHz 2.4 GHz

2.4 GHz
Max. Rate 1-3 Mbps 114 Mbps 250 kbps 54 Mbps 1 Mbps
Nom. Range 10 m 10 m 10-100 m 100 m
TX power 0-10 dBm -41.3 dBm/MHz -25:0 dBm 15:-20 dBm 10 dBm
No channels 79 1-15 1/10: 16 14(2.4GHz) 40
Channel BW 1 MHz 0.5-7.5 GHz 0.3-0.6-2 MHz 22 MHz 2 MHz
Modulation GFSK DS-UWB, DSSS DSS,CCK, GFSK

MB-OFDM OFDM
ITX 57 mA 227 mA 25 mA 300 mA 18 mA
IRX 47 mA 227 mA 27 mA 280 mA 15 mA
ISby 20 µA 3 µA 20 µA 1 µA

Sensitivity -90 dBm -84 dBm -92 dBm(2.4GHz) -90 dBm(4Mbps) -87 to -93dBm
-102 dBm-UHF -74 dBm(54Mbps)

Chisep BlueCore2 XS110 CC2430 CX53111 CC2540
VDD 1.8 V 3.3 V 3.0 V 3.3 V 3 V

2.2 Type of tags and relation with the project

In many applications, the read range of actual RFID tags at UHF and microwave is adequate, however,
there are applications where an increase of read range would be appreciated. For that reason, it would
be required to increase power consumption of few microamps from actual passive tags Fig. 2.1 (a.

Active tags such as the one in Fig. 2.1 (b, have the disadvantage of needing a battery with small form
factor, so they do not need to relay on backscatter modulation, and use the battery instead to activate
the circuit. That poses again a challenge in the low power radio design. Active and semi-active tags
enable more sophisticated applications at the price of increasing cost, and typically limited lifetime.

In normal tag design, sensitivities range between -10 to -18 dBm, which makes clear the idea that in
evaluating the reading range of tags, the limiting factor will be the tag. In [15] sensitivity increase is
done, achieving an improvement of 9 dB by using a small battery. As the technology is pushed into
the limits with better designs, one can reach very high sensitivity tag designs. This is the case of the
design [16] that avoids using an internal regulator, neither a VCO, since it extracts the required clock
signal from the downlink data. In [17] uses an active recti�er RF front-end biased in deep subthreshold
near the saturation/linear boundary, to be able to operate at lower voltages, having e�ect on range.

The Surface-Acoustic-Wave (SAW) RFID technology, is also used to increase the reading range from
passive tags, since it uses much less reader power to meet the reading requirements in non-ideal
conditions. They normally operate with a spread-spectrum signal at 2.44 GHz, limited in data capacity
and more tolerant to temperature variation that silicon IC tags. With a reader antenna gain of 15
dB it is possible to read tags at 18 m distance [18]. Those tags convert microwave electromagnetic
signal into elastic Rayleigh waves via a piezoelectric e�ect, which are scattered by the electrodes on the
surface of the crystal, wave re�ectors that produce a uniquely encoded acoustic wave pulses, which are
then reconverted to electrical signals at the antenna. Global SAW tag (GST) where �rst introduced
in 2001.

14
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a)

b)

Figure 2.1: (a) A typical architecture of a passive tag IC, where antenna is connected directly to the
receiver �rst stage (rectifying circuit), the demodulator and transmitter output, (b) Battery Assisted
Passive tag providing better sensitivity in forward link and ampli�cation in backscattering.

Very low power consumption is also achieved by [19], in a WSN applications at 2 GHz. In this case the
design is based on new protocol that controls duty cycle, uses a radio with "uncertain-IF" architecture,
which combines MEMS-based high-Q �ltering and a free-running CMOS ring oscillator as the RF LO.

Table 2.2: List of tag IC's power consumptions and other SRD's radios
Work Power

(µW)
Sensit.
(dBm)

Energy/bit
(pJ/bit)

Technology year

[20] NA -14 NA 0.13 µm CMOS 2007
[21] 240 -18.5 1600 0.35 Ti/Al/Ta/Al-Si 2009
[22] 2.6 -17 NA 0.18 µm CMOS 2011
[16] 14 -21.2 98.6 0.18 µm CMOS 2014
[23] 29R 71W -12 NA 0.13 µm CMOS 2014
[24] (*) 0.13 µm CMOS 2019

* Features 55 dB TX leakage suppression

2.3 UHF radio regulations

In this work we will treat in more detail the di�erent requirements to achieve an optimum read range,
describing the di�erent parameters that are in�uencing the reading range, and analyzing how it is
possible to improve such performance always ful�lling radio regulations. Di�erent properties of an
RFID radio system will be presented, that are a�ecting its performance in major degree, so being
able to understand properly the tuning peculiarities from the system. Some limitations are physical
limitations, and many apply in the design, so they must be considered.

One parameter that a�ects the radio link and is �xed by regulation, is the transmit output power,
to avoid harm to human health and frequency interference. In Europe, there is a limitation for the
use of RFID in the UHF frequency band, being limited to the frequencies between 865 and 868 MHz,
having to be compliant with the ETSI standard EN 302 208 [25] (updated version from the previous
EN 300 220), with an equivalent radiated power shown in Fig. 2.2 (2 WERP = 3.2 WEIRP ). In the
United States, the equivalent exists with the FCC part 15 [6], a reader carrier frequency must be at
one of the 50 channels spread evenly between 902.75 MHz and 926.25 MHz, hopping to each one and
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dwelling no more than 400 ms. While readers can be manufactured to operate in only one region, at
one frequency speci�ed, the tags are designed for matching and backscattering across the entire 860
MHz to 960 MHz band.

Figure 2.2: Equivalent radiated power allowed by the standard EN 302 208.

In other countries, other values are applied as an example: Argentina 902-928 MHz @ 4 WEIRP ;
China 920,5-924,5 @ 2 WERP ; Australia 902-926 MHz @ 4 WEIRP .

Table 2.3: Comparison of RFID read range according to frequency band

Frequency Range Ex.
Standard

LF 125 kHz < 40 cm ISO 18000-6A
HF 13.56 MHz up to 10 cm ISO 14443

13.56 MHz up to 1 m ISO 18000-3
HF-NFC 13.56 MHz 1 to 1.5 m ISO 15693
UHF 850 to 950 MHz 10 m ISO 18000-6C

Microwave 2.4 to 2.45 GHz 100 m ISO 18000-4

Table 2.4: Assigned UHF frequencies for different regions

Region Freq. band Bandwithd
Europe 866-869 MHz 3 MHz
America 902-928 MHz 26 MHz
Asia 950-956 MHz 6 MHz

2.4 RFID system read range

In a link budget analysis, where the operating frequency is �xed, and supposing a �xed transmit power,
the maximum reading range of an RFID system for a determined environment, is mainly limited by
antenna gain, space losses, and receiver sensitivity. Having a reader transmitter and a tag receiver
that backscatters the demodulated signal back to the reader, the range by this RFID system may
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be classi�ed into tag-limiting and reader-limiting read range. Due to the passive nature of the tags,
the link will be mainly limited by the tag. But since we open the �led to RFID sensor tags and
semipassive tags, it is of interest to contemplate other possibilities

In the case of RFID systems, the radio range is limited by some factors that di�er from other radio
systems due to the fact that the receiver (tag) has to power itself from the incoming signal, and use
a very simple modulation (ASK, OOK). The reader varies the transmit power and thus the power
available by the tag; the tag therefore needs some shunted power supply capacitance to sustain power
for up to about 10 µs during modulation, enabling data rates between 40 kbps and 640 kbps.

Read ranges of passive UHF-RFID tags are limited by the tags ability to power itself from the incoming
continuous wave (CW) signal from the reader, rectifying it into the DC supply. While for HF tags
the �eld strength of the magnetic �eld at zero distance is between 1.5 and 7.5 A/m, for UHF tags we
specify transmitted power of 1 to 0.5 W maximum. High e�ciency rectifying designs are normally
required to optimize the energy capture, they range in e�ciency between 15% to 80% [12]. In some
cases even the reader transmitted waveform has been optimized in order to increase tag e�ciency
when powering from the incoming electromagnetic �eld [26]. Other possibilities that a�ect positively
in increasing read-range are the increase in antenna gain or the matching network.

In addition to the limitation of self-powered receiver, when considering long range RFID systems, the
losses in the path from reader to tag, back to the reader, should be also considered, similarly as in
other communications systems when the radio range starts to increase. Path loss is strongly dependent
on propagation environment [27], and position of surrounding objects,so the characterization of such
objects is of importance.

2.4.1 Path Loss in long-range RFID

In the case of UHF-RFID, where high power can be transmitted at high operating frequency, long to
medium range electromagnetic waves can su�er from multiple re�ections inducing severe path losses,
due to dynamic channel conditions (varying soil types) that also attenuate the electromagnetic waves
due to absorption by bricks, rocks, soil, and liquids. Such environment variations in the communication
channel, does not happen when using high frequency (HF) and low frequency (LF) bands, where the
draw-back is the need for using large antennas. In fact, multipathing (relaying) can be used in magnetic
induction communication as an advantage. Furthermore, the magnetic permeability of earth and water
are similar to that of air, even so, there are also path losses (PL), since magnetic �elds can penetrate
water, sediments and rocks and are very well shielded by metallic objects.

A good interesting point to evaluate PL in RFID systems, is to consider other telecommunication
systems such as cellular, where PL has been vastly evaluated. In fact one can use several models
present in the literature to estimate PL. Since path link is much longer (1-10 m) than the wavelength
(λ = 0.3m @ 900MHz), between the transmitter and receiver it is possible to have a clear line-of-sight
(LOS) path, and some re�ection paths, so path can be modeled using Rician channel. For more
multipath environments it can be used the Rayleigh channel model. One model that is very well
suited for modeling LOS radio channel is the Two-Ray-model that uses the two-ray theory, using
the contributions of the two plane waves as depicted in Fig. 2.3. In this case the path loss model
becomes represented by the following expression [28]:

Lp = −10log

(
λ

4π

)2

− 10log

[∣∣∣∣ 1

r1
e(−jkr1) + Γ(θ)

1

r2
e(−jkr2)

∣∣∣∣2
]

(2.1)

• r1 is the direct distance from the transmitter to the receiver; r1 =
√

(h1 − h2)2 + r2

• r2 is the distance after re�ection into the ground; r2 = h1

cosα + h2

cosα
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• k is the wave number or the number of waves that exist over a speci�ed distance k = 2π
λ , and λ

is the wavelength.

• Γ(θ) is the re�ection coe�cient at the angle direction θ

Γ(θ) =
cos(θ)− a

√
εr − sin2θ

cos(θ) + a
√
εr − sin2θ

(2.2)

The re�ection coe�cient depends on the angle of incidence θ, and the polarization. Where the angle
θ = 90o − α, and a = 1/εr for vertical polarization, or a = 1 for horizontal polarization (Fig. 2.3 (a),
εr being the relative permitivity of the media.

It is interesting to note from Fig. 2.3 (b) how the two-ray causes variation in attenuation with respect
to the ideal path loss where attenuation decreases 20 dB/dec steadily. For the particular case of the
long range RFID system operating at the UHF band, with particular antenna height, the model may
present strong deeps at certain distances where both waves interact destructively. When considering
antenna polarization we see that, in the locations where |Γ(θ)| is larger in horizontal polarization, in
vertical polarization is of opposite sign, they change alternatively versus distance.

(a) (b)

Figure 2.3: (a) Two-ray model representing the path loss between two antennas separated a distance
r1. (b) Free Space Attenuation for h1 = 1.5 m, h2 = 2 m, ground εr = 15-j60, σ = 5µΩ/m [29]

In addition to the case of long-range RFID, we introduce the possibility of having more than two ray
model for the propagation of radio waves from reader to the tag. We can introduce here the possibility
of having several paths due to the presence of di�erent walls or obstacles in the line-of-sight (LOS) of
the incident radio wave, so in that case one can de�ne a multi-path model for the path loss [30];

Lp = −10log

(
λ

4π

)2

− 10log

∣∣∣∣∣G1/2
1

1

r1
e(−jkr1) +G

1/2
i

n∑
i=1

Γi(θ)
1

ri
e(−jkri)

∣∣∣∣∣
2
 (2.3)

where the antennas are considered to be isotropic (antenna gains independent of the propagation
direction (G(θi) = Gi);

• G1 accounts for the receiver and transmitter antenna gain at the LOS direction,
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• Gi accounts for the receiver and transmitter antenna gain of the propagation way numbered i
and,

• Γ(θ) is the re�ection coe�cient of each ray

From the electromagnetic wave power density incident to the tag antenna in free space Stag, the power
absorbed by the antenna is the maximum power that can be delivered to the matching conjugate load
PRXTag . Using the expression of e�ective area of the antenna, given by Atag [31], and being PTXrd
the transmit power of the reader, and Stag the tag sensitivity:

PRXTag = Stag ·Atag; Atag =
λ2

4π
Gtag; → PRXtag =

PTXrdGrd
4πr2

λ2

4π
Gtag (2.4)

Performing an RF link analysis, where the electromagnetic wave transmitted by the reader antenna
radiates to the tag through the air, and then is backscattered or reversely propagated back to the
reader, carrying the information stored in the tag, one can start with the modi�cation of the Friis
transmission equation in order to represent the budged analysis [32]. In the ideal case that all the
RF energy caught by the tag is re-radiated back to the reader (100% RF to DC e�ciency and perfect
match), the maximum distance that a reader can reach is obtained �rst looking at the power received
by the tag:

PRXtag =
PTXrdGrd

4πr2
Atag = PTXrdGrdGtag

(
λ

4πr

)2

(2.5)

where

• PRXtag is the tag receiving power,

• Atag = Gtagλ
2/(4π) is the equivalent aperture of tag antenna, and

• PTXrd is the power being transmitted by the reader and

• Grd, Gtag are reader and tag antenna gain respectively.

To become more realistic one should introduce several phenomena that degrades or in�uence the range
performance tag-reader and are found in reality such as:

• M G : antenna gain penalty due to detunig or close proximity of tag antenna with materials.

• Lp: a more realistic path model such as multi− pathmodel

• ρ: re�ection coe�cient of the tag given by

ρ =
Zant − Z∗ic
Zant + Zic

(2.6)

where Zant is the impedance of the antenna, and Zic is the input impedance presented by the tag IC.
Expressing in dB the previous expression:

PRXtag (dBm) = PTXrd(dBm) +Grd(dB) +Gtag(dB) + 10log
(
1− |ρ|2

)
+ ∆G(dB)− Lp(dB) (2.7)

with Lp being path loss term expressed as Lp =
(
λ

4πr

)2
.
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Some authors de�ne additional losses named Modulation Losses that can vary from 6 dB to 12 dB,
de�ned from previous expressions as:

ML = 10∆log
(
1− |ρ|2

)
+ ∆G(dB) (2.8)

From this received power at the tag, and with the previous assumption of having 100% RF to DC
conversion e�ciency, the returned power at the reader can be found to be:

PRXrd =
PRXtagGtag

4πr2
Ard = PTXrdG

2
rdG

2
tag

(
λ

4πr

)4

(2.9)

Introducing the before mentioned non idealities, the received power can be expressed as;

PRXrd(dBm) = PTXrd(dBm) + 2Grd(dB) + 2Gtag(dB) + 20log (|ρ′|) + 2∆G(dB)− 2Lp(dB) (2.10)

where ρ′ is the di�erential re�ection coe�cient of tag (ρ′ = ρ1 − ρ2, where ρ1 and ρ2 are the 0 and 1
states of the chip re�ection coe�cient, which depends on the chip tag).

If we would like to double the reading range, then the transmit power, the antenna gain, or the
sensitivity of the receiver should increase at least 12dB their e�ect, which becomes a very challenging
goal to achieve. Since that means for an antenna gain to increase by 6 dB, or for the reader transmitter,
to increase power by 12 dB, which might imply introduce external power ampli�er (PA), or in some
case radiating outside the regulated limits (FCC, ETSI,...).

The slope of the path loss for the complete link versus distance is n=4 (40 dB/dec). For real path
loss it can behave with lower exponential factor than in free space. In fact from Fig. 2.3 one can see
that for a one way link, the path loss in the range between 1 to 3 meters (typical RFID), between -30
to -48 dB attenuation, so for the complete path, the worst case would be -60 to -96 dB attenuation.

If we intend to double the read range, using Eq.(2.9) we can see that we need extra 12 dB
(10*log(24)). One possibility would be to use a 6 dB higher antenna gain, or 12 dB higher
transmit power.

How to double read range?

2.4.2 Tag-limiting read range

For RFID radio link, the most common case scenario to evaluate range performance is when the tag
is limiting the reading range in the whole link. This is due to the fact that for passive tags, the
device needs to obtain energy from the same carrier that provides communication data, and during
short time intervals to power-up the IC to supply enough energy for sending back (backscattering) its
information. Typical IC require of few tens of microwatts at somewhat more than 1 Volt [33]. The
energy supplied to do so is small, since much losses occur when converting the energy (electric signals
into radiating waves and back to electric signals), so that will penalty the reading range.

As it is shown in chapter 4, there are some examples of tag sensitivities from high performance IC's
that can be found nowadays in the market or are in design phase. A very high tag sensitivity is
reached as -21 dBm, for passive tags. There are other examples found in research papers, as in the
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case of [19] which combines MEMS-based high-Q �ltering and a free-running CMOS ring oscillator
as the RF LO in 90 nm, that allows to power the radio at 0.5 V, consuming 52 µW and reaching a
sensitivity of -72 dBm. Another example of extremely low power consumption receiver is cited in [17].
In this case, it uses as a �rst stage, a self-biased recti�er with DTMOS device in deep-subthreshold
with sensitivity of -41 dBm.

The powering function in passive tags is performed by means of voltage multiplier recti�er, converting
the low RF input power signal into DC supply voltage. The element for rectifying the RF voltage and
convert to DC, is a diode P-N junction, that needs large forward break-over voltage, so the powering
needs are high. Such penalty can be reduced by using other diodes such as hot carrier diodes and
Schottky. So a critical factor to perform such function will be the availability of Schottky diodes with
low drop voltage Vs ≤ 0.3V , because the antenna input voltage needs to overcome such voltage. Also
large saturation current Is and small series resistance Rs are needed. The voltage at radiofrequency
(Vrf ) at the input of the rectifying circuit, and the recti�cation e�ciency becomes:

Vrf =

√
Prf

Re {Iin}
E(%) =

VBAT · IDC
Prf

· 100 (2.11)

The rectifying circuit is used to store energy into a capacitor or small battery (VBAT ). Its e�ciency
will depend on the input power RF level Prf .

Other factors that in�uence the power conversion are the losses in the IC. Large junction and substrate
capacitances may dominate power losses, not only in rectifying stage design but also in the RFIC.
They are determining factor of total power losses, since for standard CMOS process used to build
RFIC, there is a quadratic dependency of substrate loss on capacitance (Csub) as well as on frequency
(ω = 2πf), which explains why there is much lower e�ciency of the front-end at 2.45 GHz compared
with the 868 or 915 MHz design. In Eq.(2.12) the losses at the CMOS substrate are expressed
proportional to the square of Csub and freq.

Psub =
1

2
v2 Rsub
R2
sub + (ωCsub)−2

≈ 1

2
v2Rsub(ωCsub)

2 (2.12)

approximation valid for typical low-resistivity CMOS substrates where RsubωCsub � 1;

• v is the device RF peak voltage with respect to substrate

• Rsub is the series resistance of substrate layer,

• Csub is the substrate capacitance

Technology limitations for devices conforming the front-end IC are then also considered in the design
phase of RFID systems, basic e�ects to take into account are frequency operation and chip area. The
ideal technology would support Schottky diodes with an a�ordable channel length for cost reasons.
In [33] a tag IC using 0.18 µm is designed, consuming only 7.4 µW with a sensitivity of -12 dBm. It
integrates a 600 pF capacitor as storage, and uses 0.3 V Schottky diode. In [21] uses 90 and 140 mV
turn-on Schottky diodes, fabricated with Ti/Al/Ta/Al 0,35 µm CMOS. The sensitivity is -14.8 dBm.

In addition to RFIC technology, and RF-to-DC energy conversion losses (some values of power
conversion e�ciency range as 65% [34], 42.7% as in [35]), the main factors contributing to range
limitation are tag sensitivity (PRXtag ), determined by RFIC stages, power consumption (VBAT ,
IDC), and typically from RFID systems, the tag back-scattering e�ciency (χ). These parameters
in�uence system characteristics, such as forward and reverse tag read range.

Other non idealities can be included in the tag reception, making it possible to represent some e�ects
that also will in�uence the receiving power before reaching the tag-IC such as:
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• τM The impedance matching coe�cient [36], that will account for the losses due to re�ections
between antenna and IC.

• τp The polarization mismatch or polarization e�ciency.

• Gtag The tag antenna gain,

By including the previous mentioned e�ects, the basic range estimation is obtained by:

PRXtag = PTXrdGrdGtag

(
λ

4πr

)2

τMτp; → r =
λ

4π

√
PTXrdGrdGtag · τM · τp

PRXtag
(2.13)

Read range depends on technology such as availability of Schotcky diodes for the RF to DC
converter, substrate losses Eq.(2.12), tag sensitivity Eq.(2.13), or possible mismatches between
tag-IC and tag antenna impedance.

Technology limitations

For the tag limiting factors we de�ne the two main factors that contribute to such limitations, one
is the Tag sensitivity (PRXtag ), which corresponds the the minimum incident power needed at the
tag antenna to properly read (or write with di�erent sensitivity than read operation) to the tag IC.
Another is the Pic that it is linked to chip sensitivity and tag antenna parameters by

Pic = τM · PRXtag ; (2.14)

Let us determine the impedance mismatch e�ect on the tag receiving power. From the receive tag
equivalent circuit (see Fig. 2.4) where Ua is the open circuit voltage generated in the tag, Ztag is the
internal impedance of the tag, the power Pic applied into the load Zic is given by Pic = 1/2<e{v∗a·iic} =
1/2<e{Zic · |Iic|2}, where Iic is the current into the load. Taking the load power as stated in Eq.(2.15)
the maximum power into the load will occur for Zic = Z∗tag, so when Ric = Rs and, Xic = −Xtag,
that coincides with the available power from the antenna Fig. 2.4;

• Ztag = jXtag + (Rtag +Rr) = jXtag +Rs; is the Tag antenna impedance with Rs = Rr +Rtag.

• Zic = Ric+jXic; is the impedance seen at the tag IC terminals to be switched during modulation
(Annex B).

Pic =
1

2
|Iic|2<e{Zic} =

1

2

∣∣∣∣ Ua
Zic + Ztag

∣∣∣∣2Ric =
1

8

|Ua|2

Rs

(
4RicRs

|Zic + Ztag|2

)
= PRXtag · τM (2.15)

where

Pavl = PRXtag =
1

8

|Ua|2

Rs
and τM =

4RsRic
|Zic + Ztag|2

(2.16)

being Pavl the input available power that can be extracted from the antenna into the IC. Once
considered mismatch caused by possible polarization e�ects between reader and tag antennas, as well
as mismatch e�ects between tag antenna and tag IC, the read range will be limited by the transmitted
power of the reader PTXrd and tag sensitivity PRXtag .
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Figure 2.4: Tag equivalent circuit, showing some of the parameters that a�ect the reading range
between a reader and a tag antenna (dipol Rtag = 72 Ω), χ represents backscattering power.

In Eq.(2.7) one introduces M G : as antenna gain penalty due to detuning for materials in close
proximity to antenna. Also in Eq.(2.13) is introduced τM , the impedance matching coe�cient
accounting for losses due to re�ections, similar to M G : mismatch Eq.(2.16), and polarization
looses Eq.(2.3).

Environment parameters degrading read range

2.4.3 Reader-limiting read range

In the case the reader is limiting the read range, there will be enough strength back-scattered signal
from the tag reaching the reader receiver antenna (PRXrd), that it is able to demodulate correctly the
signal according to the minimum SNR required, until one level where the received signal reaches the
receiver sensitivity (Srd). In that case, it is needed to include both paths from reader to the tag, back
to the reader in the analysis:

r =
λ

4π
4

√
PTXrdG

2
rdG

2
tag

PRXrd
(2.17)

In Fig. 2.5 are illustrated the results, for a link performance considering both cases, tag-limiting and
reader-limiting reading range using the parameters summarized in the following case. Anyhow, since
tag technology is commonly passive, range is commonly limited by the tag. In the case that tag
technology improves, or active tags are being used, the reader sensibility will be a concern.

When including IC mismatches in the tag, or demodulation e�ects in the detection circuit, e�ciencies
of the RF to DC converters and internal losses in the tag, all such e�ects can be included in what
is known as Modulation Losses (ML). In our cases we include such realistic or practical losses in
one term, break down previously in di�erent terms, but that for practical reasons can be considered
between 6 dB and 12 dB:

r =
λ

4π
4

√
PTXrdG

2
rdG

2
tag ·ML

PRXrd
(2.18)
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Case: Evaluation of the optimum reader sensitivity for a read range of 1.8 m with tag and reader
antenna gains of Gtag = 2.15 dB and Grd = 2 dB.

• Using Eq.(2.17) with a reader sensitivity of Srd = −50 dBm, one can reach 1.8 m distance.

• Using Eq.(2.5) we need a tag with a sensitivity of Srd = −17.5 dBm in order to reach the 1.8
m reading range.

The values presented for tag sensitivity are close to commercial values, so -17 dBm as achieved by
Alien Higgs [37], other are lower such as Stag=-9 dBm from Impinj Monza tag. These are other values
of tag sensitivities referred in table 2.2 (Annex A).
Including the factor of ML = 6 dB, the required tag sensitivity should improve by 6 dB down to -24
dBm, while in the cases of the reader should be -56 dBm.

a) b)

Figure 2.5: RFID Reader-tag link analysis: (a) Tag sensitivity as a function of Reader transmit power
for di�erent reader sensitivities. (b) Tag-limited and Reader-limited read range for Grd = 2dB and
Gtag = 2.15dB
.
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Figure 2.6: Reading range for di�erent tag sensitivities in case of Gtag = 2 dB and for Grd =
−3 dB and+ 2 dB. Shadow area is read range for low power reader (10 < PTX < 25 dBm).

2.4.4 Tag-Reader matching reading range

To get a better understanding of the capabilities of RFID systems in the optimization of the power
range, one can consider the tag and reader as two separate radios, with their limitations that need
to be optimized as a whole in the system. According to what has been observed so far, the optimal
operation distance would be the one that, with the power transmitted by the reader, there is just
enough energy to power-up the tag and reach threshold sensibility for correct demodulating incoming
signal, and back-scatter its information to the reader with enough power, to reach the sensitivity of
reader receiver, and to properly demodulate the information, which is determined by the minimum
SNR (acceptable Bit Error Rate - BERth).

The examples mentioned before on technology improvement, show a tendency towards increase IC
sensitivities, so one can expect in the future, an increase on read-range limited only by the available
technology. Looking at Fig. 2.5 there is still a lot of room to achieve an ideal performance, where
the reader-limiter range would coincide with tag-limiting range. In such ideal matching situation one
should accomplish:

Stag =
√
PTXrd · Srd (2.19)
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Case: Evaluation of the reading range for tag-reader matching conditions, in the case that reader
transmit power is PTXrd = 20 dBm and antenna gains of: Grd = 2dB, Gtag = 2, 15dB. Looking at
Fig. 2.5 (a):

* With a reader with a very good sensitivity of -90 dBm, the required tag sensitivity would need
to be Stag = −35 dBm, and the range 25 m.

* With a reader sensitivity of -80 dBm, the required tag sensitivity would need to be Stag =
−30 dBm, and the range 14 m.

* With a reader sensitivity of -60 dBm, the required tag sensitivity would need to be Stag =
−20 dBm, and a range of 4 m.

However it is di�cult to design a reader with sensitivity below -80 dBm due to self-leakage
e�ects for imperfect isolation of circulator, that degradates sensitivity to -50 and -60 dBm, and
even more di�cult to achieve passive RFID IC's with -35 dBm sensitivities. The last case,
seems to be the more reasonable in terms of state of the art tag technology. In such a case,
and with a reader with pour antenna gain characteristics such as Grd = −3 dB, due to for
example integration into small hand held devices such as our case, and a tag antenna with gain
Gtag = 2, 15 dB, the accomplished reading range that would match the one from direct link
and direct plus back-scattered link would be 2.5 m. If one includes a margin factor of 10 dB
(mismatch, re�ections in materials, polarization e�ects) the range would lower to 1.4 m.

Due to the possibility of applying several design improvements in the reader side, the limitations will
come from the IC-tag technology. As the tag increases sensitivity the reading range will increase.
That will be the main limiting factor.

Introducing Radar Cross Section (RCS)

Using the equivalent model of the tag shown in Fig. 2.4, it is possible to represent link parameters as
a function of such model and use the concept of Radar Cross Section (RCS) to perform link analysis,
because for each impedance state of the tag integrated circuit (tag-IC), the tag presents a certain
RCS. Due to the nature of the tag passive functionality, RCS is another well established concept for
the evaluation of tag technologies. Let us start presenting the power that is re-radiated by the tag in
the direction to the reader, which will correspond to the part of the power dissipated at the antenna
resistance (K · PRXtag ) multiplied by the gain, in matching conditions:

PTXtag = KPRXtagGtag =
4R2

tag

|(Ztag + Zic|2
PRXtagGtag (2.20)

by applying the results of Eq.(2.4), it is possible to represent:

PTXtag =
4R2

tag

|(Ztag + Zic|2
PTXrdGrd

4πr2

λ2

4π
G2
tag (2.21)

and the RCS (σ) from the tag antenna, using [31], and knowing that Stag =
PRXtag
Atag

=
PTXrd ·Grd

4πr2 :

σ =
PTXtag
Stag

=
KPRXtagGtag

Stag
= KAtagGtag =

4R2
tag

|(Ztag + Zic|2
λ2

4π
G2
tag (2.22)
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σ =
λ2G2

tagR
2
tag

π|(Ztag + Zic|2
(2.23)

In this expression the chip impedance Zic will depend on the input power level. Also to mention
that in case of any polarization mismatch between transmitter and receiver antennas the coe�cient
τp should be considered. Using an anechoic chamber, and by using the method exposed in [31], with
the two measurement of scattering parameters, it is possible to �nd RCS for a particular tag antenna,
by calculating the backscattered power PRXrd from the tag. The return loss is approximated by:

|S11|2 ≈
PRXrd
PTXrd

(2.24)

and by using the radar equation [38], the RCS of the tag can be experimentally determined as:

PRXrd =
PTXrdGrdλ

2σ

(4π)3r4
; → σ = |S11|2 (4π)3r4

G2
rdλ

2
(2.25)

So by measuring magnitude of S11 parameter, one can determine SCR and have an idea of the tag
reading range.

2.5 Radio channel impairments

There are di�erent causes that produce the RFID radio system range to be in�uenced by. Some causes
are environmental, surrounding materials, as described before, but in other cases the in�uences are
from other radios coexisting in the vicinity of our radio system. In such a case we can study the
following four cases of interference to be analyzed in RFID system namely:

• self-reader interference,

• reader-to-reader interference,

• tag-to-tag interference, and

• reader-to-tag interference.

The RFID system has the peculiarity of being a backscattering system which compared to conventional
radio transceivers, it includes large amount of colored phase noise about the RF carrier [39], coming
from local-oscillator (LO leakage) through direct down-conversion receiver's mixer, coupling between
TX-RX antenna, antenna mismatch or unmodulation cluttered re�ections.

The techniques used in conventional receivers to mitigate this noise such as, increase receiver sensitivity,
higher antenna gains, higher transmit power, reduce bit rate (enhance signal bandwidth) or low noise
receive ampli�ers, do not improve necessarily the performance of decoder, because the interference is
present before the signal reaches the receiver hardware, and the colored noise spectrum accumulates
more power density at lower frequencies.

Let us start by analyzing some of these causes that become part of any RFID system, and evaluate
how do they a�ect into the reading range.
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2.5.1 Self-leakage (Self-Jammer) and interference from other radios

In a RFID system, since the reverse modulated signal that the reader receives from the tags are very
weak (antenna size very small with radar cross-section (RCS) between 0.02 and 0.07 m2 [40]), and due
to the continuous carrier wave that reader needs to transmit to the tag to ensure energy supply, this
can lead to problems. The reason is because of weak tag information will be received by the reader,
while the receiver can be saturated by the transmit carrier leakage, reducing reading range.

Also a�ecting the read range in RFID systems are the e�ects caused by other radios in close proximity,
working at close frequency bands. In a communication channel, it is very common to share it with
several radio systems that are interconnected aiming at inter-changing information among them in a
non-deterministic manner. So there are time intervals that the radios broadcast to the medium in
order to interrogate for a possible presence of other radios, in the same band or, a band close to our
transmitting-band. There is the possibility that the radio that is transmitting higher power level, may
interfere with the receiving radio, so they can incur in:

• Presence of other readers that are requested to transmit high power, due to low tag sensitivity
and may interfere with our radio.

• De-sensitivization, due to the presence of strong signal from other radio systems (phone, WSN,
others) at the receiver, that causes the low noise ampli�er (LNA) to saturate and operate
wrongly.

Gen-2 protocol speci�es that, when the TX launches command information, the receiver is in non
working state. After the command information is sent, a continuous carrier wave is transmitted and
the receiver circuit starts to work simultaneously. For a transmit power of 0.5 W (27 dBm) and a
circulator with 22 dB isolation, the carrier leakage will be 5 dBm to the receiver input, which would
saturate the receiver �rst stage (Ssj in Fig. 2.8). Such receiver desensitizing signal is known as simply
carrier leakage, or leaking carrier. The interference produced by the transmitter in the receiver, can
be one of the big problems in the radio performance, degrading the radio range considerably. Several
designs to suppress carrier have been tried to reduce this problem [41�43], where they use carrier
leakage suppressor after circulator in the receiving path looking at phase and amplitude of the signal,
or apply a balanced topology and special suppression IC design. This is one of the main causes of
possible problems limiting RFID performance on the real �eld.

In a dense reader environment, where several readers share several channels, the readers must include
the schemes de�ned in the EPC GEN 2 [44] speci�cation to minimize mutual interference, and should
con�ne their spurious emissions as shown in Fig. 2.13. In multiple or dense reader environment, the
interfering signals are spurious and residual out-of-band modulated signals of the uplink. By applying
the Central Limit Theorem to the interference, it can be approximated by Gaussian noise, being
uncorrelated with the tag backscattered signal and noise, so the e�ective average signal-to-interference
-plus-noise ratio (SINR) γ̄ is given by;

γ̄ =
S

N + I
=

1
1

SNR + 1
CIR

(2.26)

where I is the average interference power and CIR the carrier-to-interference ratio, which can be
calculated from the di�erence between the reader receive power by the tag, and the interference power
PI = PTXint −ACPR+Gint +GRd−Lpint , where PTXint and Gint are the power transmitted by the
interfering reader and its antenna gain in the direction of the interfered reader. ACPR is Adjacent
Channel Power Ratio coming from transmitter mask and Lpint is the path loss from interfere to reader.
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a) b)

Figure 2.7: Reader transmit mask for EPCglobal Gen2. (a) Multiple reader environment with
bandwidth according to local regulations (pg.30 version 2.01 April 2015) and, (b) dense reader
environment where bandwidth RBW = 2, 5/Tari.

Figure 2.8: Interference caused by other RFID radios in the nearby.

In the case that the direct current (DC) o�set due to TX leakage to the receiving antenna is removed
by the baseband Band Pass Filter (BPF), the phase noise of the TX-LO leakage on the receiver
bandwidth, can not be removed by the �lter and may have much stronger level than thermal noise
present at receiver input. This will overshadow the noise in a manner that the reverse link interrogation
range mainly depends on the phase noise of the TX leakage. Such e�ect is evaluated at the end of
this chapter, and presented in Fig. 2.8.

In the radio developed in our work, a solution for the receiver front-end consist on including a mixer
�rst receiver stage, instead of LNA (see Fig. 2.12), this solution is provided by the IC supplier with
referenceAS3993. In case of overloading the RX mixer due to re�ecting carrier, power can be detected
by the system by triggering a measurement of RF input level. This is done by downconverting RF
input level on the two RX mixers inputs into a proportional DC level of I and Q channel known as
Receive Signal strength Indicator (RSSI). The 1 dB desensitization level, is the RF input power of
interference that causes the small-signal conversion loss to increase by 1 dB. This value is typically 2
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to 5 dB above the compression point level.

There are two values monitored by the RSSI, one is the pilot and another the data. There is the
possibility to de�ne a threshold value for the RSSI, to indicate to the microcontroller unit that
interference is present at mixers input, so an action can be taken to avoid desensitivitation, or
interference from other radios. By �xing mixer gain GMX , this possible interference signals can
be detected, by monitoring the argument of the signal in the mixer path.

|MXDC | =
√
I2
DC +Q2

DC ; Pin(dBm) = 20log

(
|MXDC |
GMX

)
(2.27)

where GMX is the mixer gain that can vary depending on the input power from 17 to 286 [45].

Figure 2.9: Mixer output measurement proportional to Pin(dBm).

Some solutions such as [13], use an on-chip feedback based solution to eliminate the self-jammer. To
evaluate its in�uence, one must include the non-linearities e�ects of the receiver into the self-jammer
signal, so the output noise will include such e�ects when evaluating the signal quality.

Let us name Aisol the isolation between the circulator ports and the output power of the PA Pout,
the leakage signal from the output of the PA to MX input (self-jammer) is SSJ(t) Fig. 2.8. The third
order Input Intercept Point (IIP3) is used to investigate the e�ects of the receiver non-linearities into
the SSJ(t) signal and also interference signal SI(t) that may be present at an interference frequency
of fI . Describing the output of a receiver as:

ymx,out(t) = α1x(t) + α3x
3(t) (2.28)

with α1 representing the small signal gain and α3 < 0 the nonlinear behavior of the receiver, with
x(t) the input signal de�ned as:

x(t) = sRX(t) + sSJ(t) + sI(t) = ARX · cos[(ωc ± ωRX)t] +ASJ · cos(ωct+ θSJ)

+AI · cos[(ωc ± ωI)t+ θI ]
(2.29)

After substituting Eq.(2.29) into Eq.(2.28) and removing the components out of the band, rejected
by the internal IC LPF, the minimum amplitude of the in-band signal (when θSJ = θI = 0) at the
output of the receiver will be;
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|Ymxout | = ARX

(
α1 −

3

4
A2
RX − |α3|

(
9

4
A2
SJ + 3A2

I

))
(2.30)

which for ASJ � AI , ARX the putput signal becomes;

|Ymxout | = α1ARX

(
1− 9

4

∣∣∣∣α3

α1

∣∣∣∣A2
SJ

)
(2.31)

So the signal-to-noise ratio at the receiver output is [13]:

SNRRX = 10log

(
|Sout|2

NRX

)
= 10log

(
(α1ARX)2

)
−NRX(dB) + 20log

(
1− 9

4

∣∣∣∣α3

α1

∣∣∣∣A2
SJ

)
(2.32)

The last term shows the receiver sensitivity degradation, which is directly related with the non-linearity
level of the receiver, which corresponds to:

IIP3 = 10log

(
4

3

∣∣∣∣α1

α3

∣∣∣∣) (2.33)

As can be seen in Fig. 2.10, having a sensitivity degradation of 1 dB, the IIP3 requirements can range
from -5 dBm, for a self-jammer of -20 dBm, up to +25 dBm in case of a strong self-jammer as high
as +10 dBm.

Figure 2.10: Requirement for the radio IIP3 due to self-jammer.

The non-linear performance of the mixer as �rst stage will limit the performance regarding sensitivity
degradation. Due to high IIP3, the radio will be less sensible to self-jammer. When combining
expressions (2.32) and (2.33), we can obtain that the receiving power including the e�ect of self-jammer
will become:

RRX = SNR+NRX(dB)− 20log

(
1− 3 · a2

SJ

iip3

)
(2.34)
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As can be seen in Fig. 2.11, the range degradation is shown for a radio with maximum read range
of 14 m and for ultra-long reading rage of 23 m, in the case of three di�erent radio speci�cations of
IIP3. For low IIP3 (-10 dBm) the degradation in range can be very high, even with small self-jammer
interference.

Figure 2.11: Read range reduction caused by self-jammer e�ects, and improved e�ects caused by
Range Correlation (red).

To obtain maximum read range (at BERth), the distance between signal and noise (SNR) needs to
be maximized, so one must get maximum Spurious Free Dynamic Range (SFDR). The receiver must
comply with having low noise and high linearity [46]. It is possible to achieve low noise by using the
traditional LNA-�rst structure, but in RFID that has large jammer noise, this one will be ampli�ed
and the receiver will be de-sensitivilized. In the case of AS3993 with a mixer-�rst structure, it provides
high linearity. Though it is at the cost of conversion loss, the ampli�cation can be postponed to IF
([47] shows IIP3 = 2.96 dBm, NF = 21.9 dB, SNR = 15 dB at BW = 100 kHz).

a)

b)

Figure 2.12: Di�erence between (a) LNA-�rst and Mixer-�rst structure. (b) Included example of
Mixer-�rst implementation in CMOS [47].
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a) b)

Figure 2.13: (a) BER at reader as a function of the power received by the tag, for di�erent noise power
at the reader receiver (ZRd = 1kΩ) (b) Required tag power for the reader to demodulate properly
(BERth = 10−3) the back-scattered signal with three di�erent reader input impedance levels.

2.5.2 Range degradation due to noise at the input

The noise at the reader input is a determining parameter that in�uences reader performance. Noise
may be caused by the fact that the reader being close to a thermal source, such as another electronic
device, a heater, or close to a source generating interference that in�uence the reader noise such as
some RF signals Fig. 2.8 (LO leakage from TX).

Noise at the input of reader receiver is critical in this respect as it is shown in Fig. 2.13. In case we
would need to achieve a BER = 10−5, the required sensitivity for the tag could vary from PTag =
−17.5 dBm when having a noise power at the reader input of σ2 = 10−9 until a sensitivity of
PTag = −7.5 dBm for a noise power 20 dB above σ2 = 10−7. In the case of having two di�erent
tag technologies, with a di�erence in sensitivity of 10 dB, the optimum read range would have been
decreased by 10 m (from 14.6 m down to 4.6 m, with PRd = 2 W ), with ideal propagation and
re�ection conditions. The detailed analytical expressions for BER performance are described later in
this chapter.

2.5.3 Range correlation on phase noise

As stated, read range depends on sensitivity of the reader, which is related to the noise and interference
levels at the receiver terminals. The larger the noise and the e�ects of the interference, the larger the
required received signal power to satisfy with SNR. Lets analyze noise due to interference e�ect.

In an ideal receiver, the noise �oor is caused by thermal noise only. However since the isolation
between transmitter and receiver antennas is not perfect, we can start by considering the primary
performance limiting on the uplink, which is the local oscillator (LO) phase noise (ΘLO), leaking from
the transmitter circuit through the circulator or directional coupler (with isolation ratio of Aisol), to
the receiver circuit (see Fig. 2.8). This will overshadow the thermal noise component at the receiver
input, that is the leaking power (Pleak = PTX − Aisol) a fundamental limitation in terms of reader
sensitivity.

xLO(t) = ALO · cos[ωt+ ΘLO(t)] (2.35)
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xLO(t) is the LO signal ampli�ed by the PA and, passed through the circulator to the receiver. This
signal is transmitted to the air receiving later the backscattered from the tag. The backscatterd signal
xM (t) in the case of PSK modulation at the receiving antenna can be expressed as:

xM (t) = cos[ω(t− 2r

c
) + Θs(t) + ΘLO(t− 2r

c
)] (2.36)

where r is the tag-reader distance, and c is the wave propagation velocity, Θs(t) denotes the phase
signal representing the binary data ("0" or "1") of the tag. At the receiver the backscattering signal
and the LO signal are mixed, and the output is low-pass �ltered. The resulting in-phase baseband
signal will be:

x(t) = cos

[
Θ0 +

2r

c
+ Θs(t)+ M Θ(t)

]
+ n0(t) + nPN (t) (2.37)

where Θ0 + 2r
c is the constant phase shift dependent on the tag-reader distance, M Θ(t) is the residual

phase noise, n0(t) is the thermal noise at the receiver, and nPN (t) is the sum of additive phase noise
of the receiver, that do not a�ect the tag's signal phase which contains information data, so they are
not considered. The residual phase term in (2.37) is given by

M Θ(t) = ΘLO(t)−ΘLO

(
t− 2r

c

)
(2.38)

When having the same LO for transmitter and receiver, the phase noise of the received signal is
correlated with the LO, depending on the time di�erence between the two signals. For small time
di�erence, the e�ect greatly abreviates the phase noise spectrum at baseband, e�ect known as range
correlation [14]. A quantitative characerization of the relation between range and phase noise can
be done in the frequency domain. The PSD of M Θ(t), SMΘ(f0) at an o�set frequency, f0 is given by:

SMΘ(f0) = SThetaLO (f0) · |1− e−j2πf0 2r
c |2 = SThetaLO (f0) ·

[
4sin2

(
2π
rf0

c

)]
(2.39)

So for a low o�set frequency, the baseband noise spectrum will increase proportional to the square of
the distance between tag and reader. The correlation level between the phase noise of the received
tag signal with that of the LO, is inversely proportional to the time di�erence between the two signals
(very small v nsec, for the case of RFID due to short distances), and so the phase noise is reduced
by correlation e�ect. For the case of having values for r and f0 of 8 m and 160 kHz, respectively,
the value of rf0/c will be on the order of 10−3. So the range correlation e�ect will reduce the PSD
dramatically.

Working the previous expressions, one can �nd the expression for the noise power at the receiver input
considering the e�ects of LO phase noise;

σ2 = PTX −Aisol + ΘLO + CPA + 10 · log(BW ) (2.40)

where CPA is a factor used to convert phase noise into amplitude phase noise [12] required in order
to be able to work on equivalent amplitude noise at the receiver.

The phase noise of the LO, will depend on the ACPR speci�cation at the o�set frequency from the
carrier. In the case of the EPC Global speci�cation for the transmit mask, and looking at the 1st
and 2nd adjacent channel, it is already possible to estimate the power noise that would leak into the
receiver.
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Table 2.5: Leaking power from the LO to receiver

ACPR
(dB)

ΘLO Isol+CPA σ2 (dBm)

20 -124 65 -101
50 -94 65 -71
60 -84 65 -61

Gathering data from previous analysis, one can detail the following system speci�cations for
the RFID reader: IIP3 = 3 dBm, NF = 22 dB, SNR = 15 dB, CBW = 100 kHz. BER = 10−3,
ACPR = 30 dB, ΘLO = -114 dBc/Hz, NFRX = 29 dB, NFMX = 12 dB.

Speci�cations for the RFID-UHF radio transceiver

Figure 2.14: Block diagram of the front-end for the UHF-RFID reader, including computed values as
per previous Case
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Case: To determine the interference e�ects, we look at Fig. 2.13 where shows the Adjacent Channel
Power Ratio ACPR = 30 dB. Considering a receiver with a sensitivity of PRX,min = −80 dBm and
a Channel Bandwidth CBW = 200 kHz, we will �nd the phase noise requirements and noise �gure
of the receiver assuming a mixer gain of GMX = 12 dB. From Fig. 2.27 using modulation index m
between 0.4 and 0.6, the SNR = 11 dB for a BER = 10−3.

* Noise power at the receiver, considering the phase noise and interferer is; PN (dBc/Hz) =
PI + ΘLO(∆ω) + 10log(BW ). We know also that SNR must comply with the condition of
accepting ACPR for the SNRmin, in which case the phase noise needs to be -114 dBc/Hz:

PRX,min
PI ·ΘLO(∆ω) · CBW

≥ SNRmin; ΘLO(∆ω) ≤ PRX,min+ACPR−SNRmin−10log(CBW )

(2.41)

* To �nd the NF of the mixer, lets �rst estimate the NF of the whole receiver. In our case we
have

NFRX = 174 dBm+ PRX,min − 10log(BW )− SNRmin = 29.4dB (2.42)

Taking the Noise Figure cascading equation for the receiver, including LNA and Mixer one has
the following:

NFRX = NFLNA + 4
NFMX − 1

G2
LNA

+ 4G2
MX(NFMX − 1) (2.43)

But because the NF is mainly de�ned by the NF and gain of the mixers, with its noise appearing
at the LNA input directly, the last term is the predominant, so we end up with:

NFMX =
NFRX
4G2

MX

+ 1 = 12.2 dB. (2.44)

* Evaluation of the reading range versus data rate that, in accordance with FM0 modulation
EPC standard [44] will be between rmax = 640 kbps and rmin = 40 kbps, to comply with
BER = 10−3. Reader transmit power is PTXrd = +25 dBm, antenna gains of: Grd = 2 dB,
and Gtag = 2, 15 dB. In the reader side one can make the assumption that isolation between
transmitter and receiver is Aisol = 15 dB [48].

1. A typical phase noise power spectral density from [12] is -115 dBc/Hz relative to the CW
signal power at the o�set of the subcarrier frequency of 640 kHz. So relative to the CW
signal we have:

2. Total LO phase noise power NΘLO = ΘLO + 10 · log(R(bps)) = −115 + 10 · log(640 · 103) =
−56 dBc @ 640 kbps.

3. The phase noise power of the input leaking component at the receiver for a transmit power
PTX = 30 dBm, will be: Nleak = PTX − Aisol + NΘLO = 30 dBm − 15 dB − 56 dBc =
−41 dBm.

4. With a conversion factor of Cpa = 50 dB from phase to amplitude phase noise, the equivalent
phase noise at the receiver will be: σ2 = Nleak + Cpa = −41 dBm− 50 dB = −91 dBm
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2.5.4 Range reduction caused by mobile phone and other readers

The radio system under analysis, is intended to be used in conjunction with the mobile phone. The
data gathered via UHF-RFID, is being transferred to the mobile phone APP via NFC, so interference
between radio operating in near bands is to be considered.

In order to expand the number of frequencies available to mobile operators, the World Radiocommuni-
cations Conference (WRC-07) allocated in 2007 in Region 1 the 790-862 MHz frequency band to mobile
services. This new band referred as Digital Divident band, while will allow deploying advanced cellular
systems that use high speed broadband LTE, but there is a concern on potential interference to low
power SRD operating in adjacent band 863-870 MHz [49].

Considering mobile phones a source of interference, there exist two mobile phone bands that are close
to RFID-UHF system, such as 800 Band, that in the case of Spain, is becoming the 20 band (B20) for
4G LTE (this band has disappeared from TDT channels) also in use in other European countries, and
the 900 Band, being used by 3G GSM (3G rural areas, corresponds to B8). Other bands are being
used in other countries such as LTE band 5 at 850 MHz, used in Corea and Israel and LTE Band 6 of
800 MHz being used in LTE Japan. Due to the proximity to the UHF bands used for the SRD such
as our RFID system, there may exists some e�ects of interference, that could degrade the behavior of
the radio, mostly in the upper adjacent band, because of high level of Out-Of-Band (OOB) emissions
produced by very wide bandwidth LTE signals Fig. 2.16.

Table 2.6: Frequencies and LTE bands (Spain)

Frequency
(MHz)

LTE
Band

Uplink
Freq.

Downlink
Freq.

RFID
(EU)

Actual use

800 20 832-862 791-821 865-868 Nowadays used for TDT, from
31 March 2015 used for LTE

In the work done by Arnaud [50], there are some test performed introducing a RFID system at 868
MHz which is interfered by a GSM phone working at 880.2 MHz. The GSM radio located at 1 m
from the RFID reader that transmits at 2 W, and changes its transmit power from 33 dBm (2 W)
maximum level down to 5 dBm. The Fig. 2.15 shows how the radiated �eld by the GSM signal a�ects
the reading range of the RFID reader, there is a strong reduction of maximum reading range.

Figure 2.15: Maximum reading distance by an RFID reader located at 1 m distance form a 2 W GSM
radio.

In the case of other readers close to each other, there is also the possibility of interference. Lets
imagine a reader transmitting 1 W output power with antenna gain 6 dBi and a reader located at
a distance "r" receiving in a 1 dBi antenna. In case both are tuned to the same channel, the power
received at di�erent distances would be:
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• PRX = −3.5dBm at r = 5 m.

• PRX = −9.5dBm at r = 10 m.

• PRX = −23.5dBm at r = 50 m.

For the situation of being in a Multiple reader environment (Fig. 2.8), using the EPC Global Gen.2
dense interrogation mode, with the reader transmitting in the adjacent channel, will transmit with
1% of the total energy of the principal channel (20 dB down), so at 10 m distance, the received power
by the reader at central channel will be; P IRX = −9.5 dBm − 20 dB = −29.5 dBm, su�cient power
such as to block tags at 1 or 2 m distance.

Fig. 2.16 shows how the output spectrum mask of a UE transmitter is divided in three components:
occupied or channel bandwidth (with 99% of the total integrated mean power), out of band (OOB),
and the out of spurious emission domain [51]. In (b) and example of 5 devices measuring the in-band
and out-of-band power (one WiFi router with LTE backhaul and three 4G USB dongles), when
transmitting maximum power (23 dBm) in 16QAM, on all 50 resource blocks within a 10 MHz channel
centered on 857 MHz [52]. LTE emission mask is also included [51].

(a) (b)

Figure 2.16: (a) Transmitter RF spectrum maks and, (b) RMS signal of four LTE devices (RBW =
10 kHz)

2.5.5 Read range reduction caused by proximity tags

Now it is time to consider the case of having several tag antennas close to each other, and evaluate their
mutual e�ects, in terms of power in�uence. It is supposed that electromagnetic coupling will a�ect
each other antennas, so the matching between antennas and active parts will be in�uenced represented
by the impedance matching coe�cient M G, introduced in section 2.4.1, or the antenna gain penalty
τM in section 2.4.2. In practical situations large number of tag antennas may be present in close
proximity when many articles or sensors are to be tagged. In such circumstances, collective scattering
modulation in certain type of tags may lead to confusion or failures in anti-collision procedure in the
protocol.

While Gen2 EPC ID tags already incorporate anti-collision protocols by means of some commands
(kill command), for RFID sensors this can be a problem, because they need to be operating all the
time, so an study such as considered here may bring important inputs on how to deploy such devices
in the �eld.
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From the optimal design of power antenna transfer, with matching conditions between the antenna
and the IC, there can be a deviation from the optimal impedance design caused by electromagnetic
coupling of antennas when, for example, two tags are close together, so a mismatch will cause a
decrease in read range. As stated by [53] when dipole antennas are close, mutual impedance arises at
each antenna. In multiple arrayed tags, there is also antenna interference that causes a reduction in
the radar cross section [32, 54, 55]. To experimentally visualize such e�ect, one can take measurements
by examining the two port S-parameters matrix S , presenting the power wave re�ection coe�cient S
with the associated power re�ection coe�cient |S|2:

S =
ZL − Z∗a
ZL + Za

|S|2 =

∣∣∣∣ZL − Z∗aZL + Za

∣∣∣∣2 (2.45)

|S|2 represents the fraction of the maximum power available from the generator that is not delivered
into the load. For an easy interpretation of mutual impedance e�ects between the antennas, it is
recommended converting to Z parameters as:

Z =
I + S

I − S
=

[
1 + S11 S12

S21 1 + S22

]
[
1− S11 −S12

−S21 1− S22

] =

[
Z11 Z12

Z21 Z22

]
(2.46)

where the mutual e�ects between tag antennas will be represented in the measurement of the mutual
components Z12 and Z21, and the equivalent normalized (in this case normalized to 50 Ω) antenna
impedance considering mutual e�ects from other antennas will be [56]:

Zin = 50

[
Z11 −

Z12Z21

Z22 + ZIC

]
= 50

[
Z2

11 + Z11ZIC − Z2
12

Z11 + ZIC

]
(2.47)

For two tags with similar geometry and characteristics, Z will be symmetrical (that is to say, Z11 =
Z22, Z12 = Z21).

Figure 2.17: Electromagnetic coupling e�ects between two tags in close proximity.

To show this e�ect, a tag dipole antenna has been designed shown in Fig. 2.18, using an electromagnetic
2.5D solver from Agilent(Momentum). It matches an Impinj Monza 5 IC, similar as would have a
sensor tag (Cp = 0.825 pF, Rp = 1.8 kΩ and Cin = 0.245 pF). The simulation results for the tag
antenna and the matching are shown in Fig. 2.19. In order to perfectly match the tag antenna, with
IC, a series capacitor (Cs) is placed between both as shown in Fig. 2.19. Total input tag antenna
impedance, is monitored during the simulations in order to analyze the in�uence of proximity tags.
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Figure 2.18: Parts of the designed dipole type RFID tag antena.

(a) Wideband tag impedance

(b) Working frequency band tag impedance.

Figure 2.19: Impedance characteristics for the dipol type tag antenna. Matching of the tag antenna
with impinj Monza 5 IC, showing equivalent circuit. (Rdip = 72Ω).

The e�ects on the in�uence on mutual tags, has been analyzed based on close proximity in the
horizontal and vertical plane axis as shown in Fig. 2.20. In such cases, looking at the impedance
presented at the tag antenna terminals, there is a clear decrease of the impedance by placing both tags
together, so at the extreme of 5 mm distance, the impedance shift is from the original Zi = 16 + j133,
down to Zf = 9.6 + j9.

The tags in�uence can be understood as a shadowing e�ect on the read range. One e�ect that was
represented by including the Gain Penalty factor in the Friis equation. On the other hand, such
gain penalty factor, can be analyzed when evaluating the in�uence that such mismatch produced by
proximity tags, would have on the voltage induced in the tag. As a matter of fact, if we consider the
modulation of the incident electromagnetic �eld in the antenna by the tag-IC, such e�ect is presented
in the back-scattering signal a�ected by nearby tags.

The signal to noise ratio at the receiver is proportional to the energy of the bit, so to the distance
between bits in the constellation diagram for the particular modulation scheme. According to minimum
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Figure 2.20: Simulation results for the in�uence over tag impedance on the in�uence of horizontal and
vertical close proximity tags.

detection distance as represented in Fig. 2.26 dmin = 2V0, will determine the minimum detection
threshold to resolve between all the received bits. Assuming ideal, matched-�lter demodulation and
Additive White Gaussian Noise (AWGN) with standard deviation σ at the detector input, the BER
for both PSK and ASK (OOK) will be determined based on such energy distance between received
bits. The e�ect on the back-scattering of the tag antennas, can then be introduced by the re�ection
coe�cient between load and antenna impedance a�ected by proximity tags.

The proximity tags a�ect the impedance values from the di�erent modulation states, Z1 = R1 + jX1

and Z2 = R2 + jX2 to Z1' and Z2'. Since for both ASK and PSK, it is possible to express the BER

depending on the modulation index (m) as; m = |ρ1−ρ2|
2 , being ρ1,2 the re�ection coe�cient at the

tag antenna terminals [33, 57], it will be possible to include such proximity tag e�ects into the BER
expression.

BER =
1

2
erfc

(
|VR1 − VR2|

4
√

2σ

)
=

1

2
erfc

(
|V0| · |ρ1 − ρ2|

4
√

2σ

)
=

1

2
erfc

(
|V0| ·m
2
√

2σ

) (2.48)

Considering ASK modulation, the two possible states will depend on the modulation depth, which
will be conditioned also by the mismatch between antenna and modulation impedances; |VR1−VR2| =
|V0| · |ρ1−ρ2| = |V0|2m. Taking as example the case where two tags are located at a distance of 20 mm
one on top of the other, the simulation results from the mutual coupling, shows that m = 0.54. The
results of BER degradation due to imperfect matching between antennas shows a degradation of SNR
of 3 dB, due to this only e�ect as shown in Fig. 2.22. Such modulation e�ect, will degrade reading
range. Same �gure part b) shows the corresponding BER degradation for di�erent distances between
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tags, as seen in case h = 10 mm the SNR degradation is so high that such e�ect would degrade much
the reception of any tag (situation where one tag sits on top the other just 1 cm apart).

Figure 2.21: Measurement set-up for inter-tag interference.

(a) Tags located very far away and at 10mm (b) Tags places at dsitances 'h' mm

Figure 2.22: BER degradation for di�erent distances between tags (0<h<100 mm).

One can conclude that in order to see a clear e�ect of inter-tag interference, they must be located
very close one to another. Since RFID is becoming very spread used for item identi�cation, it is an
e�ect to consider.

As it has been shown, there are many e�ects that are prone to in�uence link quality so to reduce
reading range in RFID systems. Some of them caused by the radio itself, other radios being in close
proximity, or the accumulation of tags. For the �rst two cases, it is here proposed a method for
detecting interference sources based on RSSI, which would allow to act on the radio in order to reduce
the tagging time to the slots where low interference is detected. In such a case, radio interrogation
time can be reduced to the optimal time slots and therefore also the power consumption.

2.5.6 Detection circuit for non-desirable signals

It is though that Receive Signal Strength Indicator (RSSI) would provide information on the level of
signal-to-interference plus noise ratio (SINR), and was not related to external interference. However, as
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it is shown here, it is possible to use RSSI indicator also for prediction on other source of interference,
since it can be used to measure the strength of the signal as it is mend to do, but also link status.

Considering this new advantageous feature, it is possible to build a link-aware protocol to improve
RFID radio system performance in a hostile wireless environment. Some previous work have already
analyzed similar feature but for other radio systems such as [58], where the strong correlation between
BER and RSSI is used to predict interference, or [59] where they show that link reliability in a wireless
network, depends on an intraframe SINR distribution and not on RSSI. In our case, there is an RSSI
indication covering wide input power range through mixer gain selection. The measurement of RSSI
values for the RFID radio are shown in Fig. 2.23, where GMX corresponds to mixer gain. Table 2.7
presents di�erent RSSI curve limits, based on selected gain, as well as the maximum sensitivity levels
depending on the desired reading distance (in this case for a reader with PTX = 20 dBm, Grd = Gtag
= 2.1 dB).

Two areas are indicating the regions where one could shut down the radio due to the potential presence
of interference. So in the case of an application where tag reading distance would be longer than 1 m,
it is proposed to shut down the radio (EN=0) for measurements of RSSI included in the small area
of Fig. 2.23 (gains GMX=53, 62). For reading ranges longer than 2 m, one could establish the bigger
indicated area as the one to shut down the radio (GMX=53, 62, 71). Such a procedure presented,
would provide means for detecting strong interference signal, that would for sure overshadow the faint
tag signal at the reader input. So by means of this detection system, it is possible to avoid turning on
the whole radio system and transmit the carrier for tag inventory, which is the highest power hungry
sequence.

Table 2.7: Sensibility versus gain and distance, being GMX the mixer gain in dB's.

GMX Available SRd
Min/max

Dist.
(m)

Max. SRd
(dBm)

53 -50 -22 1 > -35
62 -59 -31 2 > -50
71 -68 -40 3 > -55
80 -77 -49 4 > -60

Figure 2.23: RSSI measurement versus input power.

In our front-end that uses mixer �rst stage receiver, in case of overloading the RX mixer due to
re�ecting carrier, power can be detected by triggering a measurement of RF input level. This is done
by downconverting RF input level on the two RX mixers inputs into a proportional DC level of I and
Q channels [60].
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|MXDC | =
√
I2
DC +Q2

DC (2.49)

Pin(dBm) = 10 · log
(
|MXDC |
GMX

)
(2.50)

GMX is the mixer gain that can vary depending on the input power from 17 up to 286. The receive
power level re�ected indication comes from (2.50). By proper examining MXDC level it is possible to
adjust the tag interrogation time to the slot where input level is lower that the minimum sensitivity
level corresponding to the read range.

2.5.7 Read range in�uenced by material close to the tag

In common applications, the RFID tag is located close to di�erent objects or attached to them, to
accomplish with its identi�cation or tracking function on the particular object. The electromagnetic
characteristics of such an object will a�ect the performance of the tag antennas, even in some cases
may cause the communication to vanish totally, so it is of maximum interest to consider such elements
when designing and RFID system. There are several works that have investigated those in�uences,
such as the measurement taken in [12, 61], where they already introduce the variation of resonant
frequency due to proximity to metal canes or, the return losses made by plastic bottle among others.
Also to mention studies conducted by simulation [62] showing the e�ect of a folded dipole over a
ground plane on radiation patter, antenna impedance, directivity or front to back ratio.

In the analysis of the consequences carried out by the presence of in�uencing objects close to the tag
antenna, one possibility is to include a factor into the Friis equation, such as the gain penalty [63]:

PRtag = PTrdGrd

(
λ

4πd

)2

GtagLsysGP (2.51)

where

• Lsys are the losses in the system

• GP is the Gain Penalty due to objects close or attached to tag antenna

The are some previous works that already present interesting results based on measurements with
and without the material close (d ≈ 1/50λ0) or attached to the tag: GP (dB) = Gtag,freespace(dBi)−
Gtag,material. As can be seen in table 2.8, GP increases with the increasing of loss tangent. In the
case of attaching a tag into aluminum stab, one with the highest GP associated, it is of interest to
note how the reading range is modi�ed Fig. 2.24

Table 2.8: Gain penalties for 915 MHz half-wave dipole tag placed close to materials

Cardboard
Sheet

Acrylic
Slab

Pine
Plywood

De-ionized
Water

Ethylene
Glicol

Ground
Beef

Aluminum
Slab

Gain Penalty, GP(dB) 0.9 1.1 4.7 5.8 7.6 10.2 10.4
Relative Permittivity, εr 1 2.6 1.7 77.3 33 50 -

Loss Tangent, tg δ 0 0.0061 0.036 0.048 0.4 0.7 -

Permitivity and loss tangent interpolated from [64]
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For comparison, Fig. 2.24 depicts the di�erence in the reader receive power, using Eq.(2.9), from
the path attenuation shown using basic model or using the two-ray model (including Eq.(2.1) and
Eq.(2.2)), with vertical polarization antennas attached close to aluminum slab, susceptible to Gain
Penalties due to electrical conductivity of material. For a reader with sensitivity of -70 dBm, the
penalty translates into a reading range decrease from 5 m, to 1.2 m. So this is a very important
phenomenon to consider, and in the case of such proximity, the tag antenna should be designed to
mitigate such e�ects.

Figure 2.24: Two ray versus basic attenuation propagation model in�uence in reading range for a tag
attached to aluminum slab.

2.6 RFID tag load modulation in�uence on read range

The system under study, consists of an UHF-RFID reader in communication with a remote tag antenna
IC. Since our frequency band comprises 868 MHz, from the ISO/IEC 18000 RFID Air Interface
Standards, the ones that will a�ect to us will be comprised in the 18000-6 Part 6. The RFID class
structure, depicted in the following, provides a framework to classify tags according to their primary
functional characteristics:

• Class 1: Read-only passive identity tags, no battery.

• Class 2: Passive tags with additional functionality, such as memory or encryption.

• Class 3: Semipassive tags (battery assisted); may support broadband communication

• Class 4: Active or ad hoc tags, that may be capable of broadband peer-to-peer communication
with other active tags, in the same frequency band and, with readers.

• Class 5: Reader tags; they can power other Class 1, 2, and 3 tags and also communicate with
Class 4 tags and with each other wirelessly.

Developed by the EPCglobal industry group, the EPC Generation 2 standard [44] de�nes the physical
and logical requirements for a passive-backscatter, interrogator-talks-�rst (ITF), RFID system operating
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(a) (b)

(c))

Figure 2.25: (a) PIE data-0/1 symbols, with 6.25 µs ≤ Tari ≤ 25 µs. (b) FM0 and Miller basis
functions. (c) Example of Miller code for M = 2, 4, 8.
.

in the 860 to 960 MHz frequency range. EPC Gen 2 is a new standard for RFID tags, specifying the
operation of the tag and the communication protocol for interoperability with EPC readers worldwide
[65].

For a deeper understanding of the whole system proposed in this thesis, some tools will be set up
(Matlab, Agilent ADS) to perform system level simulations of the RFID and NFC architectures.
Di�erent radio building blocks will be modeled. Special attention will be paid on the analog/RF
interface. Since the work uses commercial radios, the system will not include the di�erent elements
that de�ne radio design (RFIC design), but the elements that interface with the RF front-end part
such as Low-Noise Ampli�er, antenna, switches, ampli�ers, re�ections with environment or AWGN
noise.

One way to evaluate the system performance of any radio system, consists on analyzing how the signal
and the noise are performing at the receiver, so it is possible to validate the correct performance of
the radio system, by looking at the variation of such parameters. In particular read range can be
evaluated based on the SNR required by the radio, that will be determined according to threshold
BER required.

There are two major protocols adopted for UHF passive RFID �eld, EPCglobal speci�cations and
ISO 18000-6, which identify the interaction between tags and readers. An RFID reader can use in the
uplink, Double-Side Band Amplitude Shift Keying (DSB-ASK), Phase-Reversal ASK (PR-ASK) and
Single-Side Band ASK (SSB-ASK). The EPC GEN 2 speci�cation de�nes a number of options for the
physical layer in both downlink and uplink (table 2.9), the reader uses Pulse Interval Encoding (PIE).
The length of Data-0 is given in Taris, where a Tari is the time reference unit of signaling and takes
values between 6.25µs and 25µs. The length of Data-1 takes values between 1.5 and 2 Tari (see Fig.
2.25).

Demodulation from tag to reader is unique because of the backscattering demodulation technique.
As the electromagnetic wave is re�ected toward the antenna, a transistor is switched rapidly between
one of two impedance states. Because each impedance state has both a complex and imaginary
characteristic, the resulting RF signal shows changes in both phase and amplitude. Thus, backscattered
information from an RFID tag uses a modulation scheme that is a combination of phase-shift keying
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(PSK) and amplitude shift keying (ASK).

While varying the IC terminal impedance, the �eld is modulated and the induced reader voltage (VR) at
the antenna will vary between VR1 and VR2, enough levels to be demodulated correctly, above BERth.
It is conceptually understood that by using the two values further away of VR, the demodulator
can di�erentiate more clearly the two values, so in this case would be the more suitable to reduce
transmission error but higher power is required. For the evaluation on maximum reading distance, it
will be considered two modulation schemes ASK and PSK, in each situation the interrogation range
will be determined based on link quality (BER).

The terminal IC impedance can also be a�ected by electromagnetic coupling during the radio link.
This is due to close proximity of metal objects, other antennas, or other type of material objects, that
may interfere not only in the signal, but also produce variations in tag antenna impedance Ztag, and
change the resonance characteristic, such as becoming relatively narrower [66]. Such e�ects, not only
in�uence reading range, due to mismatch and reduced input power, but also a�ect both amplitude and
phase distortion, so the modulation depth [57], which will a�ect either the tag and the reader receiver.
Anyhow this will a�ect the modulation schemes typically used in RFID; ASK, or in particular OOK
adopted by standards, or PSK [33].

Table 2.9: Summary table EPC Gen2
Uplink modulation Reader data encoding Tag data encoding

DSB-ASK PR-ASK SSB-ASK length Data0: 1 Tari FM0 Miller
length Data1: 1.5-2 Tari subcarrier encoding
(6.25 ≤ Tari ≤ 25 µs) 2-4 or 8 cycles/encoded sym.

Link Freq.(LF)= DR
TReal+R

, (5 kbps ≤ LF ≤ 640 kbps)

5 kbps: Miller M=8, TReal = 200µs, DR=8 (Divide Ratio)
640 kbps: FM0, TReal = 33.3µs, DR=64/3

Tag communicates with reader using FM0 or Miller sub-carrier encoding, where Miller code can be
spread to reduce the rate by multiplying the encoded symbols by a sequence that can include 2, 4 or
8 cycles per encoded symbol. The general form for BPSK signal with amplitude will be:

A =

√
2Eb
Tb

; sn(t) = Acos(2πfct+ π(1− n)), n = 0, 1. (2.52)

The constellation diagram of BPSK signal consists only of two signals that can be represented by√
Ebφ(t) for "1", and −

√
Ebφ(t) for "0", where φ(t) is the basis function:

φ(t) =

√
2

Tb
cos(2πfct) (2.53)

The received signal will be; r1 = s1 + n, and r2 = s2 + n, with the noise n(t) that follows the power
density function of:

p(x) =
1√

2πσ2
e−

−(x−µ)2

2σ2 (2.54)

where the standard noise deviation at the input of the receiver relates with the power noise by;
σ2 = N0

2 . The probability of having an error in the received signal r when transmitting s1 is;
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P (e|s1) =

∫ 0

−∞
P (r|s1) · dr =

1√
πN0

∫ 0

−∞
e−

(r−
√
Eb)

2

N0 dr =
1√
π

∫ ∞√
Eb
N0

e−z
2

dz =
1

2
erfc

(√
Eb
N0

)
(2.55)

where erfc(x)1 is the complementary error function;

The ratio between signal to noise is an expression that helps in specifying radio performance by
means of the ratio between the number of bits that can be received erroneously, compared to the total
transmitted number of bits, so the Bit Error Rate (BER).

SNR = γb =
Eb
N0

=
V 2

0

N0
=

V 2
0

2σ2
=
d2
min

8σ2
(2.56)

where the energy of the bit voltage is related to the distance between the bits in the constellation
diagram for the particular modulation scheme Fig. 2.26, according to minimum distance between
constellation detection voltages dmin = 2V0, which will determine the minimum detection threshold
to resolve between all the received bits in the analog to digital conversion system of the demodulator.

Figure 2.26: Amplitude and phase mixed modulation, with m modulation index. In the rigth side,
detector threshold separation between binary input levels with AWGN.

A coherent receiver can be used for both ASK and BPSK modulation, the only adjustment will
need to be done for the threshold detection. Both modulations also use unipolar Return-to-Zero
(RZ) codi�cation, where the modulation of alternative "0" and "1" will deliver a square wave with
amplitude varying from "VR1−VR2

2 " and "0". In this case, for an antenna resistance equal to Rant, the

modulated or e�ective power will be [57] PU = (VR1−VR2)2

8Rant
.

In ASK the power re�ection coe�cient would be 0 in case of data "0" and ρ for data "1". For PSK
in both cases would be ρ. So the time averaging absorption power of the tag is:

PAASK =
(

1− ρ

2

)
PR; PAPSK = (1− ρ)PR (2.57)

where PR =
(
λ

4πr

)2
PTGTGR is the power received by the tag antenna.

1 1
2
erfc

(
x√
2

)
= 1√

2π

∫∞
x e−

x2

2 dx
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Assuming ideal, matched-�lter demodulation and Additive White Gaussian Noise (AWGN) with
standard deviation σ at the detector input, the BER for both PSK and ASK (OOK) will be determined
based on such energy distance between received bits.

With this RFID system, the maximum demodulation distance will be found depending on the load
modulation and the back-scattering signal a�ected by nearby objects. Such e�ects need to be
introduced in the re�ection coe�cient between load (subject to the modulation) and antenna impedance
(subject to environmental e�ects) [67];

ρ =
ZL − Z∗ant
ZL + Zant

; ρ1,2 =
Z1,2 − Z∗ant
Z1,2 + Zant

(2.58)

when the modulation takes place by switching the impedances values from Z1 = R1 + jX1 and
Z2 = R2 + jX2. For both ASK and PSK, the BER will be able to be expressed depending on the

modulation index (m) as; m = |ρ1−ρ2|
2 , being ρ1,2 the re�ection coe�cient at the tag antenna

terminals [33, 57].

BER =
1

2
erfc

(
|VR1 − VR2|

4
√

2σ

)
=

1

2
erfc

(
|V0| · |ρ1 − ρ2|

4
√

2σ

)
=

1

2
erfc

(
|V0| ·m
2
√

2σ

)
(2.59)

• ASK modulation: the two states have di�erent voltage VR1 and VR2 associated, depending on
modulation depth. The minimum distance will be: dmin = (VR1 − VR2)/2. Extreme case is for
VR2 = 0 for OOK modulation, with dmin = (VR1/2). In this case as can be seen in the Fig. 2.27
is the more easy demodulating one, presenting the less errors.

BERASK =
1

2
erfc

(
|VR1 − VR2|

4
√

2σ

)
; BEROOK =

1

2
erfc

(
|VR1|
4
√

2σ

)
(2.60)

In one state |ρ1| = 1 (Z1 = 0 or Z2 =∞), and in the other state |ρ2| = 0 (Z2 = Z∗ant).

• PSK Modulation: the two states ("0" and "1") values have the same voltage VR1 = VR2 = VR,
di�ering in phase and angle θ that can be determined by the tag back-scattering �eld.

θ = |arg(VR1)− arg(VR2)|; BERPSK =
1

2
erfc

(
|VR|sin(θ/2)

2
√

2σ

)
(2.61)

In PSK, when Ztag and Zic are such that <e{ρ1,2} = 0, and the phase angle; Im{ρ1} = jm and
Im{ρ2} = −jm; then θ = 2arctg(m) [68]. It is interesting to observe how the receiver performs when
modifying the modulation index. The Fig. 2.27 shows how for several phase-di�erence between the
two states of the incoming received voltage, the radio demodulates di�erently the information. For
higher modulation index (m), the modulation becomes more e�cient and BER improves. But if we
increase "m", the power absorption coe�cient lowers, so the deactivation tag range (to turn o� the
tag) also decreases.

Using encoding

The UHF reader in addition to setting the uplink data rate (between 40 to 640 kbps), it is also setting
the coding scheme, namely FM0, Miller-2, Miller-4 or Miller-8. Because FM0 is highly susceptible to
noise and interference, then Miller-8 is more robust to errors than Miller-2, but also the link rates are
reduced. Two expressions of BER are compared in order to analyze the behavior of RFID system in
an AWGN channel [69], and also in a multipath channel, following a Rayleigh distribution [70] and
including the e�ect of the coding scheme.
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Figure 2.27: BER versus SNR according to Eq.(2.59).

• AWGN channel: the BER with ES the symbol energy (or bit energy in our case), N0/2 the
noise power spectrum density of an AWGN channel, M the Miller-code order, and Q(x) the
Q-function 2, is the following:

BERAWGN = 2Q

(√
MEs
N0

)[
1−Q

(√
MEs
N0

)]
(2.62)

• Rayleigh channel: In the case of considering the RFID in a multipath channel, assuming that
noise bandwidth is approximately equal to 1

Ts
(Ts symbol duration) so the Signal to Noise ratio

and the BER correspond to the following expressions:

SNR = γ ' Es/Ts
N0/Ts

=
Es
N0

(2.63)

BERRay =
1

2
− 1√

1 + 2/(Mγ)
+

2

π

tan−1[
(√

1 + 2/(Mγ)
)

√
1 + 2/(Mγ)

=
1

2Mγ
(2.64)

In Fig. 2.28 it is compared the BER performance of FM0 and Miller codes in ideal AWGN and Rayleigh
channels. Within Gaussian Noise channels the BER decreases faster than in Rayleigh channels for large
SNR. Also BER decreases with the increase of the Miller sub-carrier order (but data rate decreases).
Four di�erent cases have been represented that include the in�uence of self jammer into the radio, by
means of the IIP3 speci�cation. When lowering the IIP3 from +15 dBm to 0 dBm, we appreciate the
lowering of performance both, in Rayleight and Gaussian channels. The relation between self-jummer,
IIP3 and SNR is obtained by combining Eq.(2.32), Eq.(2.33) into Eq.(2.62) and Eq.(2.64).

2Q(x) =
∫∞
x

1√
2π
e−y

2/2dy, to note the relation with the erfc(x) function which is the following; erfc(x) = 2Q(
√
2x)

and with erf(x); erf(x) = 1− 2Q(
√
2x).
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(a) (b)

(c) (d)

Figure 2.28: BER for radio RFID Miller FM encoding, with Gaussian and Rayleigh channel conditions.
In the case of (b), (c) and (d) it is imposed some SNR degradation due to selfjammer.

In general if the real and imaginary part of a Phase Modulated signal are corrupted by Gaussian
noise, then the statistics of the signal will follow Rician distribution. The di�erence from the case of
Rayleigh distribution is described next.

Rayleight Distribution

Considering a noise process n(t) = r(t)ejΦ(t) = x(t) + jy(t), where r(t) is the magnitude or envelope
and Φ(t) the phase, x(t) is the in-phase, and y(t) is the quadrature component. If both random
processes x(t) and y(t) are statistically independent Gaussian distributed, with the same variance and
zero mean, then their joint probability density function is:

P (x, y) = P (x)P (y) =
1

2πσ2
e−

x2+y2

2σ2 (2.65)
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Transforming di�erential areas by using dxdy = rdrdΦ, gives the joint probability density function of
r(t) and Φ(t) as;

P (r) =

∫ π

−π

r

2πσ2
e−

r2

2σ2 dΦ =
r

σ2
e−

r2

2σ2 Rayleigh distribution (2.66)

P (Φ) =

∫ ∞
0

r

2πσ2
e−

r2

2σ2 dr =
1

2π
Uniform distribution (2.67)

with the random variables t and Φ that are statistically independent, P (r,Φ) = P (r)P (Φ).

Rice Distribution

In a noise process n(t) = r(t)ejΦ(t) = x(t) + jy(t); X is from N(µx, σ
2), and Y is from N(µy, σ

2)).
If both processes are statistically independent Gaussian distributed, with the same variance σ2 and
means µx and µy, then the probability density function of r is the Rician probability density function;

p(r) =
r

σ2
e−

r2+m2

2σ2 I0

(rm
σ2

)
(2.68)

where m2 = µ2
x + µ2

y and I0 is the modi�ed 0-th order Bessel function of the �rst kind given by:

I0(x) ≡ 1

π

∫ π

0

excosθdθ (2.69)

While Rayleigh and Nakagami distributions are used to model dense scatters, the Rician, models
fading with a stronger LoS component. This can be more close to the case of RFID, where distance is
not so big, a direct vision path is established and no so many scatters are expected when reader and
tag are located not so close to the �oor. A parameter to describe the expected scattering is the K
value, that de�nes the importance of the LoS component between transmitter and receiver, de�ned
as:

K =
LoS component

multipath scatterd power
=
m2

2σ2
; m =

√
K

K + 1
; σ =

√
1

2(K + 1)
(2.70)

The value of the Rician K factor is a measure of the severity of fading, with K=0 (-∞ dB) being the
most severe fading case (Rayleigh fading), and K = ∞ representing no fading (for K � 1, tends to
Gaussian distribution).
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Figure 2.29: Comparison of BER for di�erent channel noise models.

2.7 System co-simulation

When analyzing complete systems that include physical elements, hardware components in RF, analog
and digital blocks, and the analysis requires time and frequency domain responses, we need to
implement a simulation environment allowing the analysis of a complete RFID EPCglobal Gen2
system, from base band to the radio part at the UHF frequencies. It considers phenomena such as the
radio IC transceiver interacting with other components, or stages of the radio (such as self-jammer
e�ect between transmitter and receiver). Also incorporating real models of antennas with their PCB
layout, allowing to study the in�uence of real antenna geometry in the RFID system by means of
co-simulation capabilities; multiple path propagation e�ects that can be modeled by means of di�erent
analytical models and including physical dimensions of objects and obstacles as well as their re�ection
of absorbing properties, or the interaction between various tags responding to various readers at the
same time.

It is proposed, based on channel path models, the interaction of several readers synchronized at
di�erent channels and distances over the pad, including di�erent �lter topology. So that, such
simulating environment allows to be a useful tool for the interference analysis proposed in RFID,
allowing to allocate possible sources for range limitation before installing real devices in the �eld such
as antenna location for the readers and propose �lter solutions. In Fig. 2.30, it is possible to see two of
the proposed scenarios, with the interactions between tags and readers. In the case of the scenario b)
it is normally used some sort of anti-collision techniques for the management of the multiple reading,
so having available a simulation environment can be of help when designing anti-collision algorithms.

For the simulation of the RFID system, it has been used the simulation tool from Keysight ADS
Ptolemy which includes two basic motors, one is RF and analogue simulator and the other is the
digital signal processing simulator Ptolemy based in the discrete sampling concept, with a processing
done in a similar way as the one that would be done with a DSP. Here the co-simulation is used
to simulate in the same digital environment parts of RF/analogue (antenna, modulator) with the
Envelope controller, that allows a fast circuit analysis when using complex signals such as the RF
digitally modulated, with representation in the frequency-time domain. Even when considering a not
very complex modulation scheme as de�ned by EPCglobal Gen2 (ASK-PSK) with its coding schemes,
it is necessary the use of such Envelope controller.
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(a)
(b)

Figure 2.30: Scenarios attributed to (a) the interference's caused by various readers in di�erent
positions to one tag or (b) various tags interfering with each other, backscattering to a unique reader
(anti-collision required).

2.7.1 Simulation results considering output �lter

In Fig. 2.31 it can be seen the results of superposition of two spectral responses from tags into the
reader in adjacent channels, that could correspond to �rst use case in Fig. 2.30, where two readers
illuminate the tags. It is mandatory to keep the radiated spectrum signal within the limits indicated
by the spectral masks speci�ed by the standard. Such test can be included in this simulation for
one or various readers. As speci�ed by the standard which includes spectral mask for low and dense
operation mode. It is also shown (bottom right) the spectral mask limiting the allowed zone for
high density readers areas, where the bandwidth is RBW = 2.5/Tari. The limiting mask is used to
de�ne the permissible �lter that must be used for the RFID transmitter. The result depicted in Fig.
2.31 corresponds to the case of using an order 5 Chebyschev �lter, so its e�ect is re�ected into such
spectrum. Another possibility is using a Rise Cosine �lter with alpha of 1, as seen in Fig. 2.32,
also showing the e�ect over the digital information time signal of such �ltering e�ect. Such �lter is
normally being used to reduce the Inter-symbol Interference (ISI) and avoid synchronization problems.
As shown in the Fig. 2.32, the �lter pulse shape generation is implemented in the reader transmitter
side, in order to satisfy the requirements �xed by the standard EPCglobal Gen2 (0,05 (A-B) V/m),
that can be accomplished using before mentioned Rise Cosine with roll-o� factor of 1. Other �lter
type such as Butterworth has also been tested.

Figure 2.31: Superposition of two tags responses to readers transmitting in adjacent channels
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Figure 2.32: Frequency and time response to the codi�cation with �lter responses in di�erent
bandwidths

In the simulation results presented in Fig. 2.33, it can be seen how, a way of measuring tag 1
sensitivity, can be done by sending a sentence Query to the tag and hearing its response. Under
di�erent conditions, for example, channel use cases, distances, antenna positions and so, one can
detect the reader response, for an speci�c gain settings. The value for which the receive signal has
enough level for decoding (code RN16), determines the tag sensitivity. Such simulation helps on
de�ning the receiver stage gain settings, in our case corresponds to the setting detailed in Fig. 2.33.
For these systems, where the noise of the own receiver is so strong as the one it is de�ned by self-jamer
conditions, it is not common to place a low noise ampli�er (LNA) at the entrance of the receiver, so the
Noise Figure (NF) is determined by the LNA as a �rst stage of the receiver, instead of the mixer. The
conditions for Mixer and other receiver blocks (�lters, gain stages) can be evaluated by such system
simulations including the models of transistors, or real passive parts or the block with its electrical
speci�cations.

A second set of simulation results shown here, consider only one tag under the in�uence of two
synchronized readers in adjacent channels. The power received by the tag would correspond with the
one presented in Eq. (2.71), where Ptag is the power received by the tag that represents its sensitivity:

Ptag = PminG

(
λ

4πr

)2

(2.71)

G is the antenna reader gain, r is the distance between reader and tag and Pmin is the minimum
power being transmitted by the reader. Under a con�gured reader-tag situation, a sensitivity analysis
is done based on considerations for channel attenuation and antenna gain settings. Fig. 2.33 at the
bottom, shows the time domain receive signal at the reader, after being backscattered by the tag.
One can observe that after the Query command that illuminates the tag antenna, a very weak signal
is being detected by the reader after traveling all the way back from tag to reader. The �ltering
(including DC block) and receive gain setting will be determined based on this signal. So one can
de�ne such blocks based on this simulated signals. At the top of Fig. 2.33 one can see how the signal
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Figure 2.33: Receiver sensitivity measurement, after sending a continuous carrier and listening the
receiver result.

looks like, after being �ltered and ampli�ed according to the settings mentioned before. Such settings
conditions can be seen also at Fig. 2.33.

In reference to the tag, this one receives a continuous wave (CW) and generates a re�ection or
backscattering with modulation in amplitude or phase (AM o PM) and FM0 or Miller codi�cation,
modulating a subcarrier (40 kHz a 640 kHz). The data rates may vary for FM0 (40 - 640 kbps) or
subcarrier modulation (5 - 320 kbps). In our case the tag modulation is AM with FM0 coding. In
Fig. 2.34 can be seen the system blocks used for generating either the FM0 coding or decoding in the
ADS simulation blocks.

In comparison with other works such as [71], that includes only electric �eld solvers providing a
powerful tool for such purpose, this work intends to complement further in the analysis including
analog and digital parts. It has been analyzed for example di�erent sort of �lters and receive
sensitivities based on signal responses such as shown in Fig. 2.33 one can de�ne the settings parameters
for the receiver chain for example, to adequate receive gain stage in order for the decoder and
demodulator to be able to demodulate the receive signal properly and detect, in our case EPC
information.

In the model developed for this Fig. 2.33, the reader generates a CW that illuminates the tags close
to it, and also, will be used to simulate the e�ect of carrier injection, from the transmitter side to the
receiver, passing over a circulator or duplexor (in our case duplexor with 30 dB isolation). The tag
responds by AM modulating the carrier according to FM0 (schema Fig. 2.34). From this base model,
the system has been grown to include the e�ects of other radios over some tags, also similar to the
ones shown in the Fig. 2.31, and transmitting in adjacent channels, since it is supposed a channel
discrimination corresponding to a robust system.

In the DL the reader uses Pulse Interval Encoding (PIE). The data length for "0" comes in Taris (time
reference unit for signaling) that can comprise values between 6.25 ms and 25 ms, used normally to
obtain the transmission data rate. The data "1" length can take values between 1.5 and 2 Tari. This
information is modeled in the transmitter side of the reader. In Fig. 2.35 one can see the modeling
detail both for the coding and decoding, as well as the bit pattern with and without coding. Such bit
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Figure 2.34: Graphical representation and Block scheme for the coder and decoder in the case of FM0
coding, including at the bottom its physical implementation in ADS.
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Figure 2.35: Time signal at the transmitted bit pattern including clocking of the signal after FM0
encoding.

pattern representing the information data bits, modulates the carrier and is received, after passing
the channel, by the Momentum modeled receiving antenna and mixer �rst stage receiver.

2.7.2 Antenna modeling

Both for the reader and the tag, antenna models have been created using Momentum from ADS,
which allows a 2.5D element simulation. The properties of the material used for the antennas are the
ones from RO3010 with dielectric constant 10.2 and thickness of 1.27 mm. This allows for a good
compromise between size and performance at the working frequency of 868 MHz. As can be seen
in Fig. 2.36, the reader antenna corresponds to a two layer patch antenna, with two lateral cuts
to provide with circular polarization and appropriate gain. The tag is composed by a dipole with
adaptation in T, dipole �Meandered� and �Tip loading� Fig. 2.17.

EPCglobal Class 1 Gen 2 standard, speci�es a variety of options to code the information in the UL
from tag to reader, being the most simple the FM0 code, with a transition at the end of each period,
and with an additional transition at the middle of the bit for the bit "0" [72]. This codi�cation has
also memory, so that the FM0 sequences depend on the previous ones. In the image of Fig. 2.35
one can see the components that de�ne the coding part (located in the tag) and the decoding (in
the reader) for the FM0 case. The presented system, designs both, the tag coding and the reader
decoding in order to be able to compare responses in the digital base band side. Both coding schemes
used in Gen2; FM0 and Miller, use the same base functions, so that, they have the same Bit Error
Rate (BER) response, that corresponds to Eq.(2.62). With such expression and simulation set-up,
it is possible to evaluate the error probability of the transmission versus di�erent situations of noise
channel, transmitted power, �ltering design, information coding or other parameters to consider.

2.7.3 Complete UHF-RFID system

Fig. 2.37 represents the simulation model for the complete blocks of the system. In this case it is
shown the reader, with the tag models and the channel, de�ned in both directions of the radio link for
clarity of the picture. It is omitted the replicas of other reader and tags model, that are used for the
case of multiple dense reader simulations. Also other possible radio models (SRD, LTE, GSM and so)
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(a)

(b)

Figure 2.36: Incorporating the Momentum model of the patch antenna for the reader, and the dipole
tag antenna (a), for the co-simulation (b), which uses the engine �Envelope�.

can be included in the model, so their e�ects with the RFID system can also be analyzed. Some of
the blocks shown in the �gure include sub-models with their corresponding real parameters, for close
proximity to reality, allowing a maximum of accuracy for the component that integrates the system.

Figure 2.37: ADS model of the RFID system including, reader transmitter with its antenna layout,
tag, channel with attenuation and noise and receiver reader.

2.8 Conclusions

Due to the nature of the RFID systems, very week back-scattering signal must be detected. This
system study has provided with signi�cant parameters of the di�erent blocks that constitute it, showing
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that it is prone to interference from many sources. After looking in detail all possible undesirable e�ects
that may incur in actual RFID systems, considering tag or reader limiting factors, it is concluded that
incorporating a detection circuit based on RSSI to scan for such e�ects would be advantageous. Such
circuit is described and the bene�ts are evaluated as being good contributions for future RFID readers,
mainly in hostile environments or where dense population or tags is present. Such analysis can be
extended when designing an RFID co-simulation environment, and the RSSI detection circuit in the
receiver after the mixer, as in Fig. 2.37, with the detection power from Eq.(2.72) will indicate best
mixer gain settings GMX .

Pin(dBm) = 10 · log

(√
I2
DC +Q2

DC

GMX

)
(2.72)

It is out of the scope of this work, but by using di�erent antenna, RF front-end models, and channel
conditions, one can analyze in detail the system. So with this works it helps to set up the basis
for RFID analysis to better understand system performance. A superposition method for Ptolemy
co-simulation can be applied in order to extend the use cases. Di�erent �lter settings are tested to
verify spectrum masks, while modifying physical parameters of RF front end such as antenna layout,
IIP3, P1dB, gains and sensitivities.

New conclusions have been obtained based on studies of two tag interaction, showing some con�gurations
where the detection is basically reduced or not possible based on SNR threshold limitations.

Finally it is shown an interesting system co-simulation tools that allows the system simulation,
including di�erent sort of interference, as well as di�erent environments with their channel models
and physical components coming from layout data.
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3 HF antenna and charging circuit design

3.1 Introduction

There are two di�erent technologies that use HF in RFID applications; HF-RFID and NFC both
operating at 13.56 MHz band. In this work we will focus on the Near Field Communication (NFC),
used in mobile phones. Some actual applications for NFC include the possibility to open a communication
link, to authenticate, or to implement payment by bringing two NFC devices close to each other.
Devices with NFC interface operate at 13.56 MHz via inductive loop antennas. One possibility of
operating environment is when the antenna is close to the battery pack of a mobile phone. In this
case, the loop coils of NFC antennas are constructed on a ferrite layer, to magnetically isolate them
from metal (typical with relative permeabilities of µ′r > 80...160 and low losses µ′′r < 3...5 [73]).

For certain applications, which demand relatively low data rate (106 kbps) and a small read out
distance (< 1m), the HF 13.56 MHz band is the preferred choice [74] because of two main reasons.

• First, since this band is internationally allocated for unlicensed (ISM) use worldwide, the
designed system has the possibility to perform anywhere in the world.

• Second, the magnetic �eld propagation at HF (HF-RFID) penetrates dielectric materials with
high permittivity, such as water and ground, better than the EM waves at UHF (UHF-RFID)
in short range applications.

The inductive link established between two antennas is weak and performed by resonating antennas.
That means that can be implemented by one of the four possible combinations of series or parallel
tuned typologies.

Some authors have studied how to enhance mutual coupling between antennas and, have studied the
H-�eld from the reader antenna. With the optimal antenna size design, the internal area of the coil
can be exploited to enhance the H-�eld as is done by the authors in [75], with an unequal spacing
between turns of the coil that allows adjusting the L without de-tuning its resonance (fr). In this
work our proposal is to use NFC, not only for communication, but also for transferring power into
a HF sensor node, describing an innovative circuit presented for this purpose, so detailed coupling
analysis between coils needs to be performed in detail.

3.2 HF-RFID system design

Here we will introduce our NFC system used for communication and energy transfer. Magnetic or
inductive coupling at radio frequencies for wireless power and data transfer is a known solution for some
devices. An inductive link consists of two weakly coupled resonant circuits that can be misaligned,
where coil coupling conditions can be very small due to large coil separation or a very small pick-up
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coil diameter. From the inductive element, a way to transfer power of near-�eld RFID, is to add a
parallel capacitor to create a resonance circuit. In the case of very short distances, high power transfer
e�ciencies can be achieved (on the order of 90% for very short lengths; 1-3 cm) [76]. However, the
e�ciency of such techniques drops drastically for higher distances decaying at a relation of 1/r6.

Electromagnetic resonance coupling involves creating an LC resonance, and transferring the power
with electromagnetic coupling without radiating electromagnetic waves. According to ISM band, the
bandwidth of the resonance for 13.56 MHz range is 13.56 MHz ± 7 kHz, so probably a tuner must
be used to match the resonance. Some authors have been using strongly coupled magnetic resonance
(SCMR) already for RFID (in the case of [77] at 60 cm distance). These are non-radiation methods
operating in the reactive near-�eld, that include between transmitter and receiving loop an helix close
to each loop, achieving a wireless-to-wireless e�ciency of 40% and 60% in air, for a distance of 2 m
[78, 79].

Either for communicating HF radios or for wirelessly power transfer (WPT), one crucial part of
the design is the matching circuit. Through proper impedance matching circuits, the transfer power
e�ciency or reading range are improved. Since the impedances of reactive components in the matching
circuits are frequency dependent, the impedance can only be matched at a single operating frequency,
or a small frequency band, depending on the Q.

Driving the matching network, there must be a high e�ciency power ampli�er (PA) such as "Class
E" PA, also known as switched mode PA, because the transistor acts as a switch instead of current
source, in order to improve e�ciency (theoretical 100%) [80]. Also they o�er high capability to drive
relatively high AC current through the transmitter coil from a relatively low DC input current and
voltage. With the transistor operating as on/o� switch, the load network shapes the voltage and
current waveforms [81], in such a way that simultaneously high voltage and high current are avoided
in the transistor. Minimum voltage-current product during the switching in the transitions is avoided.
The RF output amplitude is almost linearly proportional to the DC supply voltage. An important
element for such PA is the switch, since it must have a low ON resistance, in the case of the common
MOSFET process the RDS(ON). However, reducing ON resistance, usually results in an increase in
gate capacitance as well as an increase in gate voltage. On the contrary, decreasing gate capacitance
increases rise and fall times [82]. Such features are important when designing coil driving stage and
�ltering blocs.

3.2.1 Propagation Antenna Field Regions

Once a transmitting device is wireless sending propagation waves on the media, depending on the
distance that a receiving antenna is located from the transmitter, the propagation waves present
di�erent characteristics. To electromagnetically e�ciently radiate a signal, the linear dimension of
the antenna mush be comparable with the operation frequency wavelength. However in the case of
HF-RFID, dimensions are much less in the order of 0,002λ where λ=22m @ 13.56 MHz, therefore
it is di�cult to form a true antenna for RFID applications. Alternatively a small loop antenna,
with current �owing into the coil, radiates a near-magnetic-�eld that falls with 1/r3. This type of
antenna is called magnetic dipole antenna widely used in RFID. When an antenna is transmitting
electromagnetic waves, it is exposed to changes in its boundary conditions, so in its transmitting
characteristics, due to conducting, or non-conducting material (with a dielectric constant and/or a
permeability constant greater than 1), located in the reactive near-�eld region.

One can divide the space around an antenna (or other radiating element) into the near-�eld region
and the far-�eld region. The near-�eld region is further divided into the reactive-�eld region and the
radiating-�eld region (Fresnel)[83]. Further away there is the far �eld (Fraunhofer) region. In the
reactive near �eld region, the energy is oscillating and stored in space, so it is not radiating. When
the resonant evanescent �elds of two antennas overlap, they are strongly coupled to each other. This
coupling can be modeled by using the couple mode theory (CMT).
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• Reactive Near Field: The region immediately surrounding the antenna where the reactive �eld
(stored energy - standing waves) is dominant. If D is the longitude or diameter of the antenna:

r ≤ 0.62

√
D3

λ
(3.1)

• Near Field (Fresnel region): The region between the reactive near-�eld and the far-�eld where
the radiation �eld (propagating waves) is dominant, and the �eld distribution is dependent on
the distance from the antenna. Very close to the antenna, we have the reactive near �eld region,
that surrounds the antenna wherein the reactive �eld predominates. Such boundary is de�ned
as follows:

0.62

√
D3

λ
≤ r2 ≤

2D2

λ
(3.2)

• Far Field (Fraunhofer region) In the far �eld region, the relative angular distribution does
not vary with distance and the radiated power decays according to the inverse square of the
distance(1/r2), so the �eld distribution is essentially independent of the distance from the
antenna. The Fraunhofer region is de�ned for

r ≥ 2D2

λ
(3.3)

3.2.2 Coil antenna design

We start by explaining the design of loop antenna for reader in NFC applications, to later expand it
for WPT. In HF-RFID applications, at 13.56 MHz for passive tags, some hundreds of nH to few µH of
inductance and few pF of resonant capacitor are typically used. The reader coil ant the tag coil, form a
transformer with air-gap where the voltage is transferred through inductive coupling. The e�ciency of
the voltage transfer ratio can be increased signi�cantly with high Q circuits. The antenna coil design
in such systems is mainly in�uenced by low cost, low pro�le, and electrically small size. Whereas the
bandwidth (BW ) requirement for tag coils is not so critical in most RFID applications. That is not
true when coming to apply the antenna for NFC communications, where data is transferred at higher
data rate.

There are several publications which describe di�erent approaches for loop antenna design, starting
with Maxwell [84], who gives analytic equations for inductance estimation, to [85] which provides
several useful approximations for practical cases in RFID applications [86]. For the antenna design,
the main parameter is the inductance, less important are the parasitic capacitance, and the antenna
losses (Rloss), so one can consider designing and inductance and focusing on geometry to get the desired
values. The design parameter for the reader coil antenna are the coil shape and size, the section of the
wire, and the number of loops. These parameters determine relevant system performance quantities
such the coupling coe�cient (k) between the reader and tag coils, H-�eld (H) at the receiving tag
coil, inductance L, and unloaded quality factor Q of the antenna. To obtain major reading range
one wants to maximize induced voltage in the tag that will activate the chip for tag response. Some
approaches to do so are described:

• A �rst approach is to improve k maintaining L [87, 88]; so it implies improved coverage and
antenna size reduction due to increase in induced voltage Vind as a function of I current in the
reader:

Vind = jωM12I = jωk
√
LTagLRd · I (3.4)
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As shown in [87], an optimum k design while keeping L constant results in 25% reduction in
Q-factor, that implies an increase in antenna loss and reduced e�ciency.

• A second approach is to improve the propagating H-�eld between reader and tag, so following
Faraday's law, the induced voltage is increased as:

Vind = −dΦ(t)

dt
= Φ · jω = B ·ATag · jω = jωµ0NTagATagH (3.5)

Where we have not considered the 90o phase shift of the carrier signal from the derivative of
B(t)1. However, the H improvement (increase number of loops and space between the elements
that form the coil) in the coil surely improves Vind but it will lower Q of the reader coil (this
assumes a constant L, since Q = ωL/R) [87, 89].

• Also one could want to design smaller antennas. If the loop area is reduced by half, this could
be compensated by an increase in the number of turns by 2 to achieve the same induced voltage
Eq.(3.5). But since the chip has �xed capacitance, at resonance we need to maintain inductance,
so such condition does not �t.

Coil design

For the antenna geometry, normally for this kind of antennas the squarer the better. Bearing in
mind this is magnetic coupled data and one should be looking for a loop with as much inductance as
possible, but not so much that it's self resonant frequency is lower than (say) 15MHz. As a simple
idea about inductance can be de�ned as the total �ux produced per ampere. The bigger the cross
sectional area, the more �ux is produced per ampere. A long thin loop however has less inductance
than a square loop of the same area.

There are many studies related to the calculation of planar multi-layer coils [90, 91] that cover the
design from di�erent approaches, and methodologies. One important aspect considered in this work is
the search for an analytic expression that presents, based on basic geometrical and physical properties,
an estimation for the coil design. From that approach, we will construct a model, and using the Method
of Moments implemented in ADS (Agilent) simulation tool, electromagnetic simulations is conducted
to complement the calculations and �nally be measured.

Firstly, we estimate the inductance analytically. After several approaches the method used takes the
following considerations.

* Convert the square or rectangular loop in a single turn geometry. The rectangular cross-section
with track width w and thickness t, is approximated by a circular cross-section of equal area:

d = 2

√
t · w
π

(3.6)

* With the square mean, we calculate the average length a and the average width b of a single
turn loop, out of the maximum length a0 and the maximum width w0 of the N turn antenna.

a =

√
a2
o + [a0 − 2N(g + w)]2

2
; b =

√
b2o + [b0 − 2N(g + w)]2

2
(3.7)

g speci�es the gap between conductor tracks.

1µ0 = 4π · 10−7V s/Am
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Figure 3.1: Single layer multi-turn coil size de�nition

* We must �nd the contributions from the self-inductance L1 and L2 given in Eq.(3.8), and the
mutual inductanceM1 andM2 between all parallel conductor parts given in Eq.(3.9) and (3.10),

L1 =
µ0 · a
16π

; L2 =
µ0 · b
16π

(3.8)

M1 =
µ0

2π

[
a · ln

[
2ab

d(a+
√
a2 + b2

]
− 2b+

√
a2 + b2

]
(3.9)

M2 =
µ0

2π

[
a · ln

[
2ab

d(b+
√
a2 + b2

]
− 2a+

√
a2 + b2

]
(3.10)

* The �nal inductance value is obtained by adding the contributions from the previous self and
mutual inductance values, including the number of turns N and, to compensate the edge e�ects
and bridge crossing, it is considered the exponent E set to 1.64, [92]:

Lant = (2M1 + 2M2 + 2L1 + 2L2)NE (3.11)

* Find the equivalent series resistance of the antenna, by �nding the DC-resistance where a factor
(close to 0.9 · 10−3) is considered to take into account edge radius and mechanical tolerances.
In addition the skin e�ect losses are also included. From this value one can also obtain directly
the quality factor of the antenna Aant

RDC =
2N(a0 + b0)− 2(N − 1)(w + g)

σ · t · w · factor
(3.12)

RAC ≈ RDC
[
1 +

(d · 10−3)2 · fπµ0σ

4 · 48

]
(3.13)

and then converting the series into parallel equivalent resistance, that should be at least a
magnitude smaller than chip losses (RDC)

Rant =
(2πfLant · 10−6)2

RAC
; Qant =

Rant
2πfrLant

(3.14)

In order to �nd the requirements for the coil antenna, it is interesting to consider both cases, coil design
for a tag or for a reader. The previous expressions are serving as a �rst estimation for the design, edge
e�ects, skin depth, distributed parasitic capacitance (in�uences parameter E), are di�cult to estimate.
Also there has been no consideration on the substrate de�nition such as dielectric permitivity (εr) or
the dielectric losses (tanδ).
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For the analysis of the whole front-end, one has to consider the coil with the rest of the circuitry. In
the case of an RFID reader, there is a matching network adapting the coil to the reader impedance,
which will be normally the output impedance from a class D or E ampli�er, which switches between
the internal positive supply and GND, so that the output carrier frequency is a rectangular wave. The
PA will then feed just a small amount of e�ective power PE that will compensate damping losses. The
major contribution of the antenna current is the reactive power of the oscillating energy WM . The
quality factor responsible for this relation is:

Q =
WM

PE
ω =

I2L

I2 ·Rs
ω =

Lω

Rs
(3.15)

For a high Q factor, less power needs to be fed into the antenna to achieve the same �eld strength
H-�eld.

In the case of a tag, there is the impedance of the chip to be considered as well as the assembly
circuitry that tie together the IC with the antennas like welding, crimping or soldering Fig. 3.2.

Figure 3.2: Equivalent circuit for tag-IC and Coil antenna

• Ric and Cic are the equivalent resistance of the chip, representing its losses and the input
capacitance seen at the input of the chip, that depends on technology and number of transistor
gates.

• Ras and Cas represents the assembly of the chip (bonding wires, �ip-chip assembly), that will
depend on chip package

• Lan and Can represent the antenna inductance and capacitance as resonant circuit

• Ran represent antenna losses

Table 3.1: Coil antenna parameters.

Design outline
(a x b)

thickness
(t)

Permitivity
(ε)

track gap
(g)

track
width (w)

turns
(N)

LA 30 x 30 0.8 3.55 0.3 0.7 3
LB 93 x 60 1.6 6 0.3 0.7 2

All dimensions in (mm), metal conductivity σ = 5.8 · 107 [S/m], FR4 tgδ = 0.02.

From the simulation point of view, to comment that using Momentum there is the possibility to
compute the S-parameters of the coils and obtain directly the equivalent lumped parameters using the
Port1 single 50 Ω and Port2 ground port referenced to Port1. In such case the following expressions
are used to determine L and Q values:
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Zeq = 50 · 1 + S11

1− S11
; L(nH) = 109 · Im {Zeq}

2πf
; Q =

Im {Zeq}
Re {Zeq}

(3.16)

Also, there is the possibility to use the same layout but with the two ports being 50 Ω single ports. In
such a di�erential case, the determination of the inductor parameters can be done using the following
transformations and equations [93]. The admitance Y parameters, are obtained from the conversion
of the S using normalized 50Ω impedance. The same for the impedance Z parameters.

LY (nH) = 109 · Im {−1/Y21}
2πf

; Q =
Im {−Y22}
Re {Y22}

(3.17)

Ze = Z11 −
Z12 · Z21

Z22
; LZ(nH) = 109 · Im {Ze}

2πf
; Q =

Im {Ze}
Re {Ze}

(3.18)

The di�erence in using any of the above mentioned methods is very small. The higher di�erence
comes from the determination of the self-resonance of the coil, probably due to the computation
of the equivalent distributed capacitance of the coil tracks. As the HF antenna has its �rst and
fundamental parallel self-resonance well above the carrier frequency, it can be assumed a complex
inductive load.

Table 3.2: Coil design comparison: analytic and simulations

Sample ADS Analytic
L (nH) Q L (nH) Q

LA 586 86 578 117
LB 1080 81 994 118

Finally, it is of interest to determine the antenna model in order to be used in the whole transceiver
design. The single loop antenna with length l and conductor cross section A provides Ohmic losses
for DC currents that are de�ned by

RDC =
l

σA
(3.19)

For the AC currents, one has to consider the skin effect that determines the e�ective cross section
for the current following in the conductor, since it penetrates just a depth inside the conductor de�ned
by the skin depth:

δ =

√
2

ωµσ
(3.20)

where the conductivity and permeability of the conductor are presented by σ and µ respectively (in
Cooper that σCu = 5.8 · 106S/m, the skin depth at 13.56 MHz is δCu = 18 µm). In order to compute
the e�ective AC resistance, it can be assumed that the entire current �ows in the conductor skin with
the thickness determined by the skin depth δ, which is only valid for a single conductor with a circular
cross section. In case of a spiral coil, current in the adjacent coil wires causes a magnetic �eld resulting
in an asymmetric current distribution, and making AC resistance calculation a tedious method, that
in some cases is resolved by using numerical methods [86].
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(a)

(b)

(c) (d)

Figure 3.3: Layout of two implemented coils. (a) LA=580nH, N=3 in blue, (b) LB=1µH, N=2 in
red, with their respective simulation results, showing inductance in [nH], self-resonance, and quality
factor.

Coil equivalent circuit

It is determined the equivalent parallel AC resistance of the coil (LB = L1), based on the Momentum
simulations computed in ADS, that de�nes the antenna quality value:

Req = L1ω ·Q = 1080 · 10−9 · 2π · 13.56 · 106 · 81 = 7.4 kΩ (3.21)

which is composed by the equivalent parallel resistance between the DC series loop resistance RDC

(measured to 470 mΩ) converted in parallel, to Rp =
X2
L1+RDCXL1

RDC
(in our case can be approximated

by Rp =
X2
L1

RDC
, Rp = 18 kΩ, see Fig. 3.4), and the loop AC resistance that would be measured at the

working frequency RAC , see Fig. 3.4:

Req =
RpRAC
Rp +RAC

; RAC =
RpReq
Rp −Req

= 12.5 kΩ (3.22)

Such resistance would be the equivalent at the working frequency. If one would want to measure it
at another frequency (loop self-resonance) it should be multiplied by the frequency dependence factor√

fSelfRes
frfid

.
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Figure 3.4: Loop antenna equivalent circuit. To reduce Q we place Rtune

Another aspect to take into account in the antenna design is the real quality factor that the reader
expects from the antenna, when considering the speci�c RF system. For such case, concrete standardize
speci�cations are needed, that must specify the channel occupancy and data rate, so the available
bandwidth required by the system in order to comply with the signal-to-noise ratio.

In the case of Mifare ISO 14443A speci�cation, it provides a data rate of 105.9 kbps (length of a bit
frame is 9.44 µs), with 100% ASK Modi�ed Miller Code from reader to card, and OOK, Manchester
code load modulation with a sub-carrier of 847.5 kHz (since Manchester coded data modulates a
sub-carrier as fSUB = fR

16 = 847.5 kHz). Generates side-bands of 1
9.44µs = 106 kHz at both sides

of the sub-carrier. In the case of ISO 14443B the modulation is BPSK. We consider here then a
sub-carrier spacing of 848 kHz, so the required quality factor from the antenna should be:

Q =
fr
Bω

=
13.56 MHz

848 kHz
= 16 (3.23)

It is necessary then to reduce the antenna Q value from 81 to a value lets say 20. In order to
do so, the driver circuit should be seeing at the antenna terminals a parallel resistance of value;
RT = Q ·XL = 20(2πf1080 nH) = 1.8 kΩ, so, to do so, the resistance to place in parallel with the

coil should be; R1 =
RTReq
Req−RT = 2.3 kΩ.

A clear compromise arises for the optimization of coil antennas for both NFC and WPT. The question
is how to optimize communication and power transfer using a single coil. The next sections aims at
showing one technique that can be used on improving both objective simultaneously, considering circuit
design parameters. Also presents some analytic expressions for better understanding the adopted
solution.

3.2.3 Coil coupling e�ects

For the communication or energy transfer between two transceivers using near-�eld coupling, the
communication is performed using two antennas located close to each other, so their magnetic �elds
are interacting and mutual induction generates a current to �ow from the generator antenna to the
coupled antenna. The magnetic �eld generated by a coil with a current i1 on a loop with area S is
given by Biot and Savart law:

B =
µoi1
4π

∮
C

dSxx

|x|3
(3.24)

x is the distance at which to calculate B. Much easier to handle is the mutual coupling between the
two antennas:

M =

∫∫
A2

B(i1)

i1
· dA2; k =

M√
L1L2

(3.25)
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In the case of a tag, with the antenna designed at the resonant frequency, it would consume energy
from the �eld generated by the reader antenna. This energy consumption in the tag, used to send
data back to the reader, has a feedback e�ect as a voltage drop in the reader. Due to small coupling
factor between reader and tag antennas, the tag response is up to 60 dB bellow the voltage generated
by the reader. In NFC systems the standard [94] de�nes for Europe a maximal �eld strength for a
transmitter at a distance of 10 m. For a carrier frequency of 13.56 MHz, a maximal �eld strength
of 60 dBµA/m is allowed, and the bandwidth is ± 900 kHz. The limit of �eld strength for di�erent
frequencies is depicted in Fig. 3.5.

Figure 3.5: Spectral mask for NFC system.

In coil coupling, coil dimensions and shape substantially a�ect the magnitude of the magnetic �eld
in the near-�eld region. When a loop is placed in a magnetic �eld that can be generated by another
coil, an induced voltage is generated, and is calculated as:

Vt =

∮
C

E · dl =
∂

∂t

∫∫
S

B · ds (3.26)

where:

• C is the length of the loop curve, and S is the area of the loop

• E is the electric �eld vector

• l is the tangent direction of the loop curve, and

• s is the normal direction of the loop surface.

Since the loop will be small compared to the wavelength (D=0.002 λ), the magnetic �eld B can be
considered constant on the location of the coil. Because the induced voltage in each and every turn of
the coil is serially connected, for an antenna with Nt turns, the induced voltage will be transforming
into Laplace:

Vt ≈ −jωB
Nt∑
i=1

Si = −jωI0K
Nt∑
i=1

Si (3.27)

Inductive coupling connects the reader with the tag via their loop antennas. The functionality and
performance of the RFID system will depend greatly in such coupling e�ect, that through the air will
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perform in�uenced by nearby objects. In the presence of no objects, it is of interest to discuss about
the main factors that de�ne coupling performance.

In Annex B, it has already been obtained the expression for the magnetic �eld generated by a loop
antenna B.11. In order to �nd the voltage induced in a second loop antenna (tag), one has to �nd
which part of such magnetic �eld crosses the loop of the second antenna and from here, it is direct to
deduce the voltage induced in such receiving antenna.

The mutual coupling between the two antennas is related according to the following expression, where
R1 is the radius of the reader loop, N2 and A2 is the number of turns and area of the tag coil, located
at a distance r from the reader coil:

M21 =
BzA2N2

I0
=
µ0A2N2

2R1

(
R2

1

R2
1 + r2

)3/2

(3.28)

The coupling coe�cient relates with the mutual induction coe�cient through the inductance values
of each coil by; k = M/

√
L1L2. In the case that both inductance have the same value (L1 = L2 = L),

then k = M/L. so;

L = N
µ0A ·N

2R2
; then M21 = L

(
R2

1

R2
1 + r2

)3/2

; and k = L

(
R2

1

R2
1 + r2

)3/2

(3.29)

In this particular case, the coupling coe�cient between the two identical coils, will depend only on
geometrical properties. As shown in Fig. 3.6, for distances between coils of 1 to 10 cm, the bigger the
coil radio, the better the coupling. Otherwise the di�erence in radius does not a�ect so much.

Figure 3.6: Coupling coe�cient for di�erent antenna radius R1 plotted at varying distances r.

3.2.4 HF-transmitter design

In the transmitter section, after the modulation block and driver output, there is the necessity to
design �nal transmitter parts such as �lter, matching network and resonance circuit. For this purpose
it is necessary to consider bandwidth adjustment to feed the apparent power into the antenna, where
the major part is reactive power and the minority is e�ective power. We must include our idea of
including an element in the tuning circuit of the coil that adapts the transmitter to become optimum
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Figure 3.7: Di�erential driven circuit for the RFID transmitter.

for NFC communications and at the same time, also optimum for transferring power into a receiver
for porpuses such as charging batteries of an NFC or RFID sensor.

In the case of the matching network normally composed of two capacitors, it will adapt the output
impedance of the IC driver, (RPA) which, depending on the chip my vary from 2 to 5 Ω, to the antenna
impedance, in order to transfer maximum power from the IC to the antenna. Tuning capacitors are
also represented in parallel with the coil inductance in order to tune to the resonance frequency
of the NFC system helping in maintaining the resonance frequency versus deviation in the antenna
environment.

The IC used for this work (AS3911) from AMS manufacturer), tunes the loop antenna by switching
between capacitors in parallel with the antenna. To do so, it measures the re�ection coe�cient and,
measures the antenna impedance at 13.56 MHz. It is done comparing the measurement with a 50 Ω
resistor using a Wheatstone bridge. The measuring bridge's DC source is replaced with a waveform
generator providing 13.56 MHz sinusoidal signal. The measure of the antenna impedance takes the
re�ection coe�cient and, makes the decision to switch between capacitors in parallel with the antenna
for tuning purposes.

The use of such tuning mechanism is very much justi�ed in our case, since the NFC antenna operates
in a di�cult environment such as smartphone, in close proximity to other devices, and where some
parasitic e�ects due to unknowns within the mobile phone are present. In the context of contact-less
proximity communication standards, such e�ects are known as "card loading", which refers to a
de-tuning of the reader antenna resonant circuit, for example a�ecting fres and Q. To compensate for
such negative e�ects caused by the tolerances and coupling, such tuning mechanism can help in the
adaptation of antenna impedance matching, and contributes to the reduction of power consumption
for the device.

The two branches of the di�erential network which connects the PCB antenna to the driver output are
identical Fig. 3.7. Because in the IC the voltage is limited to low voltages, and the RON -resistance
of the driver switches cannot be neglected, the di�erential driver output allows to have an output
voltage of almost double the supply, so this reduces the power losses in the output. Furthermore, a
di�erential stage always means better noise suppression. So the voltage at the output is split up into
two sources VPA/2, which drive the output signal in phase opposition.

For our particular design case, using the transceiver IC AS3911, the di�erent stages are designed
according to the following components representation:

Knowing values are the driver impedance from the IC which corresponds to RPA = 2 Ω, also antenna
equivalent circuit represented by the series combination of Lp = 1080 nH and the DC resistance of
Rp = 470 mΩ. From these values it is direct to determine the parallel capacitance value that would
resonate the coil at the working frequency of 13.56 MHz, which would be C = 1

ω2Lp
= 128 pF .

In the determination of parallel capacitance value, we must also consider the rest of capacitance that
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Figure 3.8: Adjustment of antenna self-resonance to the working frequency.

lay in parallel with the loop antenna. Such capacitance are the ones coming from voltage capacitance
voltage divider, responsible for sensing the received voltage at the antenna terminals (Cdiv = 18 pF )
and, half capacitance value from the tuning capacitors also applied in each parallel output driver
branch (Ctune = 56 pF ). A good explanation on the tuning performance for such capacitors can be
found in [95, 96].

Lp 1080 nH, Circuit for optimal Q (for NFC where Q = 20, and for WPT where Q = 80) by
placing R1 = 1,2 k Ω, Ctune = 56 pF.

Loop antenna components

Filter and matching network design

In the following, we are representing the low-pass �lter (LPF) used to comply with Electromagnetic
Compatibility (EMC) rules, and also to convert the square output signal into a sine-wave of low
harmonic distortion. Such �lter will a�ect the bandwidth and time-domain properties of the modulation
signal from the HF transmitter, and also now we should consider the antenna resonance in combination
with the �lter resonance, so the RF behavior cannot be simply modeled by one equivalent resonance
circuit and its quality factor. A second order LC circuit is being implemented and the LPF simulation
results representing the low pass characteristics are also shown in Fig. 3.9.

Since the PA output is an square wave, it can be represented by a Fourier series by:

vo(t) =
4A

π

[
sin(ωt) +

1

3
sin(3ωt) +

1

5
sin(5ωt) + . . .

]
=

4A

π

∞∑
m=1

sin [(2m− 1)ωt]

2m− 1
(3.30)

consisting of a fundamental sine-wave and several harmonics to be �ltered. This �lter will in�uence
the matching impedance ZM , transforming it onto ZF (see Fig. 3.7) which can be obtained from:

ZF = L1s+
1
C1s

(L2s+ ZM )
1
C1s

+ L2s+ ZM
=
−jL1L2C1ω

3 − ω2L1C1ZM + jω(L1 + L2) + ZM
(1− L2C1ω2) + jωZMC1

(3.31)
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(a)
(b)

Figure 3.9: Frequency response of the implemented LPF at the HF reader input. Wide bandwidth
matching frequency response.

The transfer function of the �lter, has the very well-known expression, which corresponds to a
second-order transfer function. The cut-o� frequency from the LPF corresponds to ω0 = 1√

LC
=

13.5 MHz, for the design values of L1 = 100 nH, and C1 = 1.4 nF . But for the �nal adjustment of
the �ltering functions the matching circuit must be included, which also acts as a �lter, so the adjusted
values that match with the rest of the transmit circuit correspond to the following L1 = 10 nH, and
C1 = 47 pF .

H(s) =
V2(s)

V1(s)
=

1− L1s
ZF

L2s+ ZM
· ZM =

ZM
−jω3L1L2C1 − ω2L1C1ZM + jω(L1 + L2) + ZM

; (3.32)

The whole frequency response for the transmitter part, including all the e�ects before mentioned
corresponds to the one depicted in Fig. 3.11, showing good matching conditions for two frequencies
one of which is 13.6 MHz.

The working circuit schematic, corresponds to the equivalent single ended circuit. Since our interest
is driving the antenna in di�erential mode in order to extract the maximum power with the minimum
supply voltage, such schematic will need to be converted in the layout corresponding values. Single
ended schematic is depicted in Fig. 3.10.

Figure 3.10: Equivalent single ended circuit for the RFID transmitter.

Impedance matching is necessary in RF circuit design to guaranty maximum power delivery between
a source and its load, and improve the signal to noise ratio of the system. In the Fig. 3.10 an
LC-matching network is used, very common due to its simplicity and low loss, also since antenna have
inductive performance, it allows to use a simpli�ed L-topology matching network with two capacitors,
which is advantageous for power e�ciency since a capacitor can be fabricated nearly loss-less for HF
(type COG or NPO). Since the NFC antenna has its �rst and fundamental parallel self-resonance
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well above the carrier frequency (Fig. 3.8), we can assume it is a complex inductive load, so a
simpli�ed matching with only two "L" shape capacitors is used, in addition to series inductance.
From manufacturing data the drive stage can be assumed to have an impedance of 2 Ω.

Including the e�ect of the input LPF, it can be seen how the center frequency of the matching is
shifted from 13.55 MHz to 13.49 MHz. Such small change does not suppose a compromise so our �rst
assumption was correct, see Fig. 3.11. Table 3.3 shows the design parameters for this part of the
circuit.

Figure 3.11: Frequency response of matching network w (blue) and w/o (red) the LPF.

(a)

(b)

Figure 3.12: Circuit of matching network with and without the LPF: Cpar = 45, Lloop = 940, Rp =
2200, freq = 13.56 MHz.
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Table 3.3: Coil antenna, fiter and matching network parameter values.

RPA L1(nH) C1(pF) L2(nH) C2(pF) C3(pF) Req(Ω) Ceq(pF) L(nH)
2 10 47 220 1100 330 2200 45 940

3.2.5 Causes for reduction of coupling factor between coils

Simulation results for lateral miss-alignment

In any NFC device, for an optimum transfer of data between coils, they must be aligned and close
together. In order to obtain the coupling coe�cient for di�erent con�gurations, a set of simulations
have been performed with two coupled rectangular shape antennas, the same ones as simulated in
Fig. 4.2 (b). The results of the four presented cases of di�erent overlapping conditions are presented
in the plots shown in table 3.4, including the 3D representation for better understanding.

Basically the presented results correspond, into a situation which can be real in practice, since for
example in a small size device with NFC inside, lets say a mobile phone, the user is unaware of the
position of the coil. So in this case, when wanting to establish a communication channel, the link
performance will depend on the relative position between the two coils that form it. In this case, it is
assumed that the coils are at a �xed distance (5 cm) and are shifted in both directions "x" and "y".

The simulation results are comparing the mutual coupling between the two identical coils, which is
computed using the conversion from S to Z parameters. From Z21 one can obtain the mutual coupling
as stated in eq.(3.33), and the results are plotted versus frequency in Fig. 3.13. At the frequency of
interest, with perfect overlapping antennas with the same size, and separated by a distance of x =
5 mm, the mutual coupling is maximum reaching 400 nH. This corresponds to maximal overlapping
area plotted of 5400 mm2.

When shifting one of the coils in the y direction, the coupling between the two identical coils is lower
when overlapping area is 1800 mm2, corresponding to a 1/3 shift of the "b" dimension (case b) in
Table3.4). The reason for this performance, could be attributed to the fact that the magnetic �ux,
crossing both areas of the coil, the one overlapped with the primary coil and the second outside the
limits of this coil, are compensating the currents that induce in the di�erent parts of the coil. This is
an interesting phenomena to note. Using Z the transformation from S parameters:

M(nH) = 10−9Z21

f
(3.33)
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Table 3.4: Configuration for lateral miss-aligment of rectangular antennas

Case Coil location 3D representation

a) x=y=0

b) x=a/2,
y=0

c) x=a, y=0

d) x=0,
y=a/4

Two separated antennas on FR4 substrates (εr = 6, tgδ = 0.02), in air separation of 5 cm
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(a) (b)

Figure 3.13: Coupling e�ects for two parallel rectangular loops (N=2) at a distance x = 5 mm for
di�erent geometrical positions (Table 3.4). (a) Shifting two antennas in "x" direction. (b) Shift in
"x" and "y" direction.

Mutual coupling for di�erent area coils

In many real situations the coil of transmitter and receiver will be of di�erent area because of di�erent
manufacturers, with their need to �t in very small and limited spaces. In such case, it is of interest to
investigate the performance of the system when having two concentric rectangular antennas parallel
placed at a �xed distance x = 5 mm, one (the reader) �xed at the same dimensions as previously
simulated, and the second (tag) changing in size. Our investigation considers ranging the outer
loop from 15 mm outside the perimeter of the reader loop, until 15 mm inside the reader loop. The
simulation results of the mutual coe�cient is also shown in Fig. 3.14. The maximum coupling happens
for the case of equal inductance area as expected, with the mutual inductance being almost 450 nH.

The simulated results also arises the fact that there is almost no di�erence, in the case of having a big
loop antenna exceeding the transmitter antenna, or a smaller loop one, it just collects less number of
�ux magnetic �eld lines. In both cases the mutual inductance is diminishing in a similar manner at
the ratio of 0,25 µH/cm for ∆<0, or 0,5 µH/cm for ∆>0 (∆ is the direction of area increase).

(a)
(b)

Figure 3.14: Mutual induction between two concentric di�erent size rectangular coils.
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Analytic results for the optimal mutual coupling

The coupling coe�cient is computed for an equivalent circular loop antenna, having the same area
as would have the rectangular loop antenna, (equivalent radius of 43 mm using Eq. 3.28). The
mutual coupling in the case of having identical size rectangular loop antenna, is obtained, using the
computation of the magnetic �eld generated along the x axis by a rectangular loop antenna with edge
length a x b according to [68]:

H(x)|rect. =
NI0ab

4π
√
a2 + b2 + x2

(
1

a2 + x2
+

1

b2 + x2

)
(3.34)

Since the direct relationship applies for the magnetic �ux intensity B = µH, the mutual coupling can
be found, independently of the current �owing in the loop I0, as:

M(x) =
B(x)ab

I0
=
µH(x)ab

I0
(3.35)

which is represented in the Fig. 3.15 in both scales, linear and logarithmic, to represent the strong
variability versus the distance. The simulation results follow very well the analytic results up to 10
mm distance from the two coils, with a decay of 60 dB/dec (power level). For close proximity coupling
the simulations show a much greater coupling factor. For the case of one coil over each other, that is
x = 0, the magnetic �eld and mutual coupling are expressed as:

H(x = 0)|rect. =
NI0ab(a

2 + b2)

16π [(a/2)2 + (b/2)2]
3/2

; M21(x = 0) =
N(ab)2

4π
√

(a/2)2 + (b/2)2
(3.36)

(a) (b)

Figure 3.15: Mutual coupling : (a) Simulation of square loops and theoretical values for equivalent
circular loop. (b) Same as a) in linear scale, including theoretical rectangular loop results.

If we maintain unchangeable one dimension of the rectangular antenna (b = 60 mm) and modify the
other dimension (a), it is interesting to see that there exist one antenna dimension that optimizes the
coupling of the antennas for di�erent locations (x) between antennas (plotted in circles in Fig. 3.16).
This is very interesting if our main purpose consist of, based on a �xed position of the antennas, to
perform a optimal design in order to optimize the mutual coupling between antennas as would be
expected.
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Figure 3.16: Magnetic �eld generated by a rectangular loop antenna with b = 60 mm (thick lines) and
b = 20 mm (thin lines), with N = 2 and I = 1A. Variation of opposite side is made to �nd optimal
size (circle) aop.

The optimal points can be found by taking the derivative of (3.34) and making it equal to zero:
δH(x)/δx = 0. Since the �elds are calculated over short distance from the axes of the loop, the
optimal sizes are small.

Our Case: In our case, where antennas will be close to each other, an small antenna size is enough
to communicate with the receiving antenna. We can see in Fig. 3.16 that in the case of looking the
�eld at higher distance, then the small antenna (b = 20 mm) reduces the �eld compared with the
bigger loop.
From Fig. 3.13, assuming a shift of distance between the two antennas of 1/3 from the side
edge, the mutual coupling estimated is M = 300 nH, which corresponds to a coupling coe�cient

k=0.3
(

M√
L1L2

= 300nH
994nH

)
.

Metallic objects between coils

Another possible situation interesting to investigate corresponds to the case where there are some
metallic objects in between the coils. This corresponds to real situations, since the NFC system
(mobile phone) is subject to be located at any place, with the possibility that some objects are in
between the NFC transmitter and a possible receiver.

Since the system operates using the magnetic �eld, this will induce currents in the metallic objects,
and will cause a loss in the communications e�ciency, because part of the �eld will be used to create
such parasitic currents and the rest will be arriving to the receiver coil. In Fig. 3.17, it is shown the
co-simulation results, using Momentum electromagnetic computation results and computing currents
when the two coils are resonating.
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Figure 3.17: Circular metallic object included between the coupled coils represented in shadow.

In addition, as can be seen in Fig. 3.19, the resonance frequency of the coils will be shifted due to
the same e�ect. The induced currents in the metal object, will circulate through the metallic surface
and such currents varying at the same frequency as the induced one, will couple with the other �elds
and vary the resonance frequency of the main magnetic �eld. Such variation of resonance frequency
can be seen by monitoring the S11 parameter on the test simulation set-up presented in the Fig. 3.19.
This e�ect could correspond to the fact of having a shift in the self-inductance measured by:

S′11(f) = |S11|ejΘ11 Z ′eq = 50
1 + S′11

1− S′11

L′(nH) = 109 ·
Im
{
Z ′eq
}

2πf
(3.37)

Figure 3.18: Resonant frequency shift caused by induced currents in metallic object.
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3.3 Wireless Power Transfer (WPT)

After the analysis attributed to the NFC system used for communicating two proximity devices, there
are several situations where there is a need for implementing a wireless charging circuit, such as
trans-cutaneous devices, covered systems, or underground electronic sensors (no connectors). In the
case of this study, since NFC communications already uses the transmitter carrier to power-up the
remote tag, we propose using the same energy coming from the mobile phone, or external battery
pack in the form of HF electromagnetic �elds for charging external systems.

Figure 3.19: Some examples of implantable devices [97] and application in underground sensors
requiring wireless communications and power.

In WPT, unlike the case of the coils of a transformer where they are wound around a magnetic core to
attain tight coupling, the coils for WPT are usually loosely coupled, due to the absence of a common
magnetic core to con�ne and guide most of the magnetic �ux. One can state that a WPT system is
formed by two leakage inductance transformer model tank and series resonant capacitors, which has
a current-source characteristic, so it should be connected to a capacitive �lter having a voltage-source
characteristic. In our case a full-bridge recti�er with a capacitive output �lter that provides a DC
voltage at the output load resistance RL.

3.3.1 Resonance peak analysis

One topic of interest from the resonance circuits, is the analysis of the di�erent resonance peaks that
can be generated in the energy transfer circuits, due to the modi�cation of several factors. Sometimes
between primary and secondary coils, there can be the presence of metallic objects that in�uence the
transfer of energy from one side to the other, or a changing load at the receiving circuit that may also
alter the resonance frequency. The e�ect may be seen as a modi�cation of the resonance condition.
In some cases the frequency of maximum power transfer may be shifted or it may appear more than
one resonance peaks. Some optimization has already been seen previously.

In the case of tight magnetic coupling between the coils that perform power transfer, the resonant
peak of the input impedance is divided into several peaks due to the increase of mutual inductance
between the coils. This also will depend on the type of source that drives the coil. For tight magnetic
coupling with constant voltage or current source the peaks will be di�erent [98].

Even though in our case for the NFC system, the primary coil design consists of a primary parallel
resonance, the circuits devoted to wireless power transfer, similar to the commercial standard known
as Qi, consist of series resonance either at the primary and secondary [99]. In this analysis we are
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going to use this situation (series-series resonance Fig. 3.20), an over it the main focus will be in
the appearance of possible resonance peaks. Firstly let us �nd the input impedance variation versus
frequency:

Figure 3.20: Simpli�ed equivalent circuit for the series resonance coils

Zs =
Vs
Is

=

(
jωCsRs + 1− ω2LsCs

) (
jωCLRL + 1− ω2LLCL

)
− w2M2CsCL

jωCs (jωCLRL + 1− ω2LLCL)
(3.38)

To simplify the resonant frequency analysis we can omit Rs and RL and focus on the parallel resonance
(input impedance should be in�nity fpar = 1/(2π

√
LpCp)) and series resonance (input impedance

should be zero) [98]. For ω2
p = 1/(LpCp) and ω

2
L = 1/(LLCL), then:

fLser =

√
ω−2
s + ω−2

p −
√(

ω−2
s − ω−2

p

)2
+ 4k2ω−2

s ω−2
p

2π
√

2(1− k2)ω−2
s ω−2

p

(3.39)

fHser =

√
ω−2
s + ω−2

p +

√(
ω−2
s − ω−2

p

)2
+ 4k2ω−2

s ω−2
p

2π
√

2(1− k2)ω−2
s ω−2

p

(3.40)

In the case that both coils are totally tuned (ωs = ωL), with k=0.3, Ls = Lp = 1080 nH, and
Cs = Cp = 128 pF , we would have for both encountered resonance frequencies the following values.

fLser =
ωs
√

1− k√
1− k2

= 11.8 MHz fHser =
ωs
√

1 + k√
1− k2

= 16.2 MHz (3.41)

Which correspond to the simulated values in Fig. 3.21.
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Figure 3.21: Simulation results for the resonant peak produced in the series resonant circuit used for
energy transfer for Cpar = 3150: m11 @ 11.87 MHz, m14 @ 13.54 MHz, and m7 @ 16.18 MHz.

As was mentioned earlier, the coupling factor may vary due to external factors. If that is the case,
it is of interest to show what is the dependence on such factor for the energy transfer in order to
try to obtain maximum energy transfer e�ciency. Fig. 3.22) shows how as the coupling factor k
increases, the peaks of the series resonance characteristics, move tower distant frequencies from the
central resonance.

Figure 3.22: Dependence of resonance peaks versus coupling factor k, where ma, mc and mb,
correspond respectivelly to m11, m14 and m17 of Fig. 3.21.

Finally in Fig. 3.23 it is shown the level of transmitted power to the secondary circuit. Since we may
have a series or parallel resonance, what is shown is the e�ect when introducing a voltage or current
source shown in Fig. 3.20. With a voltage source of 1 V feeding the primary coil, since the input
impedance presents two resonance frequencies, the power will be transferred ideally at the same two
optimal frequencies (for Vs= 1 V, the power at the RL = 1 Ω is of 120 mW), while in the case of
having a current source at the input, there will be just one optimal frequency for transferring power
to the load (for Is = 15 mA, will be 85 mW, while with 150 mA would be 8.8 W for the same 1 Ω
load), corresponding to the parallel resonance with in�nite input impedance Fig. 3.23.
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Figure 3.23: Blue(P2 linear scale) and brown (P1 log. scale in dBm) line show the transferred power
to the load when having a voltage source feeding the primary. In pink color (P3 in linear scale) is the
power transferred for a current source.

The load of the charging device can be di�erent, not only due to in�uencing external devices that come
closer to the coupled coils, but also due to secondary load variability, for the connected circuit. In our
case of series-series resonance at primary and secondary, the in�uence of the load is important. As
we can see in Fig. 3.25 the amplitude ot the resonant peaks can vary due to di�erent loads presented
in the secondary (RLL from 5 to 150 Ω, in Fig. 3.24). By lowering the load, it arrives at one point
that the central resonant peak is split into two of similar amplitude, and at the resonant frequency,
the input admitance presents a minimum instead of maximum magnitude.

Figure 3.24: Equivalent schematic of the transfer inductive circuit.
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Figure 3.25: Admitance of the primary circuit when having variable loads (m2 @ 11.83 MHz, m3 and
m7 @ 13.4 MHz).

3.3.2 Power transfer e�ciency

One way to evaluate the e�ciency of a wireless charging system is by looking at the losses in the
magnetic circuit. At this low working frequencies, radiation losses can be neglected. Losses in the
magnetic circuit are re�ected by ohmic losses in the winding, determined by the coil's magnetic
coupling factor k and the quality factor Q. The coupling factor will determine the amount of magnetic
�ux penetrating the receiver in comparison to the �ux generated by the transmitter winding, mainly
determined by the coil arrangement. For k = 0 the coils are completely decoupled, while for k → 1,
all the transmitted magnetic �ux reaches the receiver coil.

In Fig. 3.26 it is shown the equivalent circuit of the HF reader operating at 13.56 MHz coupled with
a receiver, both using inductive loop antennas and including the di�erent parts of the transmitter
circuit design considered previously.

In order to be able to evaluate the performance of the circuit in a more simpli�ed manner, it is
possible for the analyses of losses and e�ciency, to omit the circuitry dedicated to low pass �ltering
and matching. Also one can convert the di�erential network into a single ended referenced to ground,
making the impedance transformation as indicated bellow in the same �gure, simpler for analysis
purposes.

As it is being demonstrated in Annex C, the Loss Factor expressed as the relation between output
power to the input power of the transmitter (LFp), in Fig. 3.26 c) corresponds to the expression
obtained in C.5 and repeated here eq.(3.42) (γ = RL/XL):

LFp =
PTo
PTi

=
R′p
RL

[
(Rs +RL)2

X2
Ls

+
(XLs −XCs)

2

X2
Ls

]
=

1

(Qk)2

(
1√
qγQ

+
√
qγQ

)2

(3.42)

When considering the di�erent parameter de�nitions in Annex C, and the ideal case of XLs = XCs,
then the following expression is obtained for the total loss factor:

LF = LFs + LFp =
1

qQγ
+

1

(Qk)2

(
1√
qγQ

+
√
qγQ

)2

=
1

qγQ
+

q

γQk2

(
γ +

1

qQ

)2

(3.43)

Using this expression, some results are presented in Fig. 3.27, where the loss factor is being plotted
for di�erent coupling factors between coils. In the case of k = 0.2, the LF = 0.1 which corresponds to
an e�ciency of 90%. The coupling of 0.2 according to Fig. 3.6 corresponds to a couple of equal coils
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(a)

(b)

(c)

Figure 3.26: (a) Initial transmitter circuit. (b) Equivalent simpli�ed single-ended circuit between
charger and reader. (c) Equivalent circuit transformed into the secondary.

with radius R1 = 2 cm positioned at a distance of r = 28 mm, or for example radius of R1 = 80 mm
at distance r = 110 mm. For the previous obtained equation, the optimum e�ciency is also shown
by small circles. These values are obtained by doing δLF

δγ = 0, which corresponds to the optimum for

the matching factor de�ned in Annex C as γ = RL
Lsω

.

γopt =
1

qQ

√
(kQ)2 + 1; q =

√
Qs
Qp

; Q =
√
QpQs (3.44)
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(a) (b)

Figure 3.27: Loss Factor for di�erent coupling factors and two realistic inductor quality factors, (a)
Loss Factor for Q = 100, (b) Loss Factor for Q = 20.

The previous expression, shows that for a good wireless power transfer between the two coils, one
needs to optimize the product kQ. In case of having a bad coupling, it could be compensated by
improving the quality factor of the coil. As shown in Fig. 3.28, in the case that the reader has
a better quality factor than the receiver coil, there is no much di�erence between a coupled and
non-coupled antenna (LFX=1 = 4% and LFX=0 = 6%). In the opposite case, the di�erence is much
important (LFX=1 = 4% and LFX=0 = 18%). So in general, a much higher freedom exists in the
design of the transmitter coil.

In Fig. 3.28 we analyze the e�ect of perfect resonance in the secondary coil (XCs = XLs, so X = 1)
and non resonance with X ≡ XCs

XLs
= 0.

In our case of having Q=20, and a k = 0.3, the optimum value would become γopt = 0.3 corresponding
to an e�ciency of 60% (LF = 40% at RL = 0.3 · 2πf · 103nH = 25Ω, RL/XL = 0.3). If we had no
restriction in regards to the data rate communication transfer, and one could increase the quality
factor up to Q = 100, the transfer e�ciency would increase to 90%, so the limiting factor is being
shown when using systems that must comply with some communication constraints, and at the same
time being able to transfer energy.

When being limited by Q (antenna also used for comm's) and k of the antenna coils, in our
case k = 0.3 and Q = 20, the maximum energy transfer e�ciency achieved is 60%. Increasing
Q by 5 would increase e�ciency by 1,8 from 50% to 90%.

Limited e�ciency
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(a) (b)

Figure 3.28: Loss Factor in a coupled 2 inductor circuit for di�erent matching conditions and quality
factors of receiver and transmitter coils. (a) Transmitter coil with better quality factor, (b) Receiver
coil with better quality factor.

In relation to the measurement set-up for such parameters, one way to evaluate the losses is for
example by means of measuring the S-parameters. They will help in order to evaluate the e�ciency
of a wireless power systems as it is used for example in [77]. In that case, the e�ciency is computed
as:

η =
PL
Pin

=
|S21|(1− |ΓL|2)

(1− |Γin|2)|1− S22ΓL|2
(3.45)

where for the case of having matching conditions at the load Z0 = ZL = 50Ω then, ΓL = 0 and one
can write the simpli�ed relation related with the measured values:

Γin =
S11 + (S12S21ΓL)

1− S22ΓL
so η =

|S21|2

1− |S11|2
(3.46)

Optimal load for maximum e�ciency transfer

Considering the equivalent circuit c) from Fig. 3.26, it is possible to compute the power e�ciency
in the transfer of power from the reader to the battery charger by considering electrical parameters
from the equivalent circuit, including losses Rp and Rs. So, as demonstrated in Annex C, the total
e�ciency, de�ned as the output power to the load resistor RL divided by the real power to the
transmitter antenna Rp, is:

ηL =
ω2M2RL

Rp(Rs +RL)2 +Rp

(
ωLs − 1

ωCe2

)2

+ ω2M2(Rs +RL)
(3.47)

Such e�ciency will be optimal for a determined operating load resistance RL. The operating conditions
are supposed to present a resonance in the coil (C2 = 1

L2ω2 ). The optimal e�ciency provides then

maximum output power at the receiving antenna and can be found by doing: δηL
δRL

= 0.
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ω2M2(RpR
2
s + 2RpRsRL +R1R

2
L) +M4ω4(Rs +RL)− ω2M2RL

[
2Rp(Rs +RL) +M2ω2

]
= 0;

ω2M2RpR
2
s +M2ω2Rp +R2

L +M4ω4Rs − 2M2ω2RpR
2
L = 0; RpR

2
s +RpR

2
L +M2ω2Rs = 0;

(3.48)

solving for Ric one can �nd the optimal resistance as:

RLop =

√
R2
s +

M2ω2Rs
Rp

= L2ω

√
1

Q2
s

+ k2
Qp
Qs

(3.49)

The optimum e�ciency can be obtained when using optimal load resistance

ηLop =
k2QpQs(

1 +
√

1 + k2QpQs
)2 (3.50)

That can be expressed in therms of the following indicator parameters:

Qp =
Lpω

Rp
; Qs =

Lsω

Rs
; k =

M√
LpLs

; (3.51)

The quality factor of inductances are limited by technology and transmission bandwidth, so we consider
the working parameters (Qp = Qs = 20), and for the di�erent antenna inductance values and coupling
coe�cients. The optimal load resistance and optimal resistance are represented in Fig. 3.29:

(a) (b)

Figure 3.29: Optimal values for load resistance (a) that faces the equivalent circuit of two coupled
inductors at resonance frequency. In (b) optimal power e�ciency.

Following the discussion on previous section, once found the optimal resistance and the optimal
e�ciency of the resonant coupling circuit, one has to consider the mission of obtaining from the
magnetic �eld the maximum current to charge a battery. There are di�erent conditions that in�uence
such current induction. One consideration for the charging circuit is limiting the voltage. Here we
consider 5V, as the reference voltage used for charging. In the case of optimal load resistance presented
to the receiving coil, from the results depicted in Fig. 3.30, for a coupling factor of k=0.3, the coil
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Table 3.5: Features from commercial NFC reader Integrated Circuits (IC)

IC Voltage Isleep ITX Comm's Compatible

PN512 2.5 - 3.6 10 µA 100 mA SPI, UART, I2C
ISO/IEC
14443A/MIFARE

EM4094 3.3 - 5 1 µA 100 mA SPI ISO14443 type A, B

AS3911 2.4 - 5.5 0.7 µA 600 mA SPI
ISO 18092 (NFCIP-1),
ISO14443A, B and FeliCa

inductance that provides 1 W output power is around 980 mH. With higher coupling factor, to get the
same power we require lower inductor, while lower coupling it increase, so for k=0.2, the inductance
can be 1.4 µH.

Figure 3.30: Loss Factor for di�erent 'k', for Qs = Qp = Q = 100

With the previous data, one can look at the induced current in the coil, that corresponds to the
magnetic �ux �eld that crosses the coil area. When requiring 5 V at the input of the charging circuit,
with M = 300 nH, using Eq.3.4, the current would be:

I =
Vind
jωM12

= 196 mA (3.52)

It has not been possible to use Eq.3.5, because it is only valid for low coupling circuits. The power
transfer will be limited by available output power from primary circuit. When using NFC, this power
is limited by NFC reader design. Table 3.5 provides information on NFC transmitter circuit, including
information of di�erent manufacturers for comparison. In our case AS3911 can provide the higher
transmit current.

E�ciency analysis including two cases for secondary, series and parallel resonance
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In the wireless power transfer circuit, the two coils are normally coupled through low coupling
coe�cient and a resonant circuit is normally added at the secondary to improve performance. In
the primary circuit, in case we want to charge from NFC, the primary circuit will consist on a parallel
resonance circuit implemented by the communication circuit design, while for other systems devoted
to power transfer energy (Qi), they consider the primary as series resonance circuit. In the secondary
we can choose between series and parallel [100], so it is interesting to analyze the di�erent performance
characteristics.

In Fig. 3.31 we can see the circuit typologies to implement the resonance in the secondary circuit,
which can be series or parallel depending on the capacitor location. For the primary circuit, it is
considered parallel resonance. To analyze the e�ciency in both cases, it is interesting to transform
the secondary into the primary circuit as shown in Fig. 3.32. With that transformation we can obtain
the total e�ciency as a combination of the e�ciency of the primary and secondary circuit:

(a)
(b)

Figure 3.31: All possible resonances at the secondary: (a) Series secondary resonance and (b) Parallel
secondary resonance, of the transformer considering series resonance at primary, typical from NFC.

η = ηpri · ηsec where ηpri =
<e{Zr}

<e{Zr}+Rp
and ηsec =

Req
Req +Rs

(3.53)

Series resonance in the secondary

Looking the circuit of Fig. 3.31 a) the secondary total impedance can be transformed into the primary
by applying the mutual coupling coe�cient factor in the following way:

Figure 3.32: Transformation of secondary impedance into the primary.

Zs = Rs +RL + j

(
Lsω −

1

Csω

)
(3.54)

that converted into the primary side will become (Fig.3.32):
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Zr =
M2ω2

Zs
=

(Mω)2(Rs +RL)

(Rs +RL)2 +
(
Lsω − 1

Csω

)2 − j
(Mω)2

(
Lsω − 1

Csω

)
(Rs +RL)2 +

(
Lsω − 1

Csω

)2 (3.55)

taking the real part:

<e{Zr} =
(Mω)2(Csω)2(Rs +RL)

(LsCsω2 − 1)
2

+ (Csω)2(Rs +RL)2
at resonance; <e{Zr(ω0)} =

(Mω)2

Rs +RL
(3.56)

Then the e�ciency of the magnetic circuit when having the series resonance is the following:

ηSpri =
<e{Zr(ω0)}

<e{Zr(ω0)}+Rp
=

(Mω)2

(Mω)2 +Rp(Rs +RL)
and ηSsec =

RL
RL +Rs

(3.57)

so the total e�ciency will be;

ηS = ηSpri · ηSsec =
1

1 +
Rp(Rs+RL)

(Mω)2

· RL
RL +Rs

(3.58)

Parallel resonance in the secondary

Applying the same reasoning as in the previous case but for the case of having parallel resonance at
the secondary as shown in Fig. 3.31 b), we �rst �nd the impedance in the secondary considering the
inductance series resistance;

Zs = Lsωj +
RL

RLCsωj + 1
(3.59)

And transforming the impedance into the primary;

Zr =
(Mω)2

Zs
=

(Mω)2(RL +Rs)

(RL +Rs − ω2RLCsLs)2 + (ωLs)2
+j(Mω)2

[
ωRLCs(RL +Rs − ω2RLCsLs)− ωLs

]
(RL +Rs − ω2RLCsLs)2 + (ωLs)2

(3.60)

The real part when considering the resonance condition will become;

<e{Zr(ω0)} =
(Mω)2(RL +Rs)

R2
s + (Lsω)2

(3.61)

so the e�ciency of the magnetic circuit when having the parallel resonance will be the following;

ηPpri =
<e{Zr(ω0)}

<e{Zr(ω0)}+Rp
=

(Mω)2

(Mω)2 +
Rp

(RL+Rs)
[R2
s + (Lsω)2]

(3.62)

The secondary is constituted by parallel capacitance with the load, the series equivalent resistance in
Fig. 3.33 of such parallel circuit is Req, which help to compute the e�ciency in this secondary circuit
as;
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Figure 3.33: Equivalent impedance from the secondary parallel resonance circuit.

ηPsec =
Req

Req +Rs
=

RL
RL +Rs +R2

LRsC
2
sω

2
; because Req =

RL
1 + (RLCsω)2

(3.63)

ηP = ηPpri · ηPsec =
1

1 +
Rp[R2

s+(Lsω)2]
(Mω)2(RL+Rs)

· RL
RL +Rs +R2

LRsC
2
sω

2
(3.64)

(a) (b)

Figure 3.34: Comparison between series series (blue line) and series parallel (red line) resonance
between primary and secondary coil inductance. (a) Simulation versus (b) analytic results.

From these expressions, the resistance values are considered ideal components that do not vary with
frequency. In this case a slight deviation from ideal resistance values would be expected in the previous
�gures when computing e�ciency versus a wide range of frequencies. Depending on the size of the
conductors, a frequency dependency towards increase the resistance by frequency due to skin e�ect
would be expected.

Some interesting conclusions can be extracted from this series-parallel resonance. That is the case
where having series resistance at the secondary the e�ciency is kept more constant independently of
the Cs value.

94



Chapter 3. HF antenna and charging circuit design 95/145

Figure 3.35: E�ect of RL on the power transfer circuit

In relation to the load resistance, as can be seen in Fig. 3.35 when RL varies, the e�ect on e�ciency
will be lower for parallel resonance, while in the case of series resonance, the variation of e�ciency
versus frequency will depend much more on this impedance. If one considers a �xed frequency, the
variation of e�ciency is less in series resonance (5% for series versus 15% for parallel resonance).
There is a frequency point where both e�ciencies (ηS , ηP ) are equal, the frequency where this occurs
will be low for lower RL. Above such frequency, for a series resonance circuit the e�ciency will be
always higher.

Considering driver e�ciency

Let us now consider the properties of the power ampli�er driving the transmitter coil. This is typically
a class E ampli�er, which requires just a single switching transistor (can be nMOS), and can achieve
a theoretical e�ciency of 100%, that in practice becomes 85% [101]. From [102] it is shown that the
peak AC voltage on a transmit coil powered by a class E power ampli�er operating from a DC voltage
supply of Vs can achieve ideally:

VTpk =
2√

π2

4 + 1
QpVs = APAQpVs (3.65)

where APA represents the voltage gain of the ampli�er, in our case with Vs = 5 VDC and Qp = 20, we
have VTpk = 39, 7 V. For the total e�ciency of the circuit, from the transmitter power ampli�er to the
power received by the load, one easy option is to transform the circuit to the primary of the coil. Lets
�rst work on the secondary circuit. Converting the inductance series resistance into parallel, which
will allow to make equivalences in parallel resistances:

Q′S =
(Q2

SRS)//RL
LSω

; QP =
ω0LP
RP

(3.66)

In addition for the primary circuit, one can decompose the transmitting inductance into the leaking
inductance and the magnetizing inductance, see Fig. 3.37. In parallel to the magnetizing inductance,
used to transfer power to the receiving or secondary coil, there will be the equivalent capacitance CSeq
and the equivalent resistance RSeq passed from the secondary to the primary [103].
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LPmag = k2LP ; LPleak = (1− k2)LP ' LP (3.67)

CSeq =
LS
LP

CS
k2

; RSeq = k2LP
LS

RL = k2QPQ
′
SRP (3.68)

with the voltage gain of the ampli�er APA ' 1.07. And the voltage gain from the primary coil to the
secondary or receiving coil is given by [102]:

Awpt =
VSpk
VPpk

= k

√
Ls
Lp
Q′S (3.69)

then;

VSpk
VS

= APAk

√
LS
LP

Q′PQ
′
S (3.70)

Figure 3.36: Power e�ciency balance.

At this point it is possible to consider the total e�ciency, from the power ampli�er output, to the
wireless load charging circuit, or equivalent load resistance. So considering the driven power from the
power supply as PSS = VS · IS ;

η =
PL
PSS

= ηPA · ηT · ηR =
(RP +RSeq )I

2
L

VSIS
· k2QPQ

′
S

(1 +
√

1 + k2QPQS)2
(3.71)

assuming the receiving e�ciency ηR ' 1 if the receiving coil without charge has a high QS .

Power to the load

For the WPT circuit, the important part is the amount of power that is transferred to the load from
the secondary coil, which can be composed of a battery in the case of remote wireless sensors. In this
case, it is of interest to be able to deduce an analytical expression that would help in predicting such
power. A �rst step is to use the two-leakage inductance transformer equivalent model Fig. 3.37 b) as
used in the e�ciency analysis.

96



Chapter 3. HF antenna and charging circuit design 97/145

(a)
(b)

Figure 3.37: Electrical circuit for the WPT system including full-wave recti�er. Llkp = (1 − k)Lp =
(1 − k)n2Ls, Llks = (1 − k)Ls and Lm = k · Lp. (a) WPT circuit with RF/DC recti�er, and (b)
Equivalent WPT circuit.

(a)
(b)

Figure 3.38: Simpli�cation on the previous WPT system. L1 = Llkp, L2 = −kn2Lp. (a) First
simpli�ed equivalent circuit, and (b) Simpli�cation at resonance frequency.

From this �rs circuit it is possible even to reduce it further, by transforming the secondary into the
primary side such as Fig. 3.38 a), and �nally if one is interested at the results when working at the
resonant frequency, the one with ideal matching and e�ciency conditions, it is possible to reduce even
further the circuit to the one depicted in Fig. 3.38 b). In this case the analysis is simpli�ed and shown
bellow:

PL =
V 2
L

RL
; where VL

∣∣∣∣
fo

= V2
n2Req

|n2Req − jωLp(1− k − n2)|
; V2 = V1

Zeq
|Zeq − jωLpk|

(3.72)

Zeq

∣∣∣∣
fo

=
jωkLp

[
(n2Req + jωLp(1− k − n2)

]
jωkLp + n2Req + jωLp(1− k − n2)

=
jωkLp

[
n2Req + jωLp(1− k − n2)

]
n2Req + jωLp(1− n2)

(3.73)

VL

∣∣∣∣
fo

=
V1 · n2Req

|n2Req + jωLp(1− k − n2)|
·

jωLpk
[
n2Req + jωLp(1− k − n2)

]
|jωkLp [n2Req + jωLp(1− k − n2)]− jωLpk [n2Req + jωLp(1− n2)] |

(3.74)

VL

∣∣∣∣
fo

= V1
Lpω(n2 + k − 1) + jn2Req

ωLpk
(3.75)

where VL is the load voltage. In a symmetric WPT circuit, with equal values for the coils in the
primary and secondary, the values have been simpli�ed using; L1 = −kLp, L2 = −Lp(1−k−n2), and
Lm = kLp. In the case L1 = L2 we would have n = 1.
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3.4 Conclusions

A design of HF communication and power transfer system is analyzed and designed. Based on the
coil design a simulation environment is created to investigate �ltering and receiver mixer sensitivity.

Some e�ects of power degradation are investigated, based on non-ideal conditions. Some causes as loss
in coupling between primary and secondary coil are investigated considering e�ects such as proximity
of metal objects, miss alignment or, di�erence in sizes between coils.

Analytical expressions for the e�ciency �nally provide good insights into the optimum coil design,
potential losses, and maximum coupling to accomplish the most remarkable of the HF coupling in NFC
circuit. Di�erent resonance con�gurations are justi�ed in the study, to accomplish a good compromise
and design reference.
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4 NFC to RFID circuit implementation

4.1 Introduction

The thesis consist on investigating, and implementing a platform that integrates both systems, NFC
and UHF-RFID technologies, which interact with each other, optimizing area, and functionality. It
integrates the necessary circuitry to prove the concepts of dual functionality, that is, the use of NFC
for communications between NFC devices such as mobile phones, or NFC sensor as usual, and also
for charging wireless devices, while being robust to interference.

For simpli�cation on the RFIC design, the "zero-IF" radio architecture with single antenna is chosen
for both systems, including a mixer �rst stage radio as receiver for the RFID part. Such IC's are
being provided by ST (recently acquired from AMS - Austria Micro Systems). In regards to NFC, it
is used a ST chipset AS3911 with main properties described in table 3.5. The interest of such complete
system, resides in providing a tool to mobile phones so, they can power sensors wirelessly, and read
recorded data via UHF-RFID at longer distances that NFC.

In the same manner as the NFC and WPT has been designed in chapter 3, with all its building blocks
well de�ned and justi�ed. Here we are going to justify the design of the UHF-RFID design.

4.2 UHF-RFID architecture

4.2.1 Gen2 Protocol introduction

For the UHF-RFID communication to take place, the EPCglobal Gen2 protocol speci�es that an
interrogator will sent the information to the tag/s by modulating the RF carrier in one of the
modulation schemes introduced in chapter 2, managing tag populations using three basic commands:

1. Select: Choose one or more tags based on a value or values in tag memory, and may use
a Challenge command to challenge one or more tags, based on tag support for the desired
chriptographic suite and authentication type.

2. Inventory: After a Query command one or more tags may reply. The interrogator detects a
single tag reply and requests the tag's EPC. Inventory comprises various multiple commands.

3. Access: Communications with an identi�ed tag performing;

• a core operation such as reading, writing, locking or killing the tag.

• a security operation such as tag authenti�cation

• a �le-related operation such as opening a particular �le
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Tags energized by a reader shall be capable of receiving and acting on interrogator commands within
a period not exceeding maximum settling time of RF carrier (Ts = 1500 µs) or rise time (Ths =
500 µs). The reader may choose to access a tag after acknowledging it. The access commands
are ReqRN, Read, Write, Lock, Kill, Access, BlockWrite, BlockErase, BlockPermalock, Authenticate,
ReadBu�er, SecureComm, AuthComm, KeyUpdate, Untraceable, FileOpen, FileList and FilePrivilege.
Access always begins with an interrogator moving a tag from the acknowledge state to either open
or the secure state.

4.2.2 EPC Global Class3 Protocol introduction

Since our system must be able to communicate with RFID tags that contain sensor information and
have a battery, this tag �ts in a new classi�cation out of the regular Class 2 tags with just EPC code.
For clarifying purposes, here is a classi�cation of all the RFID tags depending on their functionality:

• Class 0: UHF read-only, preprogrammed passive tag

• Class 1: UHF or HF; write once, read many (WORM)

• Class 2: Passive read-write tags that can be written to at any point in the supply chain

• Class 3: Read-write with onboard sensors capable of recording parameters like temperature,
pressure, and motion; can be semipassive or active

• Class 4: Read-write active tags with integrated transmitters; can communicate with other tags
and readers

• Class 5: Similar to Class 4 tags but with additional functionality; can provide power to other
tags and communicate with devices other than readers

4.2.3 UHF-RFID transceiver technologies

The UHF RFID radio reader developed by AMS later ST, is the commercial AS3993 IC, that performs
in a single device the receiver and transmitter part. It is an EPC Class 1 Gen 2 [104] RFID reader IC
which implements ISO 18000-6C, the ISO 29143 air-interface protocol for mobile RFID interrogators,
and ISO 18000-6A/B for operation in direct mode.

The whole integrated CMOS-IC has few external components, one of them is the power ampli�er
(PA) for high output power. There is a small power integrated PA, but because of the low breakdown
voltage, small transconductance and poor passive devices in CMOS technology, it is not a straight
forward task to design a fully-integrated CMOS PA with high output power, e�ciency and linearity
[105], so external PA is required. In addition, with integrated high power PA, there are high spurious
emissions generated by the PA that a�ect the receiver as well as strong components injected into the
substrate or induced at the circuit's front end, that demands for a high linearity front-end design.
Substrate injection by the PA highly a�ects the VCO's phase noise (PN). The Fig. 4.1 shows the IC
block diagram together with the front end implementations. Instead of selecting high power to the
internal PA, which can saturate receiver input sensitivity, due to substrate leakage coupling problem,
it is advisable to reduce RF power from the output of the front-end IC, and demand higher power
from external PA. In our case we use as external PA the reference RF2172 from RFMD, a 23.5 dBm
output power PA with variable gain adjustable from 0 dB to 28 dB, and 45% e�ciency. So in this
case, the internal PA only requires -5 dBm output power, reducing the risk of coupling and phase
noise.
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Figure 4.1: Block diagram of the UHF-RFID radio IC, AS3993.

The design has been implemented using FR4 substrate with permittivity of ε=4.2. Several trials have
been needed to improve signal integrity between MCU and front-end due to layout tracing.

The communication between readers and tags is half duplex (R-T and T-R). In forward link, reader
sends a modulated carrier to the passive tags. This signal powers up the tags and then tags arbitrates
their state and determines which tag responds to the reader. In the return link, the reader sends
a continuous-wave (CW) carrier, the tag receives the carrier for powering itself and modulates the
backscattered incident wave by varying its input impedance, changing the re�ection coe�cient of the
antenna.

With the intention of integrating RFID radios in compact embedded devices, there is the trend on
designing RFIC's in compact size, which implement many functionalities. Some e�orts are made in
order to improve read range or power consumption, reducing interference desensibilitation. In table
3.1 there are some examples of RFIC developments for UHF-RFID applications with the achievements
on main parameters. Except for [13] that achieves +30 dBm output power and -87.4 dBm sensitivity
using and integrated blocker-canceller feedback that eliminates the self-jammer signal, the rest of the
solutions present relative low output power. The picture of the IC layout with its sizes is shown in
Fig. 4.2.

Table 4.1: Performance summary of RFID reader ICs
[106] [107] [108] [109] [13] [110]

Technology 0.18 µm 0.18 µm 0.18 µm 0.18 µm 0.18 µm 0.18 µm
SiGe BiCMOS CMOS CMOS CMOS CMOS CMOS

Sensitivity, S(dBm) -85 -77 -85 -90 -95.3 -75
Rx. IIP3 (dBm) NA 1 NA -2 -8 NA

Output Power (dBm) 11 7.5 10 10.4 30 22.4
PA on chip YES YES NO NO YES YES

Total power (mW) 1200 203 540 276 92 (no PA) 1089

In the case of the AS3993, it has a low power consumption architecture (2.7 V at 65 mA), and small
size (QFN-48 7x7 mm), with high sensitivity of -90 dBm. It also includes programmable �lters in
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(a)
(b)

(c)

(d) (e) (f)

Figure 4.2: Photos of di�erent RFID transceiver CMOS dies. (a) [106] 21 mm2. (b) [108] 36 mm2.
(c) [109] 18.3 mm2. (d) [13] 6 mm2. (e) [110] 16.8 mm2 (f)[111] 13.5 mm2

.

"dense reader" mode, that avoids possible con�icts in environments with many readers. Internal PA
can provide up to 20 dBm output power, but for the reasons above mentioned we use the 0 dBm
di�erential output and external PA. Also has internal VCO generating -124 dB/Hz phase noise.

The reader includes some diagnostic features such as RSSI measurement or re�ected power. This one
is a measurement taken after the mixer, that can be used when activating the transmitter, as stated
before, for interference avoidance due to channel occupation. It complies with EPC class 1 Gen2 (ISO
18000-6C), also with ISO 29143 and with ISO 18000-6A/B (direct mode). The con�guration can be
done accessing the control registers via SPI from a simple MCU. A picture of the blocks for this IC
can be seen in Fig. 4.1.

4.2.4 UHF-Tag

There are two operations of the compact RFID to NFC reader, a basic one for inventorying using
standard RFID tag, and for sensing applications, a more novel application.

Among the most popular commercial tag manufacturers one can �nd, Alien with their Higgs series
of tags, or Impinj with their Monza series. In all cases, as the time passes by, the improvement in
sensitivity is increasing but slowly with technology, so longer reading distances are achievable, reaching
-19.5 dBm for the MONZA 4, or -20.5 dBm for the Higgs-EC or Higgs 9. Fig. 4.3 shows some of the
most remarkable RFID tag layouts found in literature, including also their sizes.

102



Chapter 4. NFC to RFID circuit implementation 103/145

(a) (b) (c)

(f)

Figure 4.3: Photos of di�erent RFID tag CMOS ICs. (a) [20] 0.55 mm2. (b) [21] 0.64 mm2. (c) [16]
0.89 mm2. (d) [112] 4.5 mm2.
.

Table 4.2: EPC Gen 2 UHF RFID ICs

[20] [21] [16] [112]
Technology 0.13 µm 0.35 µm 0.18 µm 0.18 µm

CMOS CMOS (Ti/Al/ta/Al) CMOS CMOS
Sensitivity, S(dBm) -14 -14.8 -21.2 -19.4
Data rates (kbps) 40-160 150 71-142 1000

Power consumption (µW) N/A 240 3.2 0.6
Typ. range (m) 7 4.5 19.6 15.7
Modulation ASK PR-ASK ASK (m=40%) ASK impulsive OOK, BPSK

As a proof of concept, we have used NFC and RFID sensors with data logging capabilities, so some
data can be taken while the sensor is in sleep state and wakens every once in a while, and the data is
saved in the internal memory. Once it is required, the RFID reader can retrieve the stored data from
the distance by interrogating the RFID tag. At this time the RFID tag can erase the local memory
and start measuring again. The energy required to measure and store data in EEPROM internal
memory is taken from the local storage element that is charged using our NFC WPT system.

Table 4.3: EPC Class 3 or 1 Gen 2 UHF RFID ICs and NFC, with sensing capabilities

commercial
name

EEPROM Supply Included
sensor

comm's

SL900A Gen2 9kbit 1.5 - 3V Temp. sensor SPI
EM4325 Gen2 4kbit 1.25 - 3.6 V Temp. sensor SPI

NT3H1101 NTAG 2kbit 1.7 -3.6 V external I2C

A common feature for those ICs is that they are active, so require extra supply voltage. Such
voltage is used to take measurements while the tag is not being illuminated by the reader, and
be stored in the internal memory. For such purpose, some tags require extra MCU functionality
that awakens the system, communicates with sensors, takes measurement, stores them and goes to
sleep again. Both cases are shown in Fig. 4.4. To show the e�ectiveness of the NFC-WPT with
RFID we have implemented both type of sensors. Using SL900A as UHF tag ans sensor, and also
using EM4325, which communicates with external MCU unit that performs sensing measurements
and stores information in internal EEPROM.
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Figure 4.4: Architecture of the RFID sensor tag with and without data logging capabilities.

4.3 UHF-RFID electronics design

One of the most important part of RFID reader design is to accomplish a good isolation between
transmitter and receiver. Long reading range, means high output power and high sensitivity, and
using the described reader architecture, consisting of the one single antenna reader, a good isolation
between PA and receiver is mandatory for low coupling. In addition to provide external PA or
high isolation coupler in antenna connection, in terms of circuit isolation, we obtain high isolation
using Coplanar Waveguide (CPW) layout for transmission lines, because there are always RF grounds
between traces. Many examples of high-isolation RF switches have used grounded CPW to get 60 dB
isolation or more.

The ground inductance for shunt elements is quite low for CPW, compared to microstrip applications.
This is because the RF ground is very close, and it is not necessary to drill a via hole to connect to it
(Fig. 4.6). Our intention is to build compact circuits using narrow transmission lines, in this case we
have trade o� RF loss, and reducing the line length to reduce couplings (coupling increases by 6 dB for
each doubling of line length [113]). CPW circuits can have higher losses than comparable microstrip
circuits, but on the other hand, we are tracing very short CPW lines, so the losses are reduced.

In terms of circuit size, CPW is at a disadvantage versus a stripline of microstrip circuit, because it's
e�ective dielectric constant is lower (half of the �elds are in air). There's a rule of thumb for CPW
that states that the e�ective dielectric constant for "classic" CPW is very close to the average of the
dielectric constant of the substrate (because the �lling factor is 50%), and that of free space. So if
we are using FR4 with ε = 4.2, the e�ective dielectric constant would be roughly (4.2+1)/2=2.6. But
compromise must be taken since other e�ects such as Electromagnetic Interference (EMI) or cross-talk
are of much important in RF circuits, and also in analog and digital design.

We have placed many ground straps, they are always needed to tie the two grounds together in CPW,
to avoid undesirable Modes with possible resonances. These are especially important around any
discontinuity, such as a tee junction. So we use di�erential traces like balun input, in case of the
transmitter output signal, or balun output in case of receiver signal, and for the rest just single line
Coplanar Wave Guide with Ground (CPWG), see Fig. 4.5.
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(a)
(b)

Figure 4.5: Coplanar wave guide (CPWG) with ground planes used in RF front-end, for transmitting
single mode signals (a), or di�erential signals (b).
.

In Fig. 4.6 it is shown the layout of top and bottom layer, di�erentiating the RF ground layer, from
the RF digital ground, which are only connected at few locations to reduce couplings and ground
loops between DC and RF parts.

The RFID reader is a monolithic design, so the antenna is the same for transmitter and receiver.
This option is the easiest and most common one for a compact integration. In case more space
would be provided, a dual antenna reader could have been designed, in this case the isolation between
transmitter and receiver can be higher improve, and also other antennas can be used to activate the
RFID tags.

Figure 4.6: Two layer layout (top left and bottom middle) and picture of the PCB for the UHF-RFID
front-end.

4.4 UHF-RFID Compact antenna design

We need to design a UHF- antenna working in combination with mobile phone. The backside of mobile
phones is characterized by the presence of a battery, which essentially behaves as a metal plane, and
consequently, the use of dipoles is not convenient. Thus, a microstrip patch is one of the most suitable
con�guration to be used as UHF RFID antenna. Moreover, a common characteristic of such antennas
is that they are low pro�le, allowing for a narrow design of the UHF RFID module. The size of the
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antenna, namely, 60 mm by 100 mm, was chosen to �t to typical commercial smartphones. Since the
above-mentioned size is smaller than half wavelength at the UHF RFID band, a quarter-wavelength
patch antenna was considered. To reduce the antenna length even more, the rectangular patch was
bent to get a right-angle.

Patch antennas are a type of microstrip antennas, easy to fabricate and integrate because the elements
are usually �at, just a conductor over a ground plane. Once feeded on the conductor plane, the electric
�eld distribution is exited in its fundamental mode (TM10, electric �eld in "z" direction and magnetic
�eld in x and y axis parallel to ground plane), being zero at the center of the patch, maximum at one
side and minimum at the other side. Such electric �eld expands beyond the edges of the patch which
is known as fringing �elds, causing the �elds to radiate.

The antenna was designed on a Rogers RO4003 substrate with thickness h = 0.8 mm, dielectric
constant εr = 3.55, and loss tangent tan δ = 0.0022. The dimensions of the antenna layout, as shown
in Fig. 4.7, are w1 = 0.4 mm, l1 = 12.6 mm, w2 = 1.5 mm, l2 = 9.5 mm, w3 = 1.5 mm, l3 = 10.2 mm,
w4 = 5 mm, l4 = 8.9 mm, w5 = 3.8 mm, W = 23.8 mm, and L = 45 mm. It can be observed that a
signi�cant size reduction (λ/7.5) is achieved as compared with typical half-wavelength patch antennas.
The radiation e�ciency was found to be 20% and the input impedance ZinANT = 1.45− j22Ω at 867
MHz [8].

Figure 4.7: Compact HF-UHF antenna design [8].

The return loss S11 of the UHF RFID antenna was measured by means of the E8364B vector network
analyzer. As it can be seen in Fig. 4.8 b), a frequency shift of 20 MHz occurred, with a non-signi�cant
degradation of the impedance matching. The UHF RFID antenna was scaled a 2% down in order to
compensate for the frequency shift.

A link budget was used to measure the RFID antenna radiation patterns of the E-plane (yz-plane)
and the H-plane (xz-plane) including co-polar and cross-polar components. The link budget consisted
of the above-mentioned vector network analyzer, where the �rst port was connected to an 83006A
ampli�er. The output of the ampli�er was connected to an ETS-Lindgren 3164-07 horn antenna,
which was located inside an anechoic chamber. The antenna prototype under test was also located in
the anechoic chamber and connected to the second vector network analyzer port. To measure di�erent
angles, an angular sweep was carried out by means of a stepper motor and a controller, and it allowed
obtaining the radiation diagram depicted in Fig. 4.8 c). The measured maximum realized gain is
G = −3.7dB (NFC antenna is already explained in section 3).

The electronic components of the RFID reader are placed next to the metal strips of the antenna�
not interfering its performance. NFC antenna is also closely connected with the rest of components
avoiding interference.
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a) Normalized radiation diagram
for the UHF RFID reader

antenna.
b) Simulated and measured

frequency responses of the UHF
RFID reader antenna.

a) Measured normalized
radiation diagram.

Figure 4.8: Measurements and simulations of the UHF-RFID reader antenna, CP and XP stands for
co-polar and crosspolar components respectively. [8].

4.5 NFC and WPT circuit design

Operation modes: NFC devices can operate in three di�erent modes based on the ISO/IEC 18092,
NFC IP-1 and ISO/IEC 14443 contactless smart card standards.

• Read / Write: In this mode, the NFC enabled phone can read or write data to any of the
supported tag types in a standard NFC data format.

• Peer to peer: In this mode, two NFC-enabled devices can exchange data. For example, you
can share Bluetooth or Wi-Fi link set up parameters to initiate a Bluetooth or Wi-Fi link. You
can also exchange data such as virtual business cards or digital photos. Peer-to-Peer mode is
standardized on the ISO/IEC 18092 standard.

• Card emulation: An NFC-enabled phone acts as reader when in contact with tags. In this
mode, the phone can act as a tag or contactless card for existing readers.

This section describes the design of the wireless battery charging system composed by elements
considered in previous analysis. It consist of a device that uses the electromagnetic �eld generated by
a primary coil in order to induce current to a secondary coil, which is used to charge the battery for
our system. Such a way of charging devices, is being already used in some cases such as toothbrush
or human body integrated systems under skin, and it is known as inductive charging. But still it is
not a well established method, and not yet applied in NFC.

There exists an standard that was created for low power devices (up to 5 W), such as the Qi standard,
intended to transfer power from a Base Station to a Mobile Device, based on near �eld magnetic
induction between two coils [114]. Qi came from the Wireless Power Consortium (WPC) business
alliance in 2010. Operating frequency from that system is in the 110 ... 205 kHz range, implementing
a simple communication protocol to communicate the two devices.

One of the concerns of WPT is the in�uence of the electromagnetic �elds on the human body. In
order to protect against any known kind of health e�ect, a scienti�c committee (ICNIRP) [115]
has published guidelines (exposure limits) for a maximum exposure. They are based on an extensive
number of related scienti�c publications, and have been reviewed up to today by more than 35 national
expert committees. ICNIRP states that: "There is no substantive evidence that adverse health e�ects,
including cancer, can occur in people exposed to levels at or below the ICNIRP limits" The ICNRIP
guidelines include basic restrictions for the current density in the body of an exposed human.
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Figure 4.9: Compact NFC circuit layout showing top, bottom layers, and apicture of the PCB board.

As shown in Eq.(3.44), the losses of a wireless power transfer system depends basically of two
parameters; the coupling factor k between the transmitter and receiver coil, and the system quality
factor Q, being the coupling factor depending on the distance between the two coils and their relative
size. In addition to optimize these parameters, a good design must comply with very low power
consumption. This speci�cation is required by our hand held device, but also applies for any battery
powered or energy harvesting device. Some features demanded by our design can be summarized
herewith:

• Ultra-low power consumption and high e�ciency design.

• The control of charging current even for small magnitudes must be accurate.

• Robust charging method, with the possibility to select between di�erent modes (fast-slow).

• Evaluate the possibility of using di�erent charging frequencies and the use of NFC.

There is no work on the wireless power transfer using NFC, which is our case of interest. The basic
wondering would be the liability for this system to transfer information and energy at the same time
[116], since such standard is created for data communications and to power-up RFID tags. As it
is shown in [117] there exist a clear trade-o� between wireless power transfer and communication
transfer, showing the need for more work to be done in the optimization between the two processes.
Using NFC Personal Area Network (PAN) at 424 kbps, for new applications will be treated here.

Antennas for NFC are electrically small, which implies that for a 1 Mbps broadband NFC link, the
required relative bandwidth is over 7%. For a 4 cm NFC antenna, the electrical size is ka = 0.011,
which corresponds to a theoretical lower bound on the quality factor of Qmin ' (ka)−3 = 6.8x106,
corresponding to a bandwidth of B = 20 Hz [118]. To increase bandwidth such as required by NFC
we need to reduce Q so to use an antenna with signi�cant resistant loss and low radiation e�ciency,
which implies high power consumption for the transmitter. Since distance from transmitter and
receiver antenna in WPT is very small, the system will operate in strongly coupled regime.
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4.5.1 Power versus communication trade-o�

In a WPT system, the system is designed considering closer proximity for better power coupling, even
so, the coils are usually loosely coupled due to the absence of a common magnetic core to con�ne and
guide most of the magnetic �ux such as a transformer.

The trade o� presented here between using the same circuit for powering or transferring information
between devices is the following:

• For proximity wireless communications one has low coupling coe�cient (klow), and low quality
factor (Qlow)

• For WPT one has higher coupling coe�cient (khigh), and higher quality factor (Qhigh).

4.5.2 Bandwidth and e�ciency tuning circuit

The novelty presented in this work consists on a modi�cation in the matching circuit as in Fig.
4.10, that includes a resistor that reduces the quality factor of the reader inductor, maintaining
good matching conditions, accomplishing the conditions of NFC wideband communications. The
idea proposed consist of using the same reader for wideband communications and also for power
transmission. In this case it is introduced a switchable tuning resistor (R1 in Fig. 3.10) that will be
used to reduce the quality factor of the reader coil for wideband communications, or to increase it for
power transfer. The e�ect of such switchable capability can be seen in the simulation results depicted
in Fig. 4.11

Figure 4.10: Matching network design.

The di�culty on having a good matching network for both cases, results from the fact that the coupling
coe�cient from both antennas may vary. Not only due to the peculiarity that for WPT the distance
between both coils needs to be short to increase the coupling, so the energy transfer e�ciency, but
also that depending on the distance between reader and tag in a NFC (RFID) system may vary and,
so will do the coupling and also the impedance being seeing at the primary antenna coil.
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Figure 4.11: Tuning reader antenna quality factor.

At resonance, the imaginary impedance becomes constant, only changing when we move away from
resonance. The real part tends to increase by increasing coupling factor as will be deduced next.

Using <e{Zprir (ωo)} = Rprir , as the real part of the impedance seen by the reduced circuit to the
primary, the e�ciency can be analyzed by using the active components on the equivalent circuit, in
our case (Fig. 4.10):

ηpri =
Rprir (k)

[
1− Γ2(k)

]
Rprir (k) [1− Γ2(k)] + 2RPA

(4.1)

The case of having the system not adapted (k 6= ko), there will be a mismatch that is expressed
optimally by the relation:

Γ(k) =
Rprir (k)−Rprir (k0)

Rprir (k) +Rprir (k0)
(4.2)

which is the re�ection coe�cient at the primary that will depend on the coupling factor. As can be
seen at Fig. 4.11 when varying k, the resonance peeks will be a�ected also. The power generated at
the receiver (tag or battery from the WPT system), will depend on such matching conditions. In case
of WPT the power provided to the battery will become:

Pbat =
V 2
L

4RL

[
1− Γ2(k)

]
=

V 2
L

4RL

[
2Rprir (k0)

Rprir (k) +Rprir (k0)

]
(4.3)

NFC transformed impedance

In NFC communications, the link between transmitter and receiver is normally achieved by means of
using parallel tuning capacitors. The receiver or NFC equivalent impedance for this system can be
obtained from (see secondary circuit in Fig. 4.10):

ZNFC = Rs + jωLs +
1

1
Ric

+ jω(C5 + CIC)
(4.4)
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This impedance being transformed into the primary side of the link (transformer) will become;

ZpriT = (Mω)2

ZNFC
, which at the resonance frequency, and taking the real part, will derive in the following

expression:

<e{ZpriNFC(ωo)} =
(Mωo)

2(RIC +R1)

R2
1 + (Lsωo)2

= k2L1

Ls
RIC (4.5)

when considering Q2 � 1. It is possible to represent the transformed resistance as a function of the
coupling coe�cient, expressing <e{ZpriNFC(ωo)} = RNFCr :

RNFCr (k) = R1 + k2L1

Ls
RIC (4.6)

when substituting in expression Eq.(4.2), the re�ection coe�cient for the NFC system to consider
when looking for the circuit e�ciency will become:

ΓNFC(k) =
k2 − k2

0
2R2

RIC
+ k2 + k2

0

(4.7)

WPT transformed impedance

In the case of using the reader as a WPT, the receiver part of the charging device is normally designed
with series LC circuit. In such a case, the following expression is deduced for the transformed into
the primary equivalent impedance:

<e{RWPT r (k)} =
(Mω)2

Rs +RL
' k2L1L2ω

2
o

RL
(4.8)

when RL � Rs. In this case one can deduce the transformed resistance part of the impedance as a
function of coupling factor as:

RWPT r (k) ' RWPT r +
k2L1L2ω

2
o

RL
(4.9)

which when substituting in expression (4.2), the re�ection coe�cient for the WPT system will become:

ΓWPT (k) =
k2 − k2

0
2RL

Q2Q10R2
+ k2 + k2

0

(4.10)

where Q10 = L1ω0

R1
, is the quality factor without any coupling e�ect from the secondary coil, and

Q11 = L1ω0

R1+RT
is the quality factor of the reader with presence of a tag or NFC device.

In all those expressions, there is a dependency on k, showing the sensitivity to position. For WPT,
the position can be much de�ned by means of mechanical design, but for NFC the position can vary
signi�cantly. In Fig. 4.10 one can see how is the input impedance seen at the reader coil, including the
matching network depending on k (distance and misalignment). The matching is done to accomplish
the load complex conjugate, that will be coupling k dependent. The idea is to make the design as
robust as possible to coupling variations.
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4.5.3 Designing the tuning circuit and integration in NFC circuit

One can state that a WPT system is formed by two leakage inductance transformer model tank,
and series resonant capacitors, which has a current-source characteristic, so it should be connected
to a capacitive �lter, having a voltage-source characteristic. In our case a full-bridge recti�er with a
capacitive output �lter that provides a DC voltage at the output load resistance RL.

According to Eq.(4.5) and Eq.(4.8) there is an inverse dependency of primary impedance versus RL and
L2, so in case RL increases, the impedance seen by the reader will decrease for the WPT con�guration
and will increase for NFC. In the case of L2, the resistance at the reader trends to increase. Will
increase for WPT while for NFC will decrease.

The circuit topology presented in order to compensate for the trade-o� is depicted in Fig. 4.12.
There is a shunt resistor in parallel with the coil that will be switched ON/OFF accordingly to the
functionality. In each case, when the NFC link requires wide bandwidth, it will be of interest to connect
the parallel resistor (switch ON), so the quality factor of the antenna is reduced. When transferring
power to a remote device for WPT, the resistor will be switched OFF increasing automatically the
quality factor to its maximum.

In some applications tuning capacitors are also represented in parallel with the coil inductance in
order to tune to the resonance frequency of the RFID system helping in maintaining the resonance
frequency versus deviation in the antenna environment, which improves matching stability (Fig. 4.12).
This additional feature is justi�ed in NFC since antenna operates in a di�cult environment such as
smartphone, in close proximity with other devices, and where some parasitic e�ects due to unknown's
for the placement and locations of components within the mobile phone can be relevant.

Figure 4.12: Tuning circuit implementation (highlighted) for antenna resonance and quality factor
including LPF, Matching Network (MN) and charging circuit.

Measurement results

A WPT system seen as a series resonant tank has a current-source characteristic, so it should be
connected to a capacitive �lter having a voltage-source characteristic. In order to use the secondary
leaking inductor as charging coil, the adopted solution is to include a full-bridge recti�er, series
connected to the leaking inductor by means of a resonance series capacitor, and with a capacitive
output �lter that provides a DC voltage at the output load resistance RL, with �ltering functions.

The circuit topology presented in order to compensate for the trade-o� is depicted in Fig. 4.12. There
is a shunt resistor in parallel with the coil that is switched ON/OFF accordingly to the functionality.
In each case, when the NFC link requires wide bandwidth, the parallel resistor is connected (switch
ON), so the quality factor of the antenna is reduced. In this case we can communicate with the
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Figure 4.13: HF block diagram including NFC-WPT.

HF tag at high data rates, so one can communicate with other NFC devices at 424 kbps, or can
read measurements of a sensor. A sensor that has been programmed as data logger, can provided
information data via such NFC communication channel at high speeds.

When transferring power to a remote device for WPT, the resistor will be disconnected, switched
OFF, (see Fig. 4.15) increasing automatically the quality factor to its maximum, which reduces the
frequency bandwidth, but increases the reactive energy transfer. In this case we can transfer via
di�erent secondary coil, power that is stored in the external element, in our case is a Li-Ion battery,
but could be another type of battery, capacitor, or ultra-capacitor. This energy will be used for
powering the electronics of both HF and UHF sensor electronics part.

In the case presented here, two di�erent coil antennas have been used either for powering transfer and
for communications in the HF. Other possibilities would be to combine both features in one coil [119].
As can be seen in the measurement results shown in Fig. 4.15, the current increase when turning OFF
the tuning resistor reaches 43 mA, while in the other condition, such current is 34 mA.

The system being tested is using a NFC transmitter that uses the polling tag inventory instruction,
in order to detect from the proximity possible tags to be communicated with. Such scan is streaming
continuously the information over a carrier in pulses of 130 ms and pause intervals of 75 ms. The
receiver uses these pulses in odder to charge the battery, extracting the energy from the HF magnetic
�eld. In order to do so, the bandwidth is switched to narrow band.

The battery charger is applied into 4.2V Li-Io cells. When the cell voltage is lower than 4.2 V, it
will be continuously charged by constant current. Once the cell voltage is reached, the cell is being
charged at constant voltage until the battery is �lled up the full voltage.

Using the resistive impedance from the WPT receiver seeing at the primary Eq.(4.8), the quality
factor of a coil and its relation with the bandwidth, one can obtain the following expression that will
relate the bandwidth, with load, circuit resistance values, and coupling coe�cient:

RWr (k) = k2

(
f0

BW

)
ω2

0

R1R2

RL
(4.11)

By extrapolating the results, and combining the interpolation with the relation that the manufacturer
of the Li-Ion battery provides, and the charging curves of the cells, it is possible to show the results
that would be obtained by time of both, the charging pro�les, attending to the current and voltage,
and also the power delivered to the load, as a function of load impedance. Such extrapolation results
are depicted in Fig. 4.16. The load power curve, is derived from four measurement points, taken using
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Figure 4.14: Tuning circuit implementation for antenna resonance and quality factor con�guration.

Figure 4.15: Measurement results in case of switching ON/OFF Quality factor Rtune.

the circuit shown in Fig. 4.14, that provides two coils, primary integrated in NFC transmitter PCB,
and a second smaller coil located on top of the PCB.

Figure 4.16: Power delivered by the charging device and battery charging response (based on
manufacturer and circuit response) with and without optimal design.
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4.6 Conclusions

An implementation of the tuning circuit for the optimization of both, communications and power
transfer link, together with the RFID technology has been implemented. To demonstrate feasibility in
a real example, both power transfer for battery charging, with short (NFC) and middle (RFID) range
communication, has been implemented using techniques commontly known for low and high frequency
electronic design. In addition the UHF-RFID antenna has also been implemented and integrated in a
small compact implementation, based on a collaborative work with the research group.

At the end, we show that it is feasible to use the tuning designed circuit to charge a small Li-Ion
battery. Such energy transfer, using an already implemented short distance communications channel
(NFC), can then be used for di�erent applications, but, at least, it is shown how using state of the
art NFC and RFID technologies such topology becomes feasible for some applications.

In the next �nal chapter, we are going to deep into some real applications and implementations,
where the use of the designed topology can be useful for real market applications. A very compact
design that can �t in a small hand held portable device is implemented, including all the electronics,
baseband and RF circuitry component, and HF-UHF antennas.

This concept presented, opens new means for using the more extended NFC mode of operation that
coexist nowadays in all the mobile phones.
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5 Application in NFC and RFID sensing

5.1 NFC and UHF-RFID sensor nodes with WPT

When using WPT feature, we need to program our NFC device for sending continuous carrier (CW)
for a period of time, in continuous mode, or in burst (charging time). One way to do that, is by
programming the NFC device to send and receive NFC data in the form of NFC Data Exchange
Format (NDEF) messages. For that purpose, we need to work on the Android framework APIs that
support these features.

Beaming NDEF messages from one device to another is done using Android Beam. The "Android
Beam" feature allows a device to push an NDEFmessage onto another device, by physically tapping the
devices together. This interaction, provides an easier way to send data than other wireless technologies
like Bluetooth, because with NFC, no manual device discovery or pairing is required. The connection
is automatically started when two devices come into range. At this way it is possible to have the
NFC device active for long time. This is one way of having active the WPT feature of our NFC-RFID
device.

The advantage of NDEF messages, is that, it is a standardized method for a reader to communicate
with an NFC device, and contains multiple records with quite a lot of information. The record size
can be con�gured to determine whether it is a short record, one with a payload length less than 256
bytes, or Normal records that can have payload lengths exceeding 255 bytes, with a maximum of 232

� 1 bytes = 4 GB, of data. In our test data, using single inventory pulling requests from reader to
tag, with bursts of 130ms NFC power packets, and pause intervals of 75 ms (polling tag inventory)
can energize storage elements.

Placing the two NFC antennas close together, the energy transferred from primary to secondary is
used to charge a battery. For small tags as the ones depicted in Fig. 5.1, we have substituted the
Li-Io battery pack by a small button cell battery. The same battery is used by the RFID sensor tag
to sense the environment and store the information in an EEPROM. In this way, we can extend the
life of the sensor with capabilities of data logging by wirelessly charging its battery.

5.2 System energy requirements

5.2.1 Powering the RFID sensor

In the near-�eld, mutual inductance at HF, both antenna coils act as a loosely (roughly) magnetically
coupled transformer, where energy is magnetically induced and propagated from source to destination.
Therefore, unlike far-�eld antennas which are characterized by gain, directivity, and radiation pattern,
the coil antennas in near-�eld are best characterized by the following parameters:

• the coupling coe�cient k between the Reader and the tag coils.
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Figure 5.1: Measurements of NFC WPT set-up for RFID and NFC sensor tags.

• H-�eld at the receiving tag coil.

• inductance L of the coils.

• unloaded quality (Q) factor of the antenna

Conditions for better transferring energy from one coil to another have been analyzed in previous
chapters. Some basic conditions are setup on energy demands for RFID sensors, so wireless power
transfer is justi�ed.

5.2.2 RFID and NFC energy requirements

When dealing with portable RFID reader battery powered, one should estimate the energy required
in order to operate with such reader while scanning RFID tags and RFID sensors. For this purpose
relevant parameters are de�ned to analyze such factor.

• Tm: Duration of the measurement (ms)

• q(m): Average number of reader queires

• Tmm: Time between measurements (s)
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• Nm: Number of measurements in 1 hour.

• IRDtx : Current consumption of the reader in transmit mode.

• IRDsby : Average current consumption of the reader (mA).

• IMCU : Average micro-controller current consumption (mA).

• PRD: Average power consumption (mW).

• Pby: Standby power consumption (mW).

• Erd: Average energy required by the reader (mJ).

• Emcu: Energy required by the microcontroller (mJ).

Consumption of the sensor

As it is shown in Fig. 4.4, the sensor used corresponds the scheme in the right side, where the RFID
is connected to a very low power MCU that takes measurements from external sensor (in our case
temperature and humidity sensor), and has its own EEPROM. In case more memory is required, such
as de case when having to store more data points as a data logger, an external memory could be also
implemented.

The power consumption of the sensor is measured using a circuit made for this purpose as depicted in
Fig. 5.2. In particular we use an oscilloscope to view the correct picture of the current consumption in
di�erent states of operation. The circuit that converts current to voltage, takes into account the know
"burden voltage" problem, the voltage that the internal current shunt resistor drops when the current
passes through the circuit. This problem is high for actual electronics that instead of being powered
from 5V power supply, for example, are powered to lower supply voltages as 1.2 V and, any voltage
drop on shunt resistor a�ects the measurement. To handle positive and negative power supply, we
implement a "virtual ground" that splits the battery supply voltage in half +/-1.5 V, and is capable
of detecting when supply battery voltage from current meter, consisting on 3V lithium coin cell, drops
below 2.64V (a RESET is issued).

The output voltage of the circuit, depicted in Fig. 5.2 has output mV proportional to the µA of
current. For very low o�set/drift we use the MAX4239 low noise precision ampli�er, with almost no
o�set voltage (0.1µV). Such operational ampli�er has "auto-zero" ampli�er, with internal technique
to cancel input o�set and noise of the ampli�er, required to display at the output zero voltage for
input zero current. We have implemented three current scales, where the precision limit stays around
300 mA, in the mA range, due to very small shunt resistor (R1):

• For nA range: R2 (10KΩ, 0.1%) shunt resistor, with a burden voltage of 1nA·10KΩ = 10 µV.
The scale is 1mV/nA.

• For the µA range: R8 (10Ω, 0.1%) shunt resistor in parallel with R2, with a burden voltage of
1µA·10R = 10 µV. The scale is 1mV/µA.

• For the mA range: R1 (10mΩ, 0.5%) in parallel with R2, with a burden voltage of 1mA·10mΩ
= 10µV. The 10mΩ is a 4 terminal resistor including 2 sense terminals connected across the
resistor substrate to eliminate soldering errors. The scale is 1mv/mA.

The use of this current sensing circuit designed for this purpose, allows us to estimate the average
current consumption of the sensor tag. A plot of the current measured in the low power consumption
RFID tag can be shown in Fig. 5.5. From this analysis we obtain the following consumption:
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Etag = Emeas +Ewr +Erd = 2.7µA · 3V · 47ms+ 1.6µA · 3V · 25ms+ 1µA · 3V · 40ms = 620nJ (5.1)

The number of measures in 1 hour is Nm:

Nm =
3600

Tmm
= 12; (5.2)

Figure 5.2: Scheme of the measurement circuit for the RFID sensor tag.

Consumption of the RFID and NFC reader

The NFC reader will be mostly in standby mode, except for transferring data to the mobile phone
(Tmb), or for powering the battery of RFID sensors, sending energy using the NFC coil. This task
can be performed few time per day, depending on the power consumption of the sensor, and the
application. In our case we have designed a very low power consumption sensor, and the power
consumption of the handheld (EHH) RFID to NFC system will be:

EHH = RRDtx · q(m) ·N(m) + ERDrx ·H(m) + EMCU · q(m) · [N(m) + 1] (5.3)

Table 5.1: Consumption data for the UHF-RFID & NFC reader
Tm Tmm IRDTX IRDSBY IMCU IMCUSBY INFCTX INFCSBY VccRF Vccdig
(ms) (min) (mA) (µA) (mA) (µA) mA µA (V) (V)
500 5 180 0.25 0.3 0.6 200 0.7 3 1.8
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Ird =
ItxTm

1000Tmm
= 0.3 mA (5.4)

The necessary energy by a reader to provide such consumption will become:

Erd = Prd · Tmm ·Nm = Ird · Vcc · Tmm ·Nm = 3240 mJ (5.5)

The MCU controlling the RF deader part consumes the following:

Emcu = Imcu · Vdd · Tm ·Nm · 1−3 = 3.24 mJ (5.6)

While the reader is not scanning for tags, the power consumption in standby state will correspond to:

Eby = Pby · 3.6 = (Ibymcu · Vdd + Ibyrd · Vcc) · 3.6 = 6.48 mJ (5.7)

So the energy required by the NFC reader will become:

Ehf =
Ihf · Tm

13
VccNm = 3600 mJ

ETOT = Eby + Emcu + Erd + Ehf = 6850 mJ
(5.8)

With a total energy required by the reader of 6850 mJ, will correspond to a required battery capacity
of 0,63 mAh for a voltage as stated in Table 5.1. So if one has a battery of 220 mAh total capacity,
the possible number of working hours for such RFID reader system would be of 347 h. Depending
on RFID sensor type an energy source of capacity between tens of mAh to hundreds may be normal
values.

Figure 5.3: Considered consumption for the RFID-NFC system

5.3 Measurements

We have been using the electronics part developed for the purpose of communicating using NFC device
with a mobile phone with NFC, and also to transfer power. Such circuit uses the optimization quality
factor feature described above to obtain the maximum power transfer between sensor and activation
device. On the other hand we use the RFID-UHF reader to read measurements from the sensor.
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Figure 5.4: Block diagram of the UHF-RFID radio IC, AS3993.

The measurements shown here, depict the current consumption of the wireless sensor, which takes
measurements of ambient temperature and humidity, and stores it into the local memory. The sensor
is in sleep mode almost all the time, in this time current consumption is in the order of few nano
Amperes, which appears in the lower scale of the oscilloscope trace. Wen local watch dock timer
(WDT) wakens the MCU, it stars with the process of measuring, sending the measurement onto the
RFID tag so it is available by the UHF-RFID reader, writes it as well into the local memory EEPROM
and goes back to sleep.

Figure 5.5: Capture of the screenshot of the output current of sensor tag, using the current to voltage
converter of Fig. 5.2.

The information stored in the RFID-IC from the sensor, is retrieved every once and a while by the
RFID-UHF reader. When this is done, the process is �nalized until a new set of measurements is
being one by the sensors.
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The Fig. 5.6 makes a complete balance budged for the consumption of the system, demonstrating its
viability. It will last depending on the number of reading being performed per day as it is shown in
the same �gure. And of course the battery storage element, will need to be dimension according to
such readings requirements made by the system de�nition.

Figure 5.6: Balance of energy consumption per system components, and estimated durability of the
system based on system speci�cations.

5.4 Conclusions

This chapter of the thesis, is a justi�cation, using a practical real example, on how the new techniques
developed in this work can be applied in reality. Wireless sensors are an important part of the society,
where many thinks need to be monitored, and the IoT needs to be every where. In this sense, we have
justi�ed this work in a speci�c set of applications, where monitoring can be implemented even when
having di�cult access to the sensor,

Using very low power consumption techniques, and optimizing dimension of local storage components,
we demonstrate how a sensor, can be charged using a mobile phone from close distance, and have a long
durability. During this time the sensor will be able to perform some measurements, in this case from
ambient temperature and humidity, store them in local memory according to certain programming
timing, and be accessible from a longer distance by a reader. In this case we use UHF-RFID which
caould reach meter distance readings.

We believe such technique is very practical, and use a di�erent combinations of wireless close proximity
devices in order to monitor parameters by the use of minimum power consumption devices. It makes
a di�erence when thinking of having to integrate big batteries in IoT devices (such as AAA or AA
or other), if instead, we can apply a rechargeable system in NFC. charging simple small bottom cell
batteries, that makes the sensor smaller, lowers the cost, and pollutes less the environment when
considered for sensor volumes.
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6 Conclusions

During the time this work has been done, there has been many ideas that from one starting point
looked straight forward or simple in comprehension and implementation, but have become interesting
new points of research to investigate. They derive into new concepts, some quite accessible in terms
of this thesis, but others for future works, so new horizons have come up.

It has been clear that at this time, people is so much engaged with the use of mobile phones, that has
become a normal and useful tool that is carried by everyone. Additionally, some technologies such
as IoT are booming, so the work performed in this thesis that concentrates in both topics can be
considered of much interest and up to date.

The idea behind the work is to be able to use the smart phone with a new feature that has not been
yet integrated by phone manufacturers, probably because the main public is not a vast user of IoT
technologies. So, what we have conceived here is a gadget that can convert the smart phone or mobile
phone into a device capable of accessing RFID tag at UHF frequencies, and integrate NFC-WPT.

At the beginning the idea was to communicate with passive RFID tags, but due to the increase
companies providing RFID tags with sensor, has add some features such as being able not only to
access and read passive tags, but also for semi-passive tags, adding the rechargeable function, and
additionally to recharge them. So our device has been adapted for such purpose as well.

We have found a way to develop a small form factor RFID and NFC reader in a thin and small
size device. Studying the reading range, and the possible interference, has provide us with useful
information to choose elements that make the device to become robust in front of such interference.
To the knowledge of the author, this is one of the studies that includes more parameters and analysis
of radio performance and interference that provide useful information in terms of main functionality,
such as reading range.

Some concepts have been theorized, because some extra knowledge was required from other �elds,
mainly software development, that would have taken to much time to prove, but at least the devices
allow to implement some of the ideas conceptualized in this work, such as providing robustness against
some interference using RSSI information as it is available now.

Other concepts have been implemented, such as the quality factor tuning device that, as it has been
proved, it would allow in a simple manner to develop using the same circuitry a NFC communication
device and also capable of charging small batteries. In this regards, some further development could
be interesting to follow, such as the implementation of a boost (or step up) converter, to allow charge
storage elements at higher voltages. Even combine with a buck (or step down) converter to deliver
lower voltages that the ones present in the sencondary circuit when coupling is too high or to much
energization is present, and we may use a lower voltage constant value to supply other loads.

The device is integrated in small size, with integrated antennas, communicating with mobile phone
via NFC and with RFID passive or semi-passive tags in an e�cient manner. Also, it is able to charge
some NFC or RFID tags that could not be accessible by the user (here new applications will arise).
So, the main purpose of the thesis has been achieved. With this results, new ideas have arise, where
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there is the real possibility to implement a new set of devices for the sensor area, using very small
powered battery devices, and RF energy harvesting techniques with.

The �nal implementation of the NFC-WPT and UHF-RFID circuitry, has been achieved using techniques
of low power consumption with o� the shelf components, small integrable antennas and and small form
factory batteries. Such restrictions have been adopted from the beginning because the idea is the be
able to integrate all such features, in a hand hekp portable device.
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A ANNEX: Commercial RFID tag performance

In this chapter several RFIC used in passive tags as well as the complete tag are listed. Each tag has
been designed with te corresponding antenna to optimize some performances. Sizes are constrained
normally to applications, and di�erent antenna concepts to surrounding object, such as metal, wood,
water. Some of them are listed from Alien technologies and other as [26, 54].

Tag antenna Type Ref. Tag antenna Type Ref. Tag antenna Type Ref.

ALN9654 AD-110 AD-171

AD-180 AD-227 AD-233

AD-318 AD-382 AD-550

Table A.1: List of type of UHF Tags.
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B ANNEX: Magnetic �eld in coil structures

In the context of loop antennas, one can address the analytic problem from the prospective of antennas
or magnetic circuits. Since in the literature it has been seen that depending on the authors di�erent
approaches are used, here it is proposed to present both for a deeper and better understanding.

For small loop antennas (dual of the in�nitessimal dipol), the analysis of the �elds radiated by the loop
is performed in the same way as for the linear dipole basic antenna, using the potential function A
given at any distance R from any point of the loop antenna with current distribution of I, considered
as constant I0, is given by [120]:

A =
µ

4π

∮
C

I
e−jkR

R
· dl' (B.1)

The potential vector A is useful in solving electromagnetic problems to �nd �elds generated by a given
electric current, and is justi�ed by the fact that since the magnetic �ux B is always sinusoidal; that
is, ∇ ·B = 0, then it can be represented by the curl of another vector because: ∇ · ∇xA = 0, where
A is an arbitrary vector. Thus one can de�ne:

B = µH = ∇xA → H =
1

µ
∇xA (B.2)

The integration of B.1, for very thin circular loop of any radius is being treated in detail in [120], and
the �nal expressions are presented bellow:

Hr = j
kR2

1I0cos(θ)

2r2

[
1 +

1

jkr

]
e−jkr (B.3)

Hθ = − (kR1)2I0sin(θ)

4r

[
1 +

1

jkr
− 1

(kr)2

]
e−jkr (B.4)

Hφ = 0 (B.5)

Er = Eθ = 0 (B.6)

Ephi = η0
(kR1)4I0 sin θ

4r

[
1 +

1

jkr

]
e−jkr (B.7)

where
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• I0 is the loop current

• r is the distance from the center of the loop

• k is the wave number

• η0 is the intrinsic impedance of the air

• R1 is the radius of the loop.

The total radiated power over a closed spherical area follows the following expression:

P =

∫
1

2
(E×H∗) dS = η0

π

12
(kR1)4|I0|2

[
1 + j

1

(kr)3

]
r̂ (B.8)

For near �eld zone (kr �1) the second imaginary term is dominant, so the radiated power is reactive
and inductive, while for far �eld zone (kr � 1) the real term is dominant.

Which are reduced to the following expressions for the case of application of near �eld (kr � 1) which
corresponds to the case of RFID:

Hr '
R2

1I0e
−jkr

2r3
cos(θ) (B.9)

Hθ '
R2

1I0e
−jkr

4r3
sin(θ) (B.10)

Based on the previous results, it is direct to obtain the expression for the magnetic �eld produced by
a circular loop antenna of radius R1 at any point of the axis of the antenna, which is given by:

Bz =
µ0I0NR

2
1

2(R2
1 + r2)3/2

; for r2 � R2
1, Bz =

µ0I0NR
2
1

2

(
1

r3

)
(B.11)

where

• µ0 is the permeability of free space and given as: 4π10−7V s/Am.

Figure B.1: Coupling between two coils

When placing another coil in the in�uence of a tie varying magnetic �eld B, Faraday's law states that
through the surface bounded by a closed path (with surface S), induces a voltage around the loop
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(electromotive force) proportional to the rate change of the magnetic �ux Ψ and the number of turn
N :

V = −N dΨ

dt
where Ψ =

∫
B · dS (B.12)

Lenz's law emphasizes that the direction of current �ow in the circuit is such that the induced magnetic
�eld produced by the induced current will opposite the original magnetic �eld. By substituting in the
previous equations we can �nd an expression of the voltage generated in the induced coil depending
on current �owing and geometrical parameters.

V = −N2
dΨ21

dt
= −N2

d

dt

(∫
B · dS

)
= −N2

d

dt

[∫
µ0i1N1a

2

2(a2 + r2)(3/2)
· dS

]

= −
[
µ0N1N2a

2(πb2)

2(a2 + r2)(3/2)

]
di1
dt

= −M di1
dt

(B.13)

where the last term indicates the mutual coupling between the two coils, which is a dependent on coil
geometry such as the total number of turns of each of the coils and the spacing between them.

M =

[
µ0πN1N2(ab)2

2(a2 + r2)(3/2)

]
(B.14)

When the coils are used for sending information or energy between them, a good particularity is being
tuned at the same frequency to maximize mutual coupling. The voltage induced in the tuned coil
with quality factor Q can be obtained from:

u0(t) = −dΦ(t)

dt
(B.15)

the phase shift (90o) of the carrier is not relevant, but the angle orientation between the two coils (α)
is interesting to be considered, then the root mean square value (RMS) is given by:

V0 = Φ · cos(α) · ω = B · cos(α) ·Atotω = (µ0H)(NA)Q2πf · cos(α) (B.16)

The quality factor Q is one of the most important parameters in resonant circuits, that is introduced
in the voltage equation since it is considered the resonance frequency fres is equal to carrier frequency
fcar in our case just f .
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C ANNEX: Losses in a HF-coupled loop-based

system

In analyzing the losses for the coil coupled circuit depicted in Fig.C, we can de�ne a Loss Factor (LF)
that will be the sum of the transmit coil circuit loss factor and the receive coil circuit loss factor. All
of them can be obtained from the equivalent circuit reduced to one side of the transforming equivalent
circuit, for example it can be transformed to the to the receiving circuit for calculation simpli�cation.

Figure C.1: Equivalent circuit of the coupling between transmitter and receiving coil reduced to the
secondary coil.

The following table C.1 uses some basic de�nitions from parameters extracted from the equivalent
circuit and some that will be used for simpli�cation purposes of the expressions.

Table C.1: Equivalent circuit parameter definition

Matching
Factor
(γ)

Tx. Quality
factor (Qp)

Rx.
Quality

factor (Qs)

System
Q

Quality
factor ratio

q

R′p L′p Transf.
ratio
n

RL
ωLs

ωLp
Rp

ωLs
Rs

√
QpQs

√
Qs
Qp

Rpn
2 Lpn

2(1− k2)
√

Ls
k2Lp
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Starting from the receiving coil, the loos factor can be expressed as the relation between the power
dissipated in the receiving coil resistance and the power dissipated at the receiver output:

LFs =
Ps
Pout

=
Rs
RL

(C.1)

To derive the loss factor in the transmitter, lets start by looking at the power being dissipated in the
transmit coil:

LFp =
Pp
Pout

(C.2)

Lets start with the transmit power expression:

Pp =

∣∣∣∣ VmjXLs
+

Vm
Rs +RL + jXCs

∣∣∣∣2R′p = V 2
mR
′
p

∣∣∣∣ −jXLs
+

(Rs +RL)− jXCs

(Rs +RL)2 +X2
Cs

∣∣∣∣2 =

V 2
mR
′
p

X2
Ls [(Rs +RL)2 +X2

Cs]
2

∣∣(−j) [(Rs +RL)2 +X2
Cs

]
+XLs [(Rs +RL)− jXCs]

∣∣2 =

V 2
mR
′
p

X2
Ls [(Rs +RL)2 +X2

Cs]
2

{
X2
Ls(Rs +RL)2 +

[
(Rs +RL)2 +X2

Cs −XCsXLs

]2}
(C.3)

The output power, will depend on the load resistance RL, and will become:

Pout =

∣∣∣∣ Vm
Rs +RL + jXCs

∣∣∣∣2RL =
V 2
mRL

(Rs +RL)2 +X2
Cs

(C.4)

Taking the previous two expressions the loss factor for the transmitter part will be:

LFp =
R′p
RL

{
X2
Ls(Rs +RL)2 +

[
(Rs +RL)2 +X2

Cs −XCsXLs

]2} [
(Rs +RL)2 +X2

Cs

]
X2
Ls [(Rs +RL)2 +X2

Cs]
2 =

R′p
RL

[
(Rs +RL)2

(Rs +RL)2 +X2
Cs

+

[
(Rs +RL)2 +X2

s

]2 − 2
[
(Rs +RL)2 +X2

Cs

]
XCsXLs +X2

CsX
2
Ls

X2
Ls [(Rs +RL)2 +X2

s ]

]
=

R′p
RL

[
(Rs +RL)2 +X2

Cs

X2
Ls

− 2XCs

XLs

]
=
R′p
RL

[
(Rs +RL)2

X2
Ls

+
(XLs −XCs)

2

X2
Ls

]
(C.5)

at this point, it is interesting to reduce the previous expressions using the parameter de�nition in C.1
so one can obtain a similar expression as derived from [121]. Before that it will be assumed the ideal
case of minimum losses ( δLFδωres

), so in the case of XLs = XCs.

LFp =
R′p
RL

(
Rs +RL
XLs

)2

=
XLs

Qp · k2

1

γ ·XLs

(
XLs
Qs

+ γXLs

XLs

)2

=
q

Qk2γ

(
1

qQ
+ γ

)2

=

qγ

Qk2

(
1

qγQ
+ 1

)2

=
qγ

Qk2

[
1√
qγQ

(
1√
qγQ

+
√
qγQ

)]2

=
1

(Qk)2

(
1√
qγQ

+
√
qγQ

)2
(C.6)
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The total loss factor will be obtained by adding the previous two expressions.

LF = LFs + LFp =
1

qQγ
+

1

(Qk)2

(
1√
qγQ

+
√
qγQ

)2

(C.7)

E�ciency based on induced voltages equivalent circuit

Another possibility that is solved, is the use of circuit c) from Fig.C. In this case it is used the
primary and secondary antenna coils with their losses associated to resolve the power e�ciency. The
total e�ciency is presented in 3.47 and deduced herewidth:

Zs = jωLs +
1

jωLs
+RL +Rs (C.8)

The re�ected impedance from the secondary to the primary is obtained from this equivalent circuit:

Zs =
(Mω)2

Zs
=

(Mω)2

Rs +RL + j(jωL− 1
Csω

=
(Mω)2

[
Rs +RL − j(Lsω − 1

Csω
)
]

(Rs +RL)2 + (Lsω − 1
Csω

)2
(C.9)

The e�ciency in transferring power from the primary winding antenna to the secondaru winding
antenna can expressed as:

η = ηp · ηs; ηp =
<e{Zr}

=m{Zr}+Rp
; ηs =

RL
RL +Rs

(C.10)

ηp =
(Mω)2(Rs +RL)

(Mω)2(Rs +RL) +Rp(Rs +RL)2 +Rp(Lsω − 1
Csω

)2
(C.11)

ηT = ηp · ηs =
(Mω)2RL

(Mω)2(Rs +RL) +Rp(Rs +RL)2 +Rp(Lsω − 1
Csω

)2
(C.12)

131



D ANNEX: Probability Distribution functions

In general if the real and imaginary part of a PM signal is corrupted by Gaussian noise, then the
statistics of the signal will follow Rician distribution. The di�erence from the case of Rayleigh
distribution is:

Rayleight Distribution

Considering a noise process n(t) = r(t)ejΦ(t) = x(t) + jy(t), where r(t) is the magnitude or envelope
and Φ(t) the phase, x(t) is the in-phase, and y(t) is the quadrature component. If both random
processes x(t) and y(t) are statistically independent Gaussian distributed, with the same variance and
zero mean, then their joint probability density function is:

P (x, y) = P (x)P (y) =
1

2πσ2
e−

x2+y2

2σ2 (D.1)

Transforming di�erential areas by using dxdy = rdrdΦ, gives the joint probability density function of
r(t) and Φ(t) as;

P (r) =

∫ π

−π

r

2πσ2
e−

r2

2σ2 dΦ =
r

σ2
e−

r2

2σ2 Rayleigh distribution (D.2)

P (Φ) =

∫ ∞
0

r

2πσ2
e−

r2

2σ2 dr =
1

2π
Uniform distribution (D.3)

with the random variables t and Φ that are statistically independent, P (r,Φ) = P (r)P (Φ).

Rice Distribution

Considering a noise process n(t) = r(t)ejΦ(t) = x(t) + jy(t) where r(t) is the magnitude or envelope
and Φ(t) the phase, x(t) is the in-phase, and y(t) is the quadrature component (X is from N(µx, σ

2)
and Y is from N(µy, σ

2)). If both processes are statistically independent Gaussian distributed with
the same variance σ2 and means µx and µy, then the probability density function of r is the Rician
probability density function given by;

p(r) =
r

σ2
e−

r2+m2

2σ2 I0

(rm
σ2

)
(D.4)

where m2 = µ2
x + µ2

y and I0 is the modi�ed 0-th order Bessel function of the �rst kind given by:
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I0(x) ≡ 1

π

∫ π

0

excosθdθ (D.5)

Whyle Rayleigh and Nakagami distributions are used to model dense scatters, the Rician models
fading with a stronger LoS component. A parameter to describe such scattering is the K value, that
de�nes the importance of the LoS component between transmitter and receiver, de�ned as:

K =
LoScomponent

Difusepower
=
m2

2σ2
(D.6)

The value of the Rician K factor is a measure of the severity of fading, with K=0 (-∞ dB) being the
most severe fading case (Rayleigh fading), and K = ∞ representing no fading (for K � 1, tends to
Gaussian distribution).
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E ANNEX: DC induced voltage

A coil structure is sensible to the magnetic �eld that crosses the loop, inducing a voltage at its terminals
that will depend on the uniform sinusoidal external magnetic �eld crossing the loop. In our design case,
with rectangular geometries, it is convenient such geometry because on one hand produces greater
volume of nearly uniform magnetic �eld than a circular Helmholtz coil of comparable dimensions [122],
the expressions for the three spatial components of the �ux density are in close form.

In order to come with the expressions of magnetic �ux density, it is considered static and time varying
�elds that are quasi-static [123], so one can solve the static �eld problem �rst and, with negligible
error, introduce the time dependence as multiplicative factor.

Figure E.1: Geometry for a single rectangular loop of wire in the x -y plane.

The (x,y,z) components for the magnetic �ux density at the point of space P(x,y,z) will be obtained
by deriving the vector potential (A) [123], multiplied by the number of turns N. In the case of having
an alternating current Io circulating at the rectangular loop of antenna of area a x b, it will be;

Bx =
µoI1
4π

4∑
i=1

[
(−1)i+1z

ri(ri + di)

]
; By =

µoI1
4π

4∑
i=1

[
(−1)i+1z

ri(ri + di)

]
(E.1)

Bz =
µoI1
4π

4∑
i=1

[
(−1)idi

ri [ri + (−1)i+1Ci]
− Ci
ri(ri + di)

]
(E.2)
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where I is the current in the loop, the parameters ri are the distances from the corners of the loop to
the point P(x,y,z)

r1 =
√

(a1 + x)2 + (y + b1)2 + z2; r2 =
√

(a1 − x)2 + (y + b1)2 + z2;

r3 =
√

(a1 − x)2 + (y − b1)2 + z2; r2 =
√

(a1 + x)2 + (y − b1)2 + z2;
(E.3)

and the rest of parameters we have also C1 = −C4 = a1 + x, C2 = −C3 = a1 − x, and for the rest;
d1 = d2 = y + b1 and also d3 = d4 = y − b1. Similarly the the other components of the magnetic �ux
density we have:

Adding the di�erent components of the magnetic �ux density linearly polarized (oscillatory motion
along a straight line) we can obtain the magnitude of such vector. Such value is represented in Fig.E.2.

|B| =
√
B2
x +B2

y +B2
z (E.4)

Figure E.2: Magnetic �ux density at di�erent distances z (2, 6, 8 mm) from the plane XY (Z= 0) of
the loop antenna at its center (y = 0) and current Io = 100 mA.

The loop will induce a voltage at its terminals, that will depend on the electromotive force induced
E = ωABeωt−π/2. If we connect a load resistance RL at the terminal of the resonant coil, the potential
across the terminating resistance is:

Figure E.3: Coil with induced voltage attached to a load RL.
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Vp =
2πA√(

1 + R
RL

)2
[
(CR)2 +

(
L
RL

)2

− 2LC

]
ω2 + (LC)2ω4

fBee
{−j(ωt+θ)} (E.5)

that according to [124];

θ = tan−1

[
ω(CR+ L//RL)

(1 +R/RL)− ω2LC

]
(E.6)

If one de�nes the sensibility of the coil by S = Vp/H, the frequency response of such magnitude would
vary according to a low-pass characteristics as shown in Fig.E.4. Also shown the response dependence
on the value of the capacitor from the resonant circuit.

Figure E.4: Frequency response for the sensibility of the magnetic loop.

The magnetic induction that crosses the coil has been obtained from the previous analysis, thus
depending upon the distance between the two coils, and the current circulating at the primary coil,
one could monitor the induced voltage. In case we would account for discrete values of B, around all
the perimeter of

Power to the load

For the WPT circuit, the important part is the amount of power that is transferred to the load
(battery) from the secondary coil. So we must deduce an analytical expression that would help in
predicting such power. A �rst step is to use the two-leakage inductance transformer equivalent model
Fig.E.5 b), and transform this initial circuit into an easier one to make the analysis.
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a) WPT circuit with RF/DC recti�er
b) Equivalent WPT circuit

Figure E.5: Electrical circuit for the WPT system including full-wave recti�er. Llkp = (1 − k)Lp =
(1− k)n2Ls, Llks = (1− k)Ls and Lm = k · Lp.

a) First simplied equivalent circuit.
b) Simpli�cation at resonance frequency.

Figure E.6: Simpli�cation on the previous WPT system. L1 = Llkp, L2 = −kn2Lp.

From this �rs circuit it is possible even to reduce further by transforming the secondary into the
primary side such as Fig.E.6 a), and �nally if we considering the working conditions at the resonant
frequency, with ideal matching and e�ciency conditions, it is possible to reduce even further the
circuit to the one depicted in Fig.E.6 b).

PL =
V 2
L

RL
; where VL

∣∣∣∣
fo

= V2
n2Req

|n2Req − jωLp(1− k − n2)|
; V2 = V1

Zeq
|Zeq − jωLpk|

(E.7)

Zeq

∣∣∣∣
fo

=
jωkLp

[
(n2Req + jωLp(1− k − n2)

]
jωkLp + n2Req + jωLp(1− k − n2)

=
jωkLp

[
n2Req + jωLp(1− k − n2)

]
n2Req + jωLp(1− n2)

(E.8)

VL

∣∣∣∣
fo

=
V1 · n2Req

|n2Req + jωLp(1− k − n2)|
·

jωLpk
[
n2Req + jωLp(1− k − n2)

]
|jωkLp [n2Req + jωLp(1− k − n2)]− jωLpk [n2Req + jωLp(1− n2)] |

(E.9)

VL

∣∣∣∣
fo

= V1
Lpω(n2 + k − 1) + jn2Req

ωLpk
(E.10)

where VL is the load voltage. In a symmetric WPT circuit, with equal values for the coils in the
primary and secondary, the values have been simpli�ed using; L1 = −kLp, L2 = −Lp(1−k−n2), and
Lm = kLp, and in the case L1 = L2 we would have n = 1.
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