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Abstract
In this thesis, I present and analyze two of the most fundamental con-

straints of Radio Frequency Identification Systems (RFID), power rectifica-
tion and signaling. These two issues play an important role in the continuin.'
development of RFID systems.

A passive RFID tag draws power from the RF field created by an RFID
reader and uses it to energize its circuitry. It does this by rectification of the

reader's radiated RF field using rectifying circuitry. The power then avail-

able to the tag is dependent upon both the available field strength and the

efficiency of the rectification process. One option for increasing the operating
range of an RFID system without increasing the reader's field strength is to
increase the efficiency of the tag's rectification structure. A major compo-

nent of any rectification circuit is a diode type device and so, the first part
of the thesis focuses on the design and implementation of a novel high ef-

ficiency Schottky Barrier Diode (SBD) on a standard CMOS process. The

forward voltage drop of the SBD diode was investigated and analytic equa-

tions formulated considering the Schottky barrier drift region resistance and

the contributions from the p+ guard-grid. A design procedure to minimize
the drift region resistance for any blocking voltage was derived. The fun-
damental trade-off between the forward voltage and leakage current in the
novel SBD concept was determined.

Based on the critical review of the Schottky diodes fabricated in the first
part, new structures of novel SBD were designed to address most of the open

issues related to its reverse break-down voltage and series resistance. De-

tailed analysis of the important design parameters of the novel Schottky bar-

rier diode were performed using HSPICE with the parameter set used in the
calibration process. The novel structure was also compared to an alternative
fabrication approach, specifically, a NMOS and PMOS gate-cross-connected

briclge. The comparison shows that the novel structure provides a l0% higher
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figure of merit for power rectification

In the later part of the thesis, an analysis of circuit advantages enabled

by the novel SBD is given. The circuit simulation showed that by utilizing
the novel SBD the operating frequency of the circuit can be increased to
the UHF region while maintaining approximately the same power efficiency

as that achievable when using a discrete Schottky diode. This leads to the
possibility of dramatic improvements in size, weight and cost of the RFID
transponder circuits.

Signaling also plays an important role in the development of RFID sys-

tems. The choice of signaling methods and protocols determines not only
the spectrum bandwiclth usage, but also the data throughput. Also with
constantly changing standards and regulations, it is important to be able to
characterize and optimize these issues

Therefore the second part of this dissertation presents the design, imple-
mentation and evaluation of a novel RFID data logging reader architecture
based on software radio concepts. The system is designed to overcome the

many challenges and exploit the advantages of performing real-time signal

processing and data logging in an RFID environment. The proposed concept

has a unique multi-band RFID tag reader platform and has been designed to
read tags conforming to the Electronic Product Code (EPC) specifications in
both the HF and UHF frequency bands. The hardware architecture consists

of a general purpose analogue front end up/down-converter for each band,

followed by a software radio based architecture allowing easy adaptation to
new frequencies and protocois if required.

The last chapter presents the results of investigations conducted to de-

termine the ability of the proposed reader architecture to communicate with
tags in typical channel noise and environmental conditions present in an
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RFID operational environment. Studies of the effects of reader interference

in multi-reader environments and the development of an anti-collision proto-
col signaling to address and mitigate those effects are also presented.
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Chapter 1

Introduction

This dissertation is about improving the performance of RFID systems. The

work done has been partitioned into two main parts. The first part iden-

tifies the critical issues in developing high performance RFID systems and

goes on to describe those aspects that become the focus of this work. It
then proceeds to describe the design, fabrication and usage of a power ef-

ficient Schottky Barrier Diode (SBD) on a standard CMOS process. The

second part describes design and construction of a software based data log-

ging reader and its use in implementing, monitoring and evaluating recent

RFID communication protocols.

The purpose of this first chapter is to present an introduction to Radio

FYequency Identification Systems (RFID), the motivation and the outline of

the work done in this dissertation.
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CHAPTER 1. INTRODUCTION

1.1 Introduction to RFID

RFID is a relatively new technology, first appearing in tracking and access

applications during the 1980s [1] or even 1940s1. These wireless systems al-

Iow for non-contact reading of data from electronic labels by electromagnetic

signals, and consequently are effective in manufacturing and other hostile

environments where bar code labels could not survive. RFID tags can be

read in challenging circumstances when there is no physical contact or direct

line of sight [2] [3]. RFID has established itself in a wide range of markets in-

cluding livestock identifrcation and automated vehicle identification systems

because of its ability to track moving objects. RFID technology is becoming

a primary player in automated data collection, identification and analysis

systems worldwide [4].

RFID, its application, standardization and innovation are constantly chang-

ing. It is a new and complex technology, and there are many features of this

technology that are not well known and understood by the general public, or

by many practitioners.

Wider reading range, larger memory capacity and faster signal processing

and data communications are a few of the areas which need development.

It is very unlikely that RFID will replace traditional bar code systems

[5,6], because even with the cost reduction in fabricating CMOS chips, RF

tags will never be as cost effective as bar code labels. However, RFID will
continue to grow in areas where bar code or other optical technologies are

not effective. This will be especially true when improved solutions to RFID
problems can be devised.

lMany authors date RFID to 1940's when World War II pilots signaled home radars
by dipping their wings. These dips produced modulation on the reflected radar signals.
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1.1. INTRODUCTION TO RFID

The standardization of tags wili further add to their uptake as equipment

from different manufacturers can be used interchangeably [7].

The strong revival, during the past few years, of research and applica-

tions in the RFID region is attributed to the advance of new technology, and

innovations in the context within which RFID can be used. The evolution of

new requirements for reading range and communication links and the supe-

riority of RFID over optical bar code systems for penetration of dust, smoke

and other adverse environments, has generated much interest in both com-

mercial and military applications [8] [9]. The improved technology includes

better read range, faster communication links, higher capacities, multiple tag

reading algorithms and better sensitivities. Of particular importance is the

development of the AuteID Center concepts discussed in Section 1.1.5.

1. 1.1 Reading Range

The reading range of a tag is essentially determined by:

o The power available at the reader to communicate with the tag, which

is limited by electromagnetic regulations which restrict the amount of

por,¡/er that a reader can transmit.

o The amount of the polver available within the tag to respond.

o The environmental conditions and structures. These become more sig-

nifi.cant at higher frequency.

o The way that the power is deployed within the tag circuitry.

As the shape and orientation of the transmitter antenna determines the

shape of the electromagnetic field created around it, the read range will be

3



CHAPTER 1. INTRODUCTION

influenced by the orientation of the tag antenna in relation to the interrogat-

ing electromagnetic field. The issues are different at different frequencies, as

we may be operating at some frequencies in the near field and in the far field

at other frequencies [10].

Another important factor is the strength of the field as the tag moves

farther from the reader antenna. In free space, in the near field, the strength

(power) of the field reduces in inverse proportion to the sixth power of the

distance from the antenna. In free space, in the far field, the strength (power)

of the field reduces in inverse proportion to the second power of the distance

from the antenna.

Although it is possible to choose a high power level to achieve a long read

range, it is not possible to exercise complete freedom of choice [11]. There are

legislative constraints on power levels emitted from the reader antenna [12].

This makes the near fleld quite interesting [13], as it provides energy storage

with minimum amount of electromagnetic radiation, which always occurs and

needs to be minimized. There is also the issue that high transmitted power

automatically generates high receiver noise into the receiver circuit of the

reader, due to their homo-dyne receiver architecture [14]. Thus, techniques

to deal with such noise need to be developed.

I.I.2 Data Transfer Rate

The data transfer rate depends mostly on the frequency bandwidth. Gen-

erally speaking, the higher the bandwidth the higher the transfer rate. It
should also be mentioned that transferring data to and from the tag requires

a finite amount of time. This can be an important consideration in appli-

cations where a tag is passing swiftly through an interrogation zone. The

considerations which limit data transfer rate in the interrogator to label di-
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1.1. INTRODUC?ION TO RFID

rection are those of electromagnetic compatibility regulations [11] [12]. The

principal consideration which limits data transfer rate in the label to inter-

rogator direction is the employment of a coding methodology which is robust

in the face of interfering signals which may be generated by other users of

the spectrum.

1.1.3 The Reader

The readers or interrogators can differ quite considerably in complexity, de-

pending on the type of tags being used and the functionality expected from

them [15]. Their main purpose is to communicate with the tags and re-

trieve information contained within them. The functions performed by the

interrogator may include signal conditioning, error checking and correcting,

collision detection, sending commands to the tags in the field and processing

the reply. In an environment where multiple tags are present, the amount

of processing a reader must do is much more. Contention management is a

vital issue, and a variety of techniques have been developed to improve the

process of batch reading [16].

Because RFID systems generate and radiate electromagnetic waves, they

are justifiably classified as radio systems. The function of other radio services

must under no circumstances be disrupted or impaired by the operation of

RFID systems. The need to exercise care with regard to other radio services

significantly restricts the range of suitable operating frequencies available to

an RFID system. For this reason, it is usually only possible to use frequency

ranges that have been reserved specifically for industrial, scientific or medical

applications or for short range devices. These are the frequencies classified

worldwide as ISM frequency ranges (Industrial-Scientific-Medical) that can

also be used for RFID applications.
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Low-frequency (30 KHz to 500 KHz) RFID systems have short reading

ranges and lower system costs. They are most commonly used in security

access, asset tracking, and animal identification applications. High-frequency

(850 MHz to 950 MHz and 2.4 GHz to 2.5 GHz) systems, offering long read

ranges (greater than 90 feet) and high reading speeds, are used for such

applications as railroad car tracking and automated toll collection. However,

the higher performance of high-frequency RFID systems incurs higher system

costs.

Many companies manufacture RFID readers among them, Alien Technol-

ogy, AWID, Matrics and SAMSys are market leaders. All of these readers

are designed to read tags based on the Class 1 Electronic Product Code

specifi.cation [107].

Most of the readers are set up with one or more external circular polarized

antenna and they differ in performance (which includes read distance, read

rates and performance on a variety of products and in real-world conditions),

connectivity (how easy it is to add the reader to an RFID network), control
(the ability to tune antennas, sequence the antennas and control the power

output) and total cost of ownership.

I.I.4 Standardization

The proliferation of incompatible RFID standards is provoking much debate

among RFID developers. All major RFID vendors offer proprietary systems,

which operate on different protocols. The current state of RFID standards

are highly variable across the world and between competing standard making

bodies. This lack of system inter-changeability has severely crippled RFID
industry growbh. However a number of organizations, influenced in a variety

of ways [7], have been working to address, and hopefully bring about, some
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commonality among competing RFID systems. One of them will be discussed

further in the next section.

Just as standardization enabled the tremendous growbh and widespread

use of barcodes, cooperation among RFID manufacturers will be necessary

for promoting the technology development and refinements that will enable

the broad based application growth.

1.1.5 The Auto-ID Center Concepts

In 1999 researchers at Massachusetts Institute of Technology (MIT) estab-

lished an Auto-ID Center, and developed the concepts of Electronic Product

Code, the Object Naming Service, and the Physical Markup language [4] [7].

These concepts have been enthusiastically embraced by the RFID user com-

munity, (even if not the vendor community) for automatic identification.

These concepts are substantially in harmony with the views of this author as

to how the RFID technology should be developed, and my work is therefore

of such a nature as to enhance the utility and applicability of those concepts.

I.2 Problem Statement

The literature review from Section 1.1.1 to 1.1.5 highlights, in general, which

elements are of importance. A major conclusion which emanated from this

review is that there exists difficulties with the current RFID systems that
may need to be addressed:

o Electromagnetic propagation losses and polarization mismatch between

the labei and the interrogator. This can result in a significant reduction

of power transfer across the electromagnetic link. For this reason the

7
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study and development of an efficient power rectifier circuit is impera-

tive [17] [1s] [1e].

o Inefficient label antennas. Label antennas need to be small, for such

antennas it is difficult to keep the loss resistance within the antenna and

the matching network small compared with the radiation resistance.

Also, it is difficult to achieve adequate bandwidth with small antennas

to meet the operational needs required for different UHF frequencies in
different jurisdictions [20] [21].

o T[ansmitter power constraints, which are limited by both radio fre-

quency licensing authorities and human exposure to RF fi.elds [11] [12].

o The behavior of CMOS circuits at variable, unpredictable and low sup-

ply voltages, such as can be extracted by rectifying the interrogation

signal, needs further exploration and optimization [29] [30].

o Tfansistor noise, which shows itself as variation in amplitude and phase

of the RF signal. These variations are due to thermal noise, shot noise

and flicker noise. These phenomena decrease the spectral purity of the

transmitted signal, and increase the error rate of the overall system [25]

126l [27] 128].

o Detecting signals in a crowded and noisy channel requires lots of signal

processing. Software Radio based RFID readers can be implemented

to handle complex signal processing tasks [15] [103] [104].

o Reader proliferation causes reader-to-reader interference, resulting in
probability of ghost reads that emphasize the need for reader network-

ins 1221.

o Work neecls to be clone to bring harmony into the cr:rrently cliverse

standards for communications and reading algorithms [23] [2a].
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Current developments in RFID technology continue to yield larger mem-

ory capacities, wider reading ranges, the capability to read multiple tags

present in the interrogation field and faster processing of information. For

more information about the development and standards of RFID systems,

readers are referred to the following references 134],1721, [35], [36], [11].

Although considerable progress has been made over the past few years

in the understanding of the aforementioned intriguing properties, many of

them have remain unresolved.

1.3 Approach

The major part of this thesis is spent on the development of specialized

CMOS circuits which function correctly under the small, unreliable and

highly variable power supplies that can be extracted from the interroga-

tion field of an RFID system. In this dissertation, a number of the issues

presented in Section L.2 are highlighted and discussed.

The principal purpose of this work is to extend the bandwidth of the

sampling circuits so that future generations of the RFID systems can oper-

ate at high frequencies and higher fractional bandwidth. The first important

improvement needed was to increase the RC cutoff frequency of the Schot-

tky diodes that were used in power rectification circuits. By changing the

doping concentration profiles of the diode and scaling down their geometries,

a substantial improvement in circuit speed can be achieved. But, a problem

with standard CMOS process is that we have no control over the doping con-

centration, so only the latter option, geometry, can be optimized. By using

these techniques we managed to reduce parasitics, reduce loss and increase

efficiency from gTo to almost 20%.
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The other outcome of this work was the development of a turn-on circuit"

A turn-on circuit is an interrogation field sensing circuitry which allows the

battery to be connected to an active transponder (battery powered) only

when communication is needed, thus lengthening the life of the battery.

Another outcome of this work was the development of an RF detector

circuit for sensing a burst of high power microwave signal, even a nanosecond

Iong. This kind of RF pulse can produce a shock that indiscriminetly disrupts

and destroys unprotected CMOS circuits and devices.

Another aspect of the work is establishing, by the construction of experi-

mental non-integrated prototypes prior to making a major commitment to IC
fabrication, the practical feasibility of the fast multiple reading methodology

referred to above.

Software Radio is a new technology where signal processing software is

implemented on general prlrpose hardware platforms. Another aspect of this
work is the implementation of a Software based Data Logging RFID reader,

from here on referred to as SDLR. This approach can be used to solve many

of the issues that traditional RFID readers face today. It can be used to
enhance and accelerate the development of RFID wireless communication

protocols.

As in RFID, signal processing tasks involve hard real-time constrains,

the SDLR (with its built-in dedicated and powerful Digital Signal Proces-

sor) was used to perform low level tasks such as FFT, filtering, waveform

shaping, etc. The results were then passed to a host PC for further study

and analysis. Some of the analysis performed and documented in this work

are RFID Communication Protocol Optimization, Baseband Recovery Tim-
ing Measurements, Read Range versus Fbequency measurements and Reader

Collisions Protocol Development.
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Another focus of the work is the development of new multiple label read-

ing and collision detection algorithms that will allow hundreds of labels to
be read in a second. The design approach here is firstly to make use of

advanced electromagnetic theorems which suggest a particular collision de-

tection mechanism, and secondly to keep the label structure as simple as

possible, at the expense of adding complexity to the interrogator.

The other outcome developed during this research was development of

circuits for detection of signaling pulses and for stable time reference gener-

ation.

Experimental work was also carried out on labels with a kernel of state

storage elements for temporary? unpowered, preservation of key data sup-

porting the multiple read algorithm described below. Experimental work on

extremely low power synchronous counter circuits for time reference genera-

tion were also studied.

Also under investigation are interrogator signaling methods that employ

a combination of amplitude and phase modulation to improve signaling re-

liability, while still adhering to EMC regulations. Different but successful

approaches for both HF and UHF systems are developed.

L.4 Organization

The first chapter of this dissertation, this chapter, offers an insight into the

motivation and a brief overview of the thesis topics. The state of the art

technology and how it can be improved as a result of this research is pre-

sented. The goals which are finally achieved are mentioned in this chapter

as well.
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The rest of the chapters are sepa,rated into two parts. The first part

is concerned with optimization and application of Schottky Barrier diodes

on a standard CMOS process. The second part of this work deals with the

optimization and implementation of a software based data logging reader and

its applications in reader-toreader and tag-tereader protocol development.

These two parts are outlined in more details in the following two sections:

There are also several appendices in which the work of the candidate is

recorded.

1.4.1 Part One

Part one is divided into eight chapters. Chapter 2 begins with introduction to
various theoretical and experimental techniques used for the characterization

of planar Schottky diodes using a standard CMOS process. It is then followed

by the compilation of important material and model parameters of the novel

SBD.

Chapter 3 explains the detailed implementation of the diode environment.

Most of the concepts and implementation know-how are documented here.

Some sample IP cores for the novel Schottky Diode have been implemented

and their performance is elaborated in Chapter 4. Previous work had shown

that the designed diodes suffer from low breakdown voltage. In chapter 5

methods have been suggested to overcome these shortcomings and simulation

results are presented.

The next three chapters emphasize the system advantages gained from the

implementation of SBD in an RFID transponder. The first case describes

the use of the novel SBD in a turn-on circuit. The second case, analyzes and

simulates its use in an RF detector circuit. Lastly, a comprehensive analysis
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of a charge pump circuit based on the novel SBD is presented.

L.4.2 Part Two

Chapter 9 reviews the technology background of SDLR and provides a basic

system definition, while chapter 10 deals with the implementation issues.

Chapter 11 deals with two cases where SDLR was used to investigate and

improve the development process of particular aspects of RFID systems. The

first scenario is about optimization of small antennas designed for objects

with metallic surfaces and the second section is dedicated to the development

of an anti-collision protocol for RFID readers in high density area.

The status of this thesis and possible future works are described in Chapter

72. Also, included in that chapter is a statement of my contributions to
knowledge. The appendix gives additional background information on the

system development. Finally, the derivations of some of the equations which

appear in the main body of the thesis are relegated to the appendices.

I.4.3 Appendices

In appendix A, we describe aspects of semiconductor theory relevant to the

thesis and introduce the concept of Schottky diodes and their electrical ac-

tivity. Further, an introduction to semiconductor theory, which forms the

foundation for the interpretation of the Schottky diode property measure-

ments, is given.

Appendix B lists the Matlab source codes of the scripts used in this disser-

tation. Appendix C lists the SPICE parameters, values of some important

Physical constants, formulae derivations and sample calculations.
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The basic research has been carried out in HSPICE. The VHDL imple-

mentation of the reader's decoder algorithm is based on the results obtained

from the MATLAB simulations. Mentor Graphics FPGA Advantage for

Xilinx Spartan II FPGA has been used for the hardware implementation.

AII the signal processing algorithm are written in the C++ programming

Ianguage and have been complied into machine code using Code Composer

Studio from Texas Instruments.

1.5 A Note On Units

Although Standard International (SI) units have been defined for a long time,

the literature describing semiconductor theory frequently make uses of units
of cm or angstrom units for length, and units of [cm]-s for carrier concentra-

tion. In some equations this usage does not matter, as inappropriate units
may sometimes form dimensionless ratios. In other cases serious errors may

occur if one inserts numerical values not in SI units into one part of a formula

for which it is traditional to use SI units in other parts of the equation.

We take the view that in a scholarly work SI units should prevail and

we have adopted them throughout this thesis. We offer the caution that the

reader who may extract numerical data from the literature should first check

the units in which the data is offered and convert them into SI units before

using them in the equations provided here.
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Chapter 2

Novel Schottky Barrier Diode
on Standard CMOS

The purpose of this chapter is to describe a layout design which can be used

to implement a novel Schottky diode on a standard CMOS process. Thus,

the design can be directiy implemented into a standard CMOS process with-

out adding costly extra process steps or mask layers.
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2.I Introduction

Fast switching speed and low forward voltage drop are favorable character-

istics of Schottky diodes. These properties of Schottky diodes are primarily
determined by majority carrier phenomena, while minority carriers deter-

mine those properties for pn junction diodes. Due to their excellent high

frequency performance, Schottky diodes have been widely used in power de-

tection and microwave circuits [60]. They are often fabricated by depositing

metals such as titanium on n-type or p-type semiconductor materials such

as GaAs or SiC [61].

In order to increase high frequency performance and decrease the po\Mer

Ioss in rectifier circuits, it is important to integrate Schottky diodes into a

modern CMOS process. But a process that can integrate Schottky diodes

on CMOS are not widely available as they require extra mask layers and

processing steps to be implemented.

Clever techniques exist to build Schottky diodes but they are fabricated

with special processes which are not available in a full-scale standard CMOS

fabrication facility [54]. Others require post processing of the CMOS chip

using Focused Ion Beam (FIB) to build the Schottky diode after CMOS chip

has been fabricated. Although the results might be promising, again it does

not apply to RFID as the price of tags would increase dramatically if it were

to add any extra process steps, such as FIB. It is also worth mentioning that,
FIB is a very lengthy process and it takes a long time, up to two hours, to
implement a Schottky diode on a pre-fabricated CMOS chip.

Therefore this work is quite unique in that no publications were found

on building a power rectifier circuit for RFID transponders using Schottky

diodes on a Standard CMOS process.
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2.2 Planar SBD on Standard CMOS Process

In designing a Schottky diode for RFID systems, both non-linearity of the

capacitance and the RC cut-off frequency of the diode are of primary con-

cern. A brief discussion of the diode fabrication is necessary at the outset

because parasitics of the diode are functions of its geometry and physical

implementation.

Implementing diodes on a standard CMOS process is designed specifically

for ease of integration into circuits where the devices must be heavily packed

and fabricated as a monolithic system. Figure 2.1 shows a cross-sectional

view of the proposed novel Schottky Barrier diode that was fabricated for

this project. It consists of a Schottky contact to an n-well active region and

ohmic contacts to a heavily doped n* layer. With this diode geometry the

layout is compact and the extrinsic parasitic effects are minimized. That is

an important factor for high frequency operation of the circuit.

Figure 2.2 shows a cross-sectional view and the schematic of the Schottky

diode and its associated equivalent circuit elements. The Schottky contact

has width of. W, the length of the diode into the plane of the page is .L

and the separation between Schottky contact and ohmic contact is D. The

capacitance of the Schottky diode, C, as given in Equation 2.1, is from the

depleted space charge region with depth, d, where d is a function of applied

reverse bias and is given by:

C

d

eWL
d

2e/_t
q¡rd \

(2 1)

(2 2)vu¿-vu¡o"-kr
q

The derivation of the above equations are given in the appendix A. The
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Figure 2.1: Top and Cross sectional view of a planar Schottky Barrier Diode
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D
w¡rF---il

Figure 2.2: Equivalent circuit of Schottky diode, illustrating the various

components of the series resistance.

sum resistance in series with this capacitance, Rru , can be modeled as

the sum of four components. The first element, Rr, is the n-well vertical

resistance through the un-depleted portion of the n-well layer, where, the

amount of un-depleted material is a function of bias. A 0 V bias is used as

a conservative value because this resistance will be at its largest value, that
is given by:

Rr:r, w

Ohmic
contact

(2.3)

where p, is the resistivity of the n-well material andTun¿", is the thickness

of the un-depleted region at 0V bias. Because this is a sheet resistance, it is
an area term and so its value is inversely proportional to W . .L. The second

component of the resistance is the spreading resistance, .R", that accounts

RcCdep

4')t*

Nwell ,RS

R"*

p-substrate
Csub

b
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Schottþ contact

Cdep Cdep

4'
Cdep

h
Rs Rs Rs .Rs

Figure 2.3: Diagram, illustrating the distribution nature of the resistance

and capacitance of the Schottky contact [53].

for the spreading of the current flow under and around the Schottky contact

into the n-well region. The value of ,R" is given by:

R"

o _L W I pn,,"-5 T'T'h (2.4)

where p,, is the resistivity of the n-well material and Tn is thickness of

the n-well layer. A factor of Wla comes from the fact that the current

travel only half the contact's width as it spreads out to either side, and that
these resistances are in parallel. Another additional factor of ll3 arises from

the distributed nature of the spreading resistance and capacitance under

the contact, which is analogous to the spreading resistance in the base of a
bipolar junction transistor or the distributed resistance of the gate finger of

a MESFET (Figure 2.3) [68].

The third component, R*+, comes from the resistance of the r¿* contact

region due to the separation between the n-well and ohmic contacts:

R-+:ï(r* h)
22
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and again the factor of 714 arises because there are four of them in par-

allel. The final component of the series resistance, .R", is from the ohmic

contacts:

1
(2.6)R"

4L

where p"ont is the specific contact resistivity. Because R", RN,, and R" are

inversely proportion aI to L and the capacitance is directly proportional t o W .

.L, decreasingW and increasing ,L to maintain a constant diode area reduces

R"u* in proportion to C and consequentiy increases the cut-off frequency

of the diode,/"¿", which is defined using the large signal capacitance of the

diode:

fa" : ll(%rC¿,R,) (2.7)

This is analogous to the design of the base-emitter junction of a bipolar

transistor where the dominant resistance is the base resistance, which is also

a periphery dependent term, so by decreasing the emitter strip width, the

Rbo""C"b time constant is reduced.

Equation 2.7 for the diode cut-off frequency is valid at low frequencies,

but neglects several high frequency phenomenon that adversely affect the se-

ries resistance of the diode. The following discussion of these effects is taken

directly from the work by Champlin and Eisenstein [66] and also includes

their references to original work. Dickens [69] was the first to treat this prob-

lem in the context of a Schottky diode and showed that the high-frequency

extension of the spreading resistance is an impedance Z that for circular

geometries given by:

Pn+
Pcont' f̂n*
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(2 s)

where b and a are the radii of the substrate and contact, respectively, ø

is the dc conductivity of the semiconductor and ô is the skin depth given by:

ô- (2.e)
al-too

in which ¡ze is the magnetic permeability of free space.

Equation 2.8 is based on two assumptions that are not generally valid for

semiconductors in the sub-millimeter wave region. They are

t : ;,,arctan(bf a) *##h(bla)

u) K. u)."u¡: ?miþ"

o'+.irr:o{- L '
, + i (,,' l r""rr) 

+ i (u I w¿)\

ou K.tD¿,: -€

where a¿, is the dielectric relaxation angular frequency and

(2.10)

(2.11)

where uJ."u1 is the scattering frequency, m[ is the effective mass of the

electrons and ¡t" is the mobility of the electrons. Making assumption 2.10 is

tantamount to ignoring the displacement current and is the usual assumption

that leads to 2.9. Assumption 2.I7 is equivalent to ignoring the inertial mass

behavior of the carriers in their response to an applied electric field [70].

Both assumptions can be removed from 2.8 by replacing the DC conduc-

tivity o with the complex quantity

24
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L,,

Cdr

Figure 2.4: Equivalent circuit model of a Schottky diode that includes the
effects of the displacement capacitance.

and by replacing (t + l) lo with the actual propagation constant of the

semiconductor material:

R"

Cd

'v o' ¡ jae
1

ô L -f j(af a"."¡) + j(ulu)\tt2 (2.13)

Substituting 2.72 and 2.13 into 2.8 and assuming (bla) ) 1 leads to

Z : Z" I Zo where Z" is the complex bulk-spreading impedance given by:

1

4""z" {----1- + j(ula¿))-rrr+¡(ufa""ur) t ' (2.14)

and Zs is the complex skin-effect impedance. With a buried l/-. layer

(underneath the ohmic contacts) doped as heavily as possible, ly'p æ 5 x

1918 "--3 and p¡¡-. :7.5 f).p-, the skin depth at 1 THz is 1.4¡rm. Since

the layer is only 1.0pm thick, the current crowding effect will be negligible

in the frequency range of interest (UHF), and Zs can be neglected.

An equivalent circuit model including Z, is shown in Figure 2.4. These
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high frequency effects can be modeled by adding two elements to the equiva-

lent circuit model: a displacement capacitance C¿¡. : If R"w¿, and an inertial
inductance Lscat: R"/Ø,"ut. The parallel L""u¡C¿i" circuit is resonant at the

plasma angular frequency given by:

0)dr1)scat (2.75)

For the diodes used in this work, the n-well active region was doped at

a level of l/¿r : 1.0 x 1017 cil-3, for which fp : 3.0 THz. Because the

operating frequencies of the circuits are well below these, the use of the

simple ,?C model to calculate /"¿" as a figure of merit is valid.

Other factors, though, Iimit how f.ar W can be effectively reduced. Ãs W
approaches dimensions similar to the n-well layer thickness, the lateral extent

of the depletion region around the edges becomes significant, and effectively

increases the area of the diode, a problem that has been solved analytically
by others [71]. The real problem is that as the depletion depth increases un-

der reverse bias, the lateral depletion region becomes proportionately larger,

flattening out the C-V curve. This effect can be eliminated by using a self-

aligned guard-ring to remove the n-well layer not directly under the Schottky

contact, so there is no material remaining to become laterally depleted.

2.3 Models and Parameters of the SBD

Numerical device modeling and simulation are essential f.or analyzing and

developing semiconductor devices. They help a design engineer, not only

to gain an increased understanding of the device operation, but also they
provide the a,bility to prer.lict electrical characteristics, behavior ancl param-

eter effects that influence the device behaviour. With this knowledge and

apt :2nf6: :
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abilities the designer can design a better structure, estimate the device per-

formance, perform worst case analysis and optimize device parameters to
yield an optimized device performance.

As in any device simulator, any quantative, or qualitative simulation of

a device, relies heavily on the device models and their parameter values.

Although many device models with their default parameters are available

in many commercial simulators, some of their parameters do not provide

realistic characteristics of the semiconductor materials. As for the SBD de-

veloped in this work, there is no model available that takes into account all

the parameters affecting its performance.

Therefore, it is important to develop a model for the SBD fabricated on a

standard CMOS process. In developing a model the following were the main

purposes taken into consideration:

o To define the electrical circuit equivalent of the SBD structure to enable

improved analysis of circuit performance.

o To define the magnitude and location of relevant parasitic electric ele-

ments to enable prediction of performance effects.

o To manipulate parasitic elements to obtain improved or enhanced cir-

cuit performance.

o It shall consist of conventional lumped circuit elements.

o It should accurately re-produce the diode IV characteristics and S pa-

rameters.

o It shall be compatible with the commonly used simulation tools.

The aim of this section is to analyze the applicability of CMOS material

parameters from the literature and measurements, and implement them into
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SPICE program as a rù/ay to calibrate the simulation process with the reai

device characteristics.

2.3.L Simplified Model

Figure 2.5 shows a simplified model developed for the Schottky diode fabri-
cated on a standard CMOS process. Data collected with measurement tools

in the later phase of this work, was used to develop and refine this model.

The refining process was done through iterative data collection and analysis

and comparing expected results with actual data.

In this figure L¡ and Lo are the anode and cathode series wire inductance

respectively. C¿ and Co are the input and output capacitance. C¡ is the

equivalent capacitance of the interdigitating fingers of anode and cathode. ,R¿

and .Ro are the anode and cathode parasitic n-well resistance to the substrate

(or Gnd). Do,, models the parasitic n-well to p-substrate pn junction diode.

Anode 4 Dsao Lo cathode

Gnd

Figure 2.5: Equivalent circuit model of a Schottky Diode on standard CMOS
process.
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Its characteristics can be obtained from the Spice model file supplied by the

foundry. .Rz is the n-well vertical resistance just above lhe Dpn diode.
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2.4 Simulations

This section describes the study of simulation of Schottky Barrier diodes

built on standard CMOS process. Atlas is a twedimentional device simulator

which solves numerically the following basic semiconductor device equations:

-q(p-n+N;'-NÃ)-p"
: !vJ,-r,

q
'l: 
;vJe-ue

: Qþ"nVÔ.
: -AþpPVÓp

where

is the dielectric permittivity
is the electrostatic potential

are electron and hole concentrations

are the ionized donor and acceptor impurity concentrations

is the surface charge density

are vectors of the electron and hole current density

are the electron and hole net recombination rate.

are the electron and hole mobilities

are the electron and hole quasi-Fermi levels.
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The method used for the simulation is based on the quantum mechanic

equations, as above, using finite element method to discretise these equations

on a simulation grid. This descretization process yielcls a set of corrpled non-

linear algebraic equations which represent a number of grid points, for the
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unknown potentials and free-carrier concentrations. This set of non-linear

algebraic equations must be solved using non-linear iteration methods such

as Newton's or Gummel's methods. Regardless of which iteration method

is used, the solution must be carried out over the entire grid until a self-

consistant potential (/), and carrierconcentrations (p, n) arc obtained. Once

this is done, it is possible to determine the quasi-Fermi level (/) and the hole

and electron currents (Jo,J,,) from Equation 2.16 to Equation 2.20.

2.4.I SBD characteristics

Athena, a two-dimensional device simulation program, was used to determine

the characteristic parameters of the proposed SBD. Twodimensional impu-

rity profile was generated using the parameters extracted from the material

available in Athena. Figure 2.6 shows a cross-sectional view of the test SBD

generated with Athena. Figure 2.7 shows the plot of I-V characteristics of

the SBD device designed with Athena.

The junction capacitance of the SBD was simulated using Atlas. The

simulation results are shown in Figure 2.8. Calculations and simulations of

the breakdown voltage, critical field and depletion width as a function of

doping performance can be used as a useful guide in designing any silicon

based device, assuming a defect free bulk material. However, in a real de-

vice, tunneling may take place before avalanche breakdown at high doping

levels. Normally breakdown occurs at the edges of the space charge region.

Figure 2.9 shows the results of simulation of the breakdown voltage.

The scripts used for the above simulations are presented in the appendix

C
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Figure 2.6: A SBD structure generated with Athena.
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Figure 2.8: Simulated C-V curve of the SBD, generated with Atlas.
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2.6 Conclusion

Schottky diodes provide a high-performance, cost-effective solution for to-

day's circuit designs for RFID applications. In this chapter we presented a

novel Schottky diode structure that can be constructed on a standard CMOS

process. This SBD diode does not need any special processing steps and can

be integrated monolithically with existing circuits built for CMOS chips.

Theoretical analysis and characterization of this SBD has been presented

in this chapter. A model has been derived for this diode that is compatible

with existing standard electrical simulation tools such as HSPICE.

In the next chapter we will explain how this diode can be fabricated on a

standard CMOS process, using CMOS iayout editing tools such as Virtuoso
from Cadence.
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Chapter 3

Fabrication Process of Novel
SBD

A brief discussion of the diode fabrication is warranted at the outset because

the parasitics of the diode are a function of its geometry and physical im-

plementation. This novel Schottky diode is designed specifically for ease of

integration into circuits where the device must be densely packed. As such

this chapter concentrates on the fabrication process, its limitations and the

ways to get around those limitations.
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3.1 Introduction

This chapter provides the proposed process steps in fabricating a novel SBD

structure on a standard CMOS process. Detailed study of process parameters

and its effects related to the fabrication of the SBD has been carried out and

Ied to successful SBD device results. Consequently, the process steps for

the fabrication of self-aligned novel SBD are proposed according to these

confirmed process parameters.

3.2 Layout of the Schottky Diode

The first step in fabrication process is to create a layout of the design using

Cadence Virtuoso or other layout design tools such as Magic. A layout

describes the masks from which the design will be fabricated. The layers in
the layout describe the physical characteristics of the device and have more

details than a schematic.

There are two types of layout design: Full-Custom and Automated. Full-

Custom layout is when the user physicaily draws all of the layers for the

individual transistors, resistors, diodes, etc. This is a very tedious process,

but it usually results in a compact design when compared to the automated
process. The automated process, on the other hand, is done by instantiating
standard cells (reusing basic blocks) and usually takes more area but layout

is much faster.

As Schottky contacts are not used in the design of standard CMOS cir-
cuits, they are not present in CMOS computer aided design (CAD) tools.

The ability to implement these diorles throrrgh standard CMOS process r,¡/a,s

established by modifying the design rules provided by the foundry. This led
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3.2. LAYOUT OF THE SCHOTTKY DIODE

to a series of design rule vioiations and as such would not be supported by

the foundry.

The first test chip was designed using MAGIC, a public domain layout

editor tool which was used to layout the structure of the Schottky diode. A
completed design file must be sent to a foundry for fabrication in a standard

file format, called Caltech Intermediate Form (CIF). After the design com-

pletion, the output CIF file was edited manually and p+ layer was removed so

that metall will make direct contact with n-well. The remaining CIF layers

at the junction point are CAA, CA and CMF, which correspond to sc-actiue,

act'iue-contact and metall. This allows the metal layer to connect directly

to the n-well as opposed to a highly doped semiconductor as is typical with
conventional well and substrate ohmic contact.

In order to simplify the process, two new layout blocks were defined. We

call them sbd-actiue and sbd-contact. The sbd-acúiue consists of the CIF layer

CAA which is an active area with no hidden wells or implants associated with
it. The sbd-contacú consists of the design layers sbd-active, active contact and

metall, which correspond to CIF layers CAA, CCA and CMF, respectively.

The diodes were fabricated using the Charted Semiconductor 0.35 pm

process to the dimensions provided in Table 3.1, and were subjected to an

extensive set of tests. The results from this fabrication were satisfactory. In
this run two types of Schottky diodes were designed; n-type and p-type. N-

type SBD diodes were made by depositing metal directly on top of the n-weil

layer. The results rü¡ere promising and showed a working Schottky barrier

diode can be built using this technique. Although the forward voltage drop

is slightly more than what was expected, the Schottky diode implemented

produced contacts that had rectifying properties which can be characterized

by an ideal diode equation. As for p-type SBD, metal on p-well was used.

p-type diodes did not show any sign of rectification due to the almost equal
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work functions of the p-substrate and the aluminum, thus no difference in
potential between the semiconductor and the metal, and no barrier existed.

In fact, p-well and metall, aluminum, formed an ohmic contact.

3.2.L Layout Steps

The second chip was designed using a layout editor called Virtuoso from

Cadence. The steps taken in the Virtuoso layout design to build a Schottky

diode are summarized in the following steps:

Draw the N-'Well

1. Select the n-well layer from the Layer Selection'Window (LSW).

2. Select the Create --+ Rectangle (or choose the Rectangle icon from the

side toolbar).

3. Using the mouse, draw the n-well on the cell-view to be 6.8 long by 4.9

p,m wide.

Draw the N* diffusion

1. Select the N-lDiff layer from the LSW window

2. Select the Create -> Rectangle (or choose the Rectangle icon from the

side toolbar).

3. Using the mouse, draw the N+Diff on the cell-view to be 3.8 long by 1.2

wide. The N+Diff should be placed within the n-well. (the Edit--move
command can be used to move the layer)
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Draw the Metall Contacts

1. Select the Contact-dg layer from the LSW window

2. Select the Create ---+ Rectangle (or choose the Rectangle icon from the

side toolbar).

3. Using the mouse, draw the Contact on the cell-view to be of minimum

size. The Contacts placed within the N+Diff region will form an ohmic

contact to the n-well. Any Contact placed outside the N*Diff, but

inside the n-well forms a Schottky contact. It is better to place ohmic

contacts such that they surround the Schottky contacts like a ring.

Draw the Metall

1. Select the Metal-l layer from the LSW window

2. Select the Create ---+ Rectangle (or choose the Rectangle icon from the

side toolbar).

3. Using the mouse, draw the Metal layer on the Contacts. Metal-l layer

is used to connect ohmic and Schottky contacts to the appropriate GSG

pads.

The final result should look some thing like the diagram shown in Fig-

ure 3.1. The design procedure mentioned above is only suitable for NEC

technology. Layout structure for any other fabrication method are similar to

the above steps but not necessa.rily the same. There is also some fine tuning

that needs to be done, depending on different manufacturer's rules.

A few publications have reported failure in designing Schottky diodes on

standard CMOS process [64]. It is crucial to follow the fabrication process
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Figure 3.1: CAD layout of the Schottky diode

Figure 3.2: CAD layout of the Schottky diode, including
the guard ring around it and the GSG probe pads.
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steps and to visualize them mentally. In order to build a working SBD it is

essential to make sure that an active layer is placed on top of the Schottky

contact area. Failure to do so, results in an open circuit or an incomplete

contact as depicted in Figure 3.3. Omitting to put an active layer, will result

in the field oxide growing on and around the contact a¡ea. During the later

process step, where the contacts are made, the thinness of thick oxide layer

is too deep for the chemical dissolvent to etch away a hole all the way down

to the n-well a.rea. The result would be an incomplete contact.

Acllve region Field OxideIt#l
Anode ïhick Oxide

I

Figure 3.3: Layout cross-sectional view of badly designed Schottky diode.

3.3 Fabrication

The development of CMOS technology was driven mainly by digital circuits.

However, recently, CMOS has been used extensively in the analog circuit

design. The reason being the low cost of fabrication and the ability to in-

tegrate both analog and digital circuits monolithically on the same silicon

chip, which improves the overall performance and reliability, while at the

cothode
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N+

Foiled Conloct
Nwell

Ohmic
contoct
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same time reducing the cost of packaging. Currently circuit designers are

exploring emerging pure CMOS approaches, integrating not only digital and

analog blocks but also radio frequency (RF) circuits on the same chip.

As in a standard CMOS process, we have no control over doping concen-

tration and the type of the material used, the only parameter that can be

controlled is the size of the junction. In order to get a high efficiency recti-

fier, it is essential to have Schottky diodes with high saturation current 1",

which results in low forward voltage drop, low junction capacitance C7., small

series resistance .R", and also low parasitic capacitance to substrate C"u6. A.

large junction Schottky diode results in a large saturation current and small

series resistance, but also large junction and substrate capacitance. Those

large capacitances would dominate the diode characteristics, so the optimum
junction size of the diode needs to be found. For comparison, Table 3.1,

shows the different Schottky junction sizes that were implemented.

Fþom the discussion in the previous chapters we know that the series re-

sistance of the n-well is relatively high. This manifests itself as the series

resistance of the Schottky diode. This was compensated by interdigitating
the fingers of the ohmic and Schottky contacts. The distance between the

ohmic and Schottky contacts was also reduced to the minimum allowable by

the CMOS design rule-set. This technique increased the perimeter of the con-

tacb while keepirrg its area to rninirnurn, so in effect, not only does it decrease

the junction capacitance but also it reduces the series resistance. Interdig-

itating also greatly reduces the distance from anode to cathode, mitigating
the likelihood of electrons being swept down to the substrate. Figure 3.2

shows a layout view of the Schottky diode including the guard ring around

it and the GSG probe pads.
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Fingers W x L (prn)No Area (pm2) Perimeter (¡.lrn)

0.48 x 0.48SD1 0.23 t.92 1

0.48 x 0.48SD2 1 0.23 t.92 1

SD3 7.4976 7.20 1 0.48 x 3.12

SD4 2 16.128 72.90 6 0.48 x 5.6

0.48 x 0.30SD5 14.4 60.96 1

Table 3.1 diode unction sizes.

3.3.1 Geometry

Several devices of different contact size and geometry were laid out and fab-

ricated in the first fabrication stage. Table 3.1 shows the different Schottky

junction sizes that were implemented. The following sub-sections explain

each one of these designs in more detail.

Donut Junction

The simplest way to improve the performance of SBD is to surround the

Schottky barrier junction with ohmic contacts as shown in Figure 3.4. This

surrounding ohmic contact would also act as a guard ring, trapping all elec-

trons wandering from the metal into the n-well. It still keeps the junction

area to its minimum size, while at the same time decreasing the series resis-

tance by forming a network of parallel connected resistors.

lThe SDt and SD2 have same junction area, but SDl anode and cathode are connected

by metall while the anode of SD2 is connected out by metal2. That would make the

cathode contacts to surround the junction.
2Extra-long junction dimension Schottky Diode is fabricated to verify our understand-

ing over the dimension effects.
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This would lower the junction impedance by at least a factor of five.

HSPICE can be used to analyze and predict the junction impedance. An
HSPICE net list must contain lumped resistors and capacitors placed in
series and parallel. After simulation, HSPICE is able to provide us with a

total equivalent impedance value.

Multi-finger Junction

Another contemplated (and proven to be even better) design geometry can

be achieved by interdigitating the contacts. In this configuration each type
of contact is surrounded by the opposite contact type. In this constellation,
the design is more compatible with the CMOS design rule-sets, which is
an advantage over the donut shape design. Multi-finger designs have larger
junction area compared with the donut type, which would increase the junc-

tion capacitance. That is not an attractive property for UHF applications.

Figure 3.5 shows a typical comb shaped Schottkv diode structure.

3.4 Pad Design Considerations

Coplanar GHz probes have only been available in the 1980s, and have signifi-
cantly advanced wafer probing capabilities. Successful GHz probing requires

that consideration be given to layout and design before design completion

and mask fabrication. Failure to observe specific layout requirements can

result in the inability to test the devices with GHz probes.

There are specific mechanical and electrical layout rules that must be

followed. These rules will assure that the fabricated device can be successfully

probed. It is important to note that what we really measure is what is
connected to the probe tips. This includes parasitics and parasitics associated
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lN-well nru* ffiContact lfiuetat

Figure 3.4: Top and Cross-section view of the Donut
shaped Schottky diode on standard CMOS process.

Schottþ Contact

Ohmic contact

Figure 3.5: Top view of multi-finger Schottky contact

diode.

n-well
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with the interconnects from pads to other devices on the substrate. In order

to measure a device independent of the pad effects, it is useful to make the
pads as small as possible, so their effects would be negligible or can be easily

subtracted from the measured data. When using a network analyzer we will
be measuring everything past the end of the probe tips, unless rù/e use special

calibration or correction techniques. A detailed de-embedding procedure is

covered in the next chapter.

Different pad structures were designed, some with guard-rings and some

without. The use of a guard-ring does not effect pad spacing. Our general

recommendation is that pads must be 100 pm x 100 ¡;m with a pitch of

170 ¡tm (allows for pad edge to pad edge spacing of 70 pm). Smaller pads

and tighter pitches are possible but not without considering the exact location

of the package cavity pins, angle of wire to the pins and the length of the

wires.

The fabrication process used for this project supports two metal layers.

The pad structure constitutes the top most metal layer, which in this case is

metal2. As such a layer of metall was extended in every direction underneath

the signal pad to prevent peripheral fringe capacitance to the substrate.

Ground shielding under the signal pad has several benefits in RF prob-

ing" One benefit is that coupling between the probe ports will be minimized

compared to the unshielded pad structures since the signal pad is isolated

from the substrate. This coupling technique becomes important especially in
a CMOS technology with a low substrate resistivity. Another benefit is that
the process of de-embedding the pad parasitics becomes simpler because its
equivalent circuit is purely capacitive with a high quality factor. This struc-

ture is shown in Figure 3.6. Yet another benefit for a shielded probe pad is

better noise characterization of devices because substrate coupling through

the signal pad is minimized.
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o) Top View

MI

MI /M2

o) Side View

G s G

Figure 3.6: a)One-port GSG top view of the ground shielded probe pad

layout. b)Side view of the layout.

3.5 Implementations

Our basic approach here is to divide our attention into two major categories.

One is the geometry and the other is the optional fabrication process ca-

pability. The second choice is not easy and we decided to leave it for the

second phase of fabrication. During the first fabrication phase we only tried

to optimize and work on the geometry and theory of the Schottky diodes on

standard CMOS process.

The first design was aimed for the AMI 1.5 pm process. The area of the

metal-semiconductor contact was set to the minimum process feature size,

I.6 p,m square. The n-well ohmic contact ring was placed as close as possible

Probe
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to the Schottky contact. This would minimize the series resistance of the

diode. In order to be able to bias the diode and also guard the diode from

the rest of the circuit, a guard ring was placed around it. The guard ring is
made of p-substrate contact.

A better isolation from the surrounding circuit can be achieved by nega-

tive biasing the substrate of the diode. Each diode on the die is connected

to the outside world by three testing pads of size 100 pm x 100 pm. The
presence of these testing pads adds a significant amount of capacitance to
the measurement of the diode characteristics, which would not be present in
a working device. This chip was delivered and subsequent testing carried out

by midyear 2002.

During the second phase of the research, since enough confidence rù/as

gained about the validity of the designed SBD, it was decided to make use

of Intellectual Property (IP) produced. Therefore, commercial companies

were contacted to obtain bids for the design and construction of the Schot-

tky diode, in return they would have access to the IP developed. Shanghai's

HUAHUNG-NEC Pty Ltd was the first company to accept our offer. There-

fore the design work began in early 2004. The fabricated chip was delivered

to us by the end of 2004.

3.6 Conclusion

For this project we have developed a novel Schottky diode on a standard

CMOS process. For circuit development this device has been modeled. To

build this kind of diode there is no need for additional process steps. Both
types of diode, n-type and p-type devices are available.
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no model for them in EDA CAD tools. This makes the design of the novel

SBD more tricky as the automated DRC tools fail to recognize the errors

that might be present in the novel SBD design. All the error checking needs

to be done manually, which is very tedious and itself prone to human errors.

A proposed solution to this problem is to modify the files where the DRC

program reads its input rules. By doing that we can add new rules to the

list of the existing rules and make it legitimate to build novel Schottky diode

on a standard CMOS process.

The main controllable parameter in the design of this type of Schottky

diode is the area of the contact region. The other parameters such as dop-

ing concentration and work function of the metal and electron affinity of the

semiconductor are determined by the CMOS foundry process. As such the

nature of this type of Schottky diode is not controliable as effectively as it
should be and in fact may vary substantially from one process to another.

Flom previous chapters, it is clear that, in order to decrease the junction

capacitance, we need to decrease the junction area. AIso, it has been learned

that decreasing the junction area would increase the diode's series resistance.

So, considering the planar structure of the CMOS circuits, it seems appro-

priate to fabricate Schottky diodes of different geometry and employ very

exhaustive testing techniques to characterize them.

49



CHAPTER 3. FABRICATIOIVPROCESS OF NOVEL SBD

50



Chapter 4

Measurements and
Characterization of SBD

After the circuits had been fabricated, a number of measurements were made

to characterize them. The first diagnostics rvere on the test SBD diodes.

Some of these diodes were not connected to the rest of the circuit but instead

had microwave probe pads on each end. Detailed measurement methods and

characterization of DC and AC performance of these SBD diodes are covered

in this chapter.
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4.L Introduction

Diodes can operate under two conditions: forward bias and reverse bias. In
this section the fabricated Schottky diodes were examined under these two

conditions and such characteristics as their built in voltage, junction capaci-

tance, doping concentration and breakdown voitage were measured and char-

acterized. Techniques such as current versus voltage plots and capacitance

versus voltage plots were used during these measurements.

Diodes on which these measurements were carried out, were connected

to Ground-Signal-Ground (GSG) pads that were configured to be used with
microwave probes. That would allow both DC and AC measurements to be

conducted on the device without the need to remove the probes, that would

save both pads and probes from wearing out or being damaged.

The test structures on the test chip were laid out in such a pattern to
include several different diode geometry sizes, some with just a minimum
sized diode and some with a multi-finger configuration.

Current versus voltage curves were measured in both forward and reverse

bias conditions. That would give a complete DC characteristics of the diodes.

Capacitance versus voltage curves were used in order to check the doping

profile in the diode N-well region. By comparing the measrrrecl CV data of a

large diode with that predicted using Equation 2.2, the exact value of doping

characteristics can be determined.

4.2 DC Characteristics

The first measrlrements rlone on the diodes were usually DC voltage-current

measurements. That would reveal their forward voltage drop (7¡), emission
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coefficient (lú), reverse saturation current(/") and series resistance (,R").

An effective and straight-forward method for linear curve fitting is the

regression analysis method. The goal of this anaiysis is to determine the

values of parameters for a function that causes the function to best fit a set

of data observations that were collected. The more observations collected

the more accurate the estimate of the parameters will be. To do this we have

to solve the equation below for parameters rn and b:

A:rn*rlb (4.1)

The diode equation, given by Equation 4.2, is a non-linear one and as

such it can only be solved numerically. The way around this is to transform

this non-linear equation to a linear one. A diode has an exponential function,

so the transform that we need is a logarithmic conversion to linear range, for

which a linear regression analysis can be used. From there we can work out

the slope and the y-intercept of the line of best fit. A simple diode model

at DC is depicted in Figure 4.1. This model consists of an ideal diode D,

representing the non-linear characteristics and a series resistance -R", which

accounts for high current effects.

Figure 4.1: DC diode model

The basic diode equation describing the ideal diode current voltage rela-

tionship is given by:

DR,
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¿a: I,k& - t)

Vr: g
q

(4 2)

In this equation V¿ and'i¿ are the diode voltage and current respectively.

I/r is the thermal voltage that is given by:

(4.3)

where, k is the Boltzmann's constant, 7 is the absolute temperature and

q is the magnitude of an electron charge. At room temperature Vr has a

value of almost 26mV.

Applying the logarithmic conversion yields the following approximation

ln(i,¿) In(l,).h
tn(r,)+ftu,

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

(4.e)

which is an equation of the same format as Equation 4.7. In order to interpret
this linearly we have to substitute:

U

b

n'L

ï

t,n,(i¿)

ln(1")
1

NVr
Va

Afber the logarithmic conversion of the measured values of. i,¿ andV¿, they
are introduced into the regression equations of Section C.1.1.
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regression function. Solving Equation 4.7 for I, and Equation 4.8 for .ôy', we

are able to calculate these two parameters from ó and rn as follows:

I" eb

rnVr

(4.10)

(4.11)

(4.12)

A script for Matlab was developed to optimize and perform this tedious

task automatically. The script is named regression-rs.n and is listed in

Appendix B.

4.2.t Validity of the method

The method described above is valid only in the range of measured data,

where the assumptions are true. This means the above equations are valid

for V¿ ) 0, where the noise level in the measured data is low, i.e. where the

bias is larger than 0.2V [65]. The other assumption made is that the diode

current must not be dominated by recombinati,on effects, the weaker slope

at low bias voltage, but it must be below high-current effects, thus there are

no ohmic effects, or the famous knee-effects, in the half-logarithmic diode

characteristic curves, as depicted in Figure 4.2.

4.2.2 Measuring .R"

After the parameters -I" and .l/ are extracted from the collected data, the

value of -R" can be found. This can be done bv using the two highest points:

1¡/

_Va(n) -V¿(n-r)
I¿(")-I¿(n-t)R"
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Figure 4.2: Valid region of IV curve for use in the DC characterization

Another method that can be used to determine the ohmic part of a diode

characteristic is to consider the voltage drop between the ideal diode charac-

teristics and its shift due to the ohmic effect. This can be accomplished by

choosing a point from the measured data where the ohmic effects a,re more

pronounced, say Va(") and I¿(n), and then calculating the voltage using the

ideal diode equation for that particular data point I¿(") The difference be-

tween the two voltages can be divided by its corresponding current to finally
give the value of ,R". This method is illustrated in Figure 4.5. The pre-

requisite for a good rB" extraction is to make sure that the decline for high

bias voltage is clearly visible in the extraction range.

The forward bias DC characteristics were measured for all of the fabri-

cated diodes. The minimum size diode has a much higher series resistance

compared with other configrrrations. The mrrlti-finger configrrration exhihits

much lower series resistance as we would expect from its geometry. The
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Figure 4.3: Forward I-V curve of SBD1 of size 0.48p,mx3.12¡"tm in comparison

with SBD4, which has a six-finger junction of finger size 0.48p,m x 5.6p,m.

measured data for two extreme cases are plotted in Figure 4.3. The Matlab

scripts used to do the regression analysis are presented in Appendix B.

4.2.3 Reverse Bias Region

The reverse breakdown voltage, V6r, wâs determined by measuring the I-V

curves of diodes under negative bias conditions. These measurements for

two diodes, one with minimum feature size and the other with multi-finger

configuration, are compared in Figure 4.6.

There are two types of breakdown that occur in diodes. The first is the

Zener breakdown which happens at low voltage, say below five volts. The

second type of breakdown is called Avalanche breakdown, which happens at

higher voltages, for example above 10 volts.

0 2

- 
Min size junction
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Figure 4.4: Forward I-V curve of SBD4 of size 0.48pmx5.60p,m plotted
with current on a linear scale.
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Figure 4.5: Forward I-V curve of SBD4 of size 0.48p,mx5.60¡-r,m plotted
with current on a logarithmic scale.
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4.2. DC CHARACTERISTICS

There are two parameters that need to be measured: BV, the break

down voltage and I BV, the current at the breakdown voltage. The typical

measured values for these parameters are; BV : 25V and I BV : 9mA.

Note that BV is recorded as a positive value although on a typical char-

acteristic curve the value of the breakdown voltage is negative. These param-

eters were measured by doing DC analysis. The source voltage was swept

from -30 to 0 volts on a Keithly 236 Source Measurement Unit and the

results were plotted in Figurc 4.6.

As it is evident form the plots the designed SBDs have some shortcom-

ing in their breakdown voltage. There exists several methods to tackle this
problem which are covered in more details in the next chapter.

4.2.4 Temperature Dependencies

"ZeÍref' and "Avalanche" breakdown are terms often used interchangeably,

with the former more common. Both refer to breakdown of a diode under

reverse bias. Avalanche breakdown occurs in lightly doped junctions, where

the depletion region is comparatively long. The doping density controls the

breakdown voltage. The temperature coefficient of the avalanche mechanism

is positive. That is, as the temperature increases, so does the reverse break-

down voltage. The magnitude of temperature coefficient also increases with
increasing breakdown voltage. For example the temperature coefficient of a

8.2V diode is in the range of 3 to 6 mV fK, while the temperature coefficient

of an 18V diode is in the range of 12 to 18 mV/K.

Zener breakdown occurs in heavily doped junctions. The heavy doping

makes the depletion region extremely narrorü/. So, the carriers cannot accel-

erate enough to cause ionization. With the thin depletion region, however,
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Figure 4.6: DC Reverse breakdown measurement of SBD1 of size

0.48p,m x 3.12¡tm in comparison with SBD4, which has a multi-finger
junction of size 0.48p,m x 5.6p,m.

15

0

0 0.1 0.2 0.3 0.4 0.6 0.6 0.7 0.8 0.9

-0 02co
È

o

c
E
lo

-20-26

l0-
20

-5
Bias Voltage (V)
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4.2. DC CHARACTERISTICS

quantum mechanical tunneling through the layer occurs causing current to
flow. The temperature coefficient of the Zener mechanism is negative. There-

fore the breakdown voltage of a particular diode decreases as its temperature

Increa,ses
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a
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Figure 4.8: Comparison of breakdown voltage at three different temperature.

In any diode either or both of these mechanism may be present. At low

doping level and high voltage the Avalanche mechanism dominates, while at

heavily doped junction and lower voltage the Zener mechanism dominates.

As such, the next experiment performed on the SBD was to test the

devices at different temperatures. Since a temperature increase causes the

SBD to shift its characteristics I-V curve in the positive direction, then, its
breakdown method is due to tunneling. This phenomena is depicted in Fig-

we 4.7 and Figure 4.8. For avalanche, an increase in random kinetic energy

- T=330K. T=3ô0K
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of individual carriers would make it more diffi.cult for free carriers to descend

down the potential energy ramp crossing the depletion region due to their
increases ability to travel to different parts of their source semiconductor.

4.2.5 Instruments Used

A Keithley 236 Source Measuring Unit (SMU) was configured to measure the

diodes' characteristics. Using this instrument reduced the effort required to
aquire data and characterize the device performance. The Keithley 236 has a

noise floor as low as 0.4 femtoamp peak-to-peak, which makes it very suitable

for measuring low leakage current of a diode. A PC computer equipped with a
PCI GPIP card was used to drive the SMU. It is capable of rapidly executing

a whole series (100 or so) of measurements without tying up the external data

bus and remote computer.

The diodes were connected to the Keithley 236 SMU between In/Out
Hi and In/Out Low. Then the SMU was programmed to sweep voltage and

measure the current or to srveep current and measure the voltage. The sweep

of the voltage was done in the reverse bias region of the diodes to determine

the leakage current at a known voltage. Next, a sweep of current was done

in the forward bias region to limit the power in the device to a safe level.

The effect of incident light and the temperature on the device was studied

by generating a family of I-V curves for different levels of these variables. The

remote sense connections of the SMU were not used as there was not much

current flowing through the connecting leads.
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4.2. DC CHARACTERISTICS

N Rs DescriptionNo Size p,m I"

Minimum size rectangularsbdl-iv.txt 0.48 x 0.48 5.65 x 10-10 3.89 343K

3.63 248K Minimum size circularsbd2-iv.txt 0.48 x 0.48 3.41 x 10-10

sbd3-iv.txt 0.48 x 3.12 1.31 x 10-11 2.0t 599 Long junction, rectangular

sbd4-iv.txt 0.48 x 5.60 8.21 x 10-12 t.76 55.6 Long junction, 6 fingers

62.9 Extra long junctionsbdS-iv.txt 0.48 x 30.00 7.58 x 10-12 t.77

Table 4.1 S Diodes DC Measurement Results

4.2.6 Summary

The series resistances of the fabricated diodes rvere measured and tabulated.

The SBD of minimum size has a very high series resistance while the one with
multi-finger configuration shows minimum series resistance. So, interdigitat-

ing the design would help to lower the series resistance, although doing so has

other adverse effects on the operation of the diode, which will be discussed

in a future section.

The linear region of the I-V curve on the logarithmic scale will have a

slope that is inversely proportional to the emission coefficient, so from two

points in this region the value of -I" and N can be determined. The diodes

typically had an emission coefficient of N : 2 and a reverse saturation current

density of 1.3 x 70-rLAf cm2 as summarized in Table 4.1 .

These measurements led to a very important discovery that minimum size

diodes had extremely large values of .R". It was almost five times what was

predicted. This is illustrated in the previous graphs. This phenomenon can

be attributed to the lateral straggle of ions during the ion implementation

process. The material along the mask edge is damaged by the ions that
scatter in the horizontal direction. When this damaged material becomes a

63



CHAPTER 4. MEASUREMENTS AND CHARACTERIZATION OF SBD

significant portion of the total diode length, the series resistance of the diode

is greatly increased.

To quantify the impact of this traverse straggle, a few test structures were

designed. Diodes of varying length were defined by the implant mask and by
plotting the measured resistance as a function of the mask width (as shown

in Figure 4.9) the effective width of each diode was determined. Fþom the

results it was concluded that the effect was \ryorse for small diodes as shown

in Table 4.1. h was found that the di,odes wi,th minimum length suffer from
seuere degradation of series resistance.

l06
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2 3 4
Number of fingers

Figure 4.9: Measured resistance as a function of the mask width.
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4.3. MICROWAVE MEASUREMENTS

4.3 Microwave Measurements

Microwave data was obtained by measuring the s-parameters of diodes from

500 MHz to 2 GHz. As the cut-off frequencies of the diodes were so high,

there were two critical steps required in order to accurately extract values

for the junction capacitance and the series resistance. First of all because

the series resistance of the diode is small, the measured s-parameters were

very close to the edge of the Smith chart. Thus a very accurate calibration

was needed because even a small amount of ripple would make the diode

appear to have gain. Secondly the capacitance of the pads used to connect

the probes were comparable to the intrinsic capacitance of the diodes being

measured, so the data for the diodes has to be carefully de-embedded from

the effects of the pads.

The most common method of calibration used for microwave devices is

the open-short-load-through (OSLT) method. In this method three different

standards are measured on each of the two ports. A precise 50 0 load and

a short circuit are measured and then the probe is raised in the air to make

the open circuit measurement. If two port calibration is required the probes

are connected to a very short through line. The problem with this method

is that when measuring the open circuit we raise the probes and as air has

lower dielectric constant than the substrate (and hence a lower capacitance),

so a negative capacitance is defined for that measurement. This problem was

overcome by using an open circuit pad on the substrate. Another problem

that sometimes arises as a result of non accurate measurement is that the

reflection coefficient of a device goes outside the Smith chart.

A second calibration method that can be used is the line-reflect-line (LRL)

method. This method does not suffer from the drawbacks for the OSLT

method. In LRL calibration, two transmission lines of lengths differing by
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a quarter of a wavelength are measured, followed by a measurement of a
high reflection standard. Because the value of the reflection standard does

not have to be precisely defined, this method does not require the same

approximation as made for OSLT. The drawback of this method is that
the lines need to be exactly 50 Cl at all frequencies, which means that the

calibration degrades at high frequencies, because dispersion effects alter the

line impedance. The second problem with this method is that the lowest

frequency that can be measured is limited by the longest length of line used

as standard, typically giving a low frequency limit of about 2 GHz.

The third commonly used technique is the line-reflect-match (LRM) method

that was developed by Cascade Microtech [57]. This is a hybrid of the two

earlier techniques that overcome the shortcomings of each method. In this
method a very short line, 1 ps electrical length, is measured for the through

standard, so it will not have dispersion problems. The reflection standard

is the same as for the LRL method in that it must be a high reflection but
does not have to be precisely defined. The third calibration measurement

is to terminate both probes in precise 50 0 loads that are mathematically

treated as infinite delay lines. This eliminates both dispersion problem and

the lower frequency limit suffered using the LRL method.

4.3.L De-embedding parasitics

At low frequencies, the electrical characteristics and small signal performance

of an electronic device can be identified by measuring its corresponding volt-
age and/or current. Flom there its related quantities such as impedance and

admittance can be found. At high frequencies however, voltage and current

are difficult to measure as the signal must be treated as a traveling electre
magnetic r,¡/ave. Therefore the characteristics of passive components at high

frequencies need dedicated high frequency measurement instruments. Special
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attention must be paid to minimize the measurement errors

Aluminum is a commonly used metal for silicon integrated circuits. Some

processes are migrating to copper. Aluminum forms the least expensive and

simplest pad metal. Devices with Aluminum and Copper pads are much

more difficult to accurately probe than the ones with gold pads. But gold

has the tendency to contaminate silicon. As such any measurement that is
sensitive to a series resistance will be affected by pad contact resistance.

This section describes the high frequency on-wafer measurement methods

and equivalent high frequency modeling methods for on-chip Schottky diodes.

The first section describes the high frequency measurement methods and the

second section describes equivalent circuit modeling methods in details.

4.3.2 High frequency on-\Mafer measurement methods

Electronic devices can be represented by a network of circuit model param-

eters. The models are usually in forms of two-port networks as shown in

Figure 4.11 [39]. It can be expressed in terms of Impedance,Z-parameters

or admittance, Y-parameters. Parameters of a two port network can be

represented by the well-known set of equations given in Section C.1.2.

Since voltage and current can be measured easily at low frequencies us-

ing a multimeter or an oscilloscope, these quantities are widely used in low

frequency measurements. At high frequencies, however, those measurements

are done in terms of their scattering parameters (s-parameters). The scatter-

ing parameters are fixed properties of the (linear) circuit which describe how

the energy couples between each pair of ports or transmission lines connected

to the circuit. Equations below are linear equations describing a twoport
network, where 01 and a2 â,re the incident electromagnetic waves and ó1 and

67



CHAPTER 4. MEASUREMENTS AND CHARACTERIZATIOIV OF SBD

(A)

(B)

Figure 4.10: (A) Empty pads (PAD), (B) Pads with a Schottky diode, device

under test (DUT).

b2 are the reflected electromagnetic waves. The srr and s22 are the input
and output reflection coefficients and s12 and s21 are forward and reverse

transmission coefficient. The respective equations are provided in Section

c.1.3.

In order to perform high frequency characterization of an on-chip Schot-

tky diode, on-wafer s-parameter measurements must be employed. This
method is desirable because it mitigates the effects of wires, off-wafer fix-
tures and other parasitics. The on-wafer probe pads and transmission line
ground planes can be directly implemented on the substrate along with the

on-chip Schottky diode. Since the presence of probe pads and the ground
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Two-port
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Figure 4.11: Diagram of twoport networks for s-parameters

planes next to the Schottky diode can add some parasitics into the measure-

ment results, de-embedding of these parasitics is a crucial step in order to

obtain valid results.

The exclusion of parasitic effects of pads and wiring can be done by

fabricating dummy devices consisting only of probe pads and ground planes

on the substrate near the Schottky diodes under the test. By measuring the

s-parameters of both DUT and PAD, and subtracting the admittance of the

PAD from that of the DUT, accurate measurements for the Schottky diode

can be obtained.

Typically the test setup consists of a vector network analyzer, a s-parameter

test set and a frequency sv/eeper. Figure 4.12 shows an example of such a

setup consisting of an Agilent 8510C vector network analyzer, a HP8340B fre-

quency synthesizer and HP8515A s-parameter test unit. The gtound-signal-

ground (GSG) pads used were 404-GSG-200-P from Cascade Industries.

The first step in doing measurements is to calibrate the system using high

frequency calibration standards. In this work the CS-5 impedance standard

substrate with open-short-load-through (OSLT) calibration kit was used as

shown in Figure 4.13. That allows for removal of all parasitics in the cables

and the connectors and also sets the reference plane at the probe tips.

b I
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Agilenl
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Figure 4.L2: Measurement setup consisting of an Agilent 8510C Vector Network An-
alyzer, HP8340B Frequency Synthesizer, HP8515A s-parameter Test Unit and High
frequency probes form Cascade Industries.

(A) (B)

(c) (D)

Figure 4.13: Open-Short-Load-Thru Calibration procedures of the on-wafer probes.

(A) Open, (B) Short, (C) 50CI load, (D) Thru.
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The s-parameters measured by the HP instruments are automatically

stored in a text file in CITIFILE standard format. A Matlab script was used

to convert the produced fiies into the widely used Touchstone format. The

Matlab computer program citi2touch.m is shown in the Appendix B. Once

the pad and DUT s-parameter data are obtained, the admittance of pads

must be subtracted from the DUT data so that one can have accurate data

for DUT without the parasitic effects.

One convienient method to do the de-embedding is by converting the s-

parameter matrices of the DUT and the pad into Y-parameter matrices and

then subtracting the Y-parameter of the pad from those of the DUT [39].

The s-parameter of both Schottky diodes (DUT) and that of probe pads

are converted into Y-parameters (admittance) using equations for two port

networks.

1 (1 - ",,)(1 ¡ tr") I snszt
Utt

Utz

Uzt

Uc.)

Zo (7 + "tt)(1 + szz) - snszt
7 -2sp

(4.13)

(4.14)
Zo (7 + ",r)(1 + s22) - stzszt

-2szt (4.15)| -l szz) - stzszt
1-trr)J-snszt

(4.16)

Where Zo : 50 f-¿ and Yo : 0.02 S are characteristic impedance and

admittance of the system respectively.

1

Zs
1

zo

(1 + sn)(
(1 + s11)(
(1 +su)(1 +szz) -stzszt

Utt

Uzt

Utz

Uzz De-embedded

At
Uzt

Atz

Uzz

Uu.

Azt

Utz

UcoSchottky PAD only
(4.r7)

In order to obtain the Y-parameters of the Schottky diode only, the Y-
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parameters of the probe pads were subtracted from the diode with probe pads

using the equations below. These de-embedded Y-parameters include only
the effect of the Schottky diode. Modeling of the Schottky diode is discussed

in the next section. The de-embedded s-parameters can be converted back

from Y-parameters using the equations below.

^ _ (1 - atZo)(l + y22Zs) -t upanZSòII - (4.18)

(4.1e)õt2 -
-2anzo

(I + ynZs)(I + uzzZo) - ananZ&
-2aztZo

7 * yÍZs)(l * y22Zs) - ApAzt
| -f ynZs)(l - AzzZo) -f apAnZS

szt

szz

(4.20)
(

(
(4.2t)(I + anZo)(7 + EzzZo) - AnAzt

The Matlab program de-embed.m, as shown in Appendix B, converts s-

parameters of DUT and pad into Y-parameters, subtracts admittances of
pad from those of DUT and converts the resulting Y-parameters back into
de-embedded s-parameters to be used as the correct measurement data in
circuit modeling.

4.3.3 The diode model generation

A diode model is to be developed such that it is compatible with the standard

simulation softwares. Agilent parameter extraction software, IC-CAP, was

used for this purpose. Using this software the intrinsic Si Schottky diode ele-

ments were modeled, excluding parasitic resistances, using the de-embedcling

techniques as covered in the previous chapter. There are parasitic resistance
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of the RF probes and cable that contribute to losses. Figure 4.14 displays the

procedure how to generate the Root-diode model using the IC-CAP program.

The first step is to measure RF port parasitic series resistances using

short pattern on an impedance standard substrates. For a two port network

configuration, it measures series resistance at each port and then subtract

that from the diode measurements made later on. The procedure also in-

cludes the extraction of the parasitic inductances. The de-embedding process

allows the intrinsic Root-diode to be model constructed with much higher

accuracy. After model extraction the program performs a comparison of the

diode simulation based on the extracted model with the measurement data.

The program then re-calculates the s-parameters and iterates the steps men-

tioned here until the discrepancy satisfies the user defined criteria. The end

result is the Root-diode model.
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Figure 4.74: Prccedures to generate Root diode model using Agilent IC-CAP
software.
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4.3.4 High Frequency Measurement Results

After accurately calibrating the network analyzer, the second step when mak-

ing the microwave measurements was to account for the effects of the pads

that were used to contact the diodes. This was done by first measuring the

pads when they were open circuited and then shorting them together across

where the device under test would be. In the first case only the capacitance

should be measured, so the imaginary part of the input admittance should

be a straight line as a function of frequency and have a slope equal to the

capacitance. The data for the open standard is shown in Figure 4.17, where

the linear fit from 500 MHz to 2 GHz corresponds to Cpoa: 74pF.

The inductances of the pads was determined by taking the measurement

data from the short standard and subtracting the capacitance determined

from the open standard. The remaining part should look purely inductive

since the resistance is negligible. So the imaginary part of the impedance is

linear with frequency and have a slope equal to the inductance as shown in

Figure 4.16.

The parameters of the diode under the test were de-embedded from the

pads by subtracting the capacitance and inductance determined from the two

standards, as shown in the equivalent circuit in Figure 4.17. Near the edge

of the Smith chart, all the circles of constant resistance are extremely close

together, so it is very difficult to identify a small .R". This can be seen in

Figure 4.18 where the measured diode impedance is barely distinguishable

from the edge of the Smith chart. This again emphasises the importance of

having an extremely good calibration technique.

In order to extract the parameters of the diode it is instructive to consider

the admittance of the device instead of its impedance.
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Figure 4.15: The capacitance of the pads is determined by fitting a

straight line to the imaginary part of the input admittance,
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Figure 4.16: The inductance of the pads is determined by fitting a

straight line to the imaginary part of the input impedance.
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Cs & Lshort
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Figure 4.17: Circuit model used to de-embed the diode under test from

the pads' parasitics.
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Figure 4.18: Smith Chart showing de-embedded data for SBD4 at 0V

bias.
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(4.22)

At angulary frequencies ø (( lf CR", this reduces to:

Y : a2C2R" -l juC (4.23)

The capacitance is now easily determined as the imaginary part of the

admittance, it is linear with frequency and has a slope of C. The real benefit

in examining the admittance instead of impedance comes when determining

R". The conductance of the diode at frequencies well below /" is directly
proportional to the diode area, so examining the real part of the admittance
provides a reliable extraction of ,Rr. By knowing the diode capacitance accu-

rately R" can be determined by fitting a curve to the measured conductance.

Figure 4.18 shows the de-embedded measured capacitance of SBD4 diode

of a size 0.48 p,m x 5.6 p,m at 0 V bias. The extracted capacitance of 900 fF
is very close to the theoretical value of 820 fF calculated for that diode. The

measurements were made on this diode because it was the test diode that
had the largest area.
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Figure 4.19: Photomicrograph of the test chip

Figure 4.20: Photograph showing microwave probes dur-

ing the testing of SBD diodes.
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4.4 AC Characteristics

The high frequency behavior of a semiconductor diode can be modeled by
its space-charge capacitance and diffusion capacitance. The space-charge or
junction capacitance due to the dipole in the transition region and the charge

storage capacitance or diffusion capacitance arising from the lagging behind
of voltage as current changes, due to charge storage effect. Both of these

capacitances are important and they must be considered when designing a
diode for use with a time varying signal. The junction capacitance is dom-

inant under reverse bias conditions. The diffusion capacitance is dominant

at forward bias, and that is what determines the diode's charge storage time
delay. The space-cha,rge capacitance can be measured using an LCR meter.

The diffusion capacitance can be measured using a Network-Analyzer 175].

No measurements of AC characteristics were performed on packaged chips.

As it is known that packaging parasitic elements preclude the obtaining of
good results for the AC characteristics of the actual diodes, all the reports
and measurements were made on the wafer with appropriate RF probes.

4.4.L Junction Capacitance

In this section we cover measurement and modeling of space-charge capaci-

tance. The parameters we need to extract are C¡0, V¡ and m. The behavior
of a space charge capacitor is given by:

(4.24)
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(4.25)

Where C¡s is the space charge capacitance at zero volts, I/¡ is the built in
potential, rn is the junction exponential factor, which determines the slope

of the C-V curve. For an abrupt junction it has a value of 112 and for linear

graded junction it is 1/3. .F'" is the forward capacitance switching coefficient

and has a default value of Il2.

We follow the same procedure as described for DC measurements, by

converting Equation 4.24 to logarithmic form:

"": çrffi*11 -F"*(1 +m)+*.+l

tn(C,): In(C¡o) - rn *I"G -+)
This equation can be interpreted as a linear function such that

a

Where:

a

b

b+m*r

(4.26)

(4.27)

: I"(C")
: ln(C¡o)

(4.28)

(4.2e)

(4.30)

(4.31)

rn : n'L

lL

The collected data for C, and Vp rr¡/ere converted to logarithmic values

according to Equation 4.28 and Equation 4.31 respectively. Since the pa-

rameter V¡ has a physical meaning, it must be set to a range from 0.2 to 1

V. Therefore we select 0.2 V as a starting value for Vr. These two arrays of

values are then introduced into a regression analysis program as !¡ and fri.
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Rs

9o

Figure 4.21: High Frequencv Model of a Diode.

This regression analysis program is written in Matlab. For more information
about this program please refer to Appendix B. A linear curve is fitted to
this cloud of measured data. The value of the y-intercept ó and the slope

m f.or the actual value of. V¡ can now be retrieved. These two values are

the best choice for the given V¡. Then this procedure was repeated with an

incremented value for V¡. Each time we obtain different values of b and m,

and the regression coefficient 12 is different from earlier results as well. The
regression line fitted better for some values of. V¡. Eventually the best re-

gression coefficient was found and the iteration loop was stopped. The final
value f.or b, m are the optimum values corresponding to optimum 7¡.

In practice there is always an overlay of this capacitance with parasitic

capacitance due to packaging and bond pads. These parasitics needed to
be cl-e-emtreddecl- and eliminated from the measurements, otherwise vre might

have ended up with values that have no physical meaning. This is specially

true for V¡ and m.

Figure 4.21 shows the small signal equivalent circuit of the diode at high

frequencies. The ideal diode in this figure has been replaced by a small signal

conductance go, where g¿ is in fact, the slope to DC diode characteristics at

the operating point.
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Table 4.2: Prototyped Schottky Diodes Measurement Results

be used. An LCR meter or a Vector Network Analyzer (VNA) with ability
to apply DC bias to a device. Since there was no appropriate LCR meter at

our disposal, we chose the harder method which was using a VNA. An HP

8510C VNA was set up with an HP 85154 s-Parameter Test Set. A step

mode frequency sweep was performed with an IF averaging of 64. All test

interfaces were 3.5 mm coaxial. After calibration, the VNA internal settings

were stored on disk for further processing.

As for calibration, the system was LRM calibrated using the method

explained in Section 4.3. The measured values of. C" and V¿, were collected

and used to calculate the diode parameters as explained in aforementioned

text. The results of the measurements are tabulated in Table 4.2:

Another method that can be used [SS] to determine a junction built in
potential is as following. From Chapter 2, we have:

r/2
C:qNa

dVn
(4.32)

where C is the capacitance per unit area. If we square the reciprocal of

Equation 4.32, we obtain

drn

No Size p,m vN) c¡(tr) Description
0.48 x 0.48 0.484 10 Minimum size rectangularsbdliv.txt

sbd2iv.txt 0.48 x 0.48 0.485 13 Minimum size circular

sbd3-iv.txt 0.48 x 3.12 0.561 900 Long junction, rectangular

sbd3-iv.txt 0.48 x 5.60 0.626 850 Long junction, 6 fingers

sbd3-iv.txt 0.48 x 30.00 0.672 890 Extra Long junction
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Figure 4.22: 7lC2 versus Vp for SBD4 Schottky Barrier Diode

(4.33)

We can use Equation 4.33 to obtain, to a first approximation, the built
in potential barrier V by finding the intercept of the curve on the ;r-axis.
The slope of the curve from the Equation 4.33 also yields the semiconductor

doping concentration ÄI¿. We define the above slope as X.

d(L lc2) õ(t lc\ 2/\ dVn õVa 7e"N¿
(4.34)

This value is in fact the slope of the aforementioned plot a,nd ca,n he obtainerl

from the plot graphically, therefore:
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2

and that gives us the value of Óan or barrier height

N¿ (4.35)

(4.36)

(4.37)

(4.38)

(4.3e)

(4.40)

(4.4t)

ó"

Qe sX

{,n
q (-*)

ónn V+ô"

4.4.2 Diffusion Capacitance

Junction capacitance, dominates the reactance of a diode under reverse bias

conditions. In forward bias conditions, however, the charge-storage capaci-

tance Cr, becomes dominant. This in fact is the most important factor in

signal rectification as it can be a serious limitation for forward performance

of a diode in switching applications. To calculate the capacitance due to

charge storage effects, let us assume that our diode has a junction of type

p+n and it is forward biased with a steady current .I, then

c" dQp
dV

Where:

Qp f-ttp

: qALP"L,

: eALopnsav/kr

The capacitance due to small changes in this stored charge is
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q2c" ALopneøv/kr

(4.44)

(4.45)

(4.46)

(4.4e)

(4.50)

9o

9o

KT

dIn
dVn

Tp
q I

dVo
I"

NVr

q.: krt"

Similarly we can determine the AC conductance by allowing small changes

in the current:

QALpP"
fr{"nv/k')

KT

Thus the AC conductance of current is

(4.47)

Therefore:

C": Grro

Now, we can generalize the above equation and write it in a form that
includes both holes and electrons current in the diode, as

dIo

i.(t):G,u(t)+Cdult)
dt

r""rfr, - t)
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For simplicity the term -1 in the above equation can be ignored. The

value of. C" was measured using a network analyzer. This was a one-port

(reflection) measurement. It gave the ^911 curve. The value of. Co measured

using this method is the sum of the diffusion capacitance and the junction

capacitance, the reason being that the diode is biased at, zero volts by default.

In order to measure the diffusion capacitance only, we needed to apply some

bias to the network analyzer instrument. That was achieved by connecting

a DC supply to the back of the network analyzer. The auxiliary applied bias

was varied from -3 to *1 volts.

For parameter extraction of charge storage lifetime, T, we interpret the

S11 curve as the diode impedance:

therefore

r-50sll:"+50

1 -.1- .s' 'r:50* -^
1-srr

(4.51)

(4.52)

(4.53)

As we configure the circuit such that the diode is working in forward bias,

C¡ can be neglected in comparison with C". Therefore:

The above equation can be solved f.or Cn. The ,Srr curve was obtained

using a network analyzer. The curve looked like a circle for low frequen-

cies but it deviated for higher frequencies, the reason being parasitics, such

as bond wires, packaging, etc. The complex r was calcuiated using Equa-

tion 4.52. Flom there using the following equation \Me managed to get the

internal complex conductivity of the diode.
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19: ^:goli2rfCor-ñs (4.54)

(4.55)

Where Co caî be calculated using its imaginary part:

And finally the value of r can be calculated by

r : Colgo (4.56)

The final value of r was obtained using the regression analysis technique.

This required using a range of data points rather than a single data point.

Doing that we ended up with an array of r(f). We plotted this array against

the frequeîcy f and fitted a line to the range where the plotted I array was

linear. The mean of the y-value of this linear region gives the value of the
parameter of r.

A diode does show recombination effects at low forward bias voltages.

This shows up as a lower slope on a semi-log scale plot. In order to cover

this effect, the diode model is replaced by a sub-circuit, consisting of a diode

for the recombination effect and another diode in parallel to the first one for
the upper voltage area and a resistance in series with both diodes.

No measurements or further discussion of Diffusion capacitance are made

because it is not a relevant parameter for the performance of a Schottky
Barrier diode, where majority carriers form the conduction mechanism.
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4.4.3 Reverse Recovery Time

Reverse Recovery Time, Trr, is the transition from conduction to open circuit

when the bias is reversed. Figure 4.23 shows what happens when the diode

bias is switched from forward to reverse. At the switch time, the current

reverses and stays at a constant level for a period of time called the storage

time (ú"). During this time the diode acts essentially as a short circuit. Then

the current decreases to the reverse leakage current value. This latter time

is called the transition time. The sum of the storage and transition times is

the reverse recovery time. This delay time is an important frgure of merit for

evaluating diodes for switching applications. It is usually desirable that the

7,, be small compared with switching times required. The critical parameter

determinin1 7,, is the carrier lifetime (r, f.or example lor p+n junction).

Since the recombination rate determines the speed with which excess holes

can disappear from lhe n region. In fact the exact analysis of the problem

of Figure 4.23 leads to the result:

7,,: rrþrf-t(jfi¡l' (4.57)

t

t, tr

Figure 4.23: Illustration of the Reverse Recovery Time for a Diode.
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4.5 Efficiency

Power Conversion Efficiency (PCE), can be used as a performance index of
rectifier circuits. It is defined as:

rt : Poutf P¿n (4.58)

where, Pou¡ is the DC output power and fln is the input RF power. The
porù/er dissipation in a rectifier needs to be considered in the different modes

of operation. During the negative cycle of the input signal, the rectifier is in
its blocking state. The losses in the blocking state can be expressed as

Pa: IpxVpx D (4.5e)

where 16 is the reverse leakage current in the diode, Vp is the reverse

voltage across the diode, and D is the duty cycle. During the positive portion
of the input signal, the diode turns on and the energy is transferred to the

output. The diode now starts conducting and the power dissipated in the

diode is

Pp:IpxVpx(1 -D) (4.60)

where 1¡ is the forward current in the diode andVp is the forward voltage

drop across the diode. At the end of this cycle the diode turns off and enters

the blocking state. The power dissipation during the transition from the

conduction to the blocking state is given by
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Where Innu is the peak reverse recovery current, Vnnm is the peak reverse

voltage, and / is the switching frequency. Figure 4.24 shows the circuit

diagram of the test circuit used for simulation.

cr DI

100 kç)

Figure 4.24: Test circuit to measure PCM for Schottky diode.

In order to simplify the simulation procedure and save time in computa-

tion, the matching network and resonant circuit are omitted. SIar-HSPICE

was used to run the simulations. For power calculations, SIar-HSPICE com-

putes dissipated or stored porr\¡er in each passive element (R, L, C), and

source (V, I, G, E, F, and H) bV multiplying the voltage across an element

and its corresponding branch current. However, for semiconductor devices,

SIar-HSPICE calculates only the dissipated power. The power stored in the

device junction or parasitic capacitances is excluded from the device power

computation. Equations for calculating the power dissipated in a diode is

shown in the following;

Pa: Voo. Qa + I"or) iVe,. I¿ (4.62)

where

+

v.(t)

P¿

I¿

I cap

Von

vo,

is the power dissipated in diode.

is the DC component of the diode current.

is the capacitive component of the diode current

is the voltage across the junction.

is the voltage across the series resistance RS.

i (r)

RMatching
network
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The keyword measure power can be used in a SPICE file to trigger porù/er

computation by HSPICE. This keyword has other optional switches such

as average, RMS, min and max. The average (AVE), RMS, MIN, MAX,
and peak-to-peak (PP) measurement modes report functions of the output
variable rather than the analysis value. Average calculates the area under

the output variable divided by the periods of interest. RMS takes the square

root of the area under the output variable square divided by the period of
interest. MIN reports the minimum value of the output function over the

specified interval. MAX reports the maximum value of the output function
over the specified interval. PP (peak-to-peak) reports the maximum value

minus the minimum value over the specified interval. Integral provides the

integral of an output variable over a specified period.

During the first phase of this work, simulation tools were used to calcuiate

the PCE of different rectifier structures. This work has been documented

and formated into a workshop paper titled "Brief comparison of different

rectifier structures" 1321. In the next stage when SBD chips were fabricated,
practical measurements were conducted on them to compare the results with
the simulations.

It was concluded that the PCM of a diode depends on the operating

frequency, the load and the input voltage level. At low frequencies such

as the HF region, it is more economical to build the rectifier from NMOS

and PMOS gate cross-connected bridge. At UHF, Schottky diodes are more

efficient. At the input voltage level of 2V, the PCM reaches 20To efficiency.
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4.5.L Summary

After the diodes had been fabricated, a number of different test measure-

ments were carried out on the wafers to characterize the SBD diodes. The

first measurements were to characterizethe DC parameters. After being sat-

isfied with the results, the next step was to determine the AC or microwave

parameters. High frequency parameter extraction was improved by using

GSG pads. Details of these measurements are covered thoroughly in this

chapter" The lack of detail for results of experiments performed on packaged

samples resulted from the fact that they are known to give results that have

unpredictable errors.

It was found from the analysis of the results that this type of diode has low

junction capacitance and performs quite well at UHF. The series resistance is

high, but it can be reduced by using a multi-finger configuration. Although

multi-finger configuration increases the diode capacitance, it still satisfies the

operational needs at UHF.

For each diode several different experimental methods \/ere used and the

results were compared. At the final stage the extracted parameters were

substituted into the diode equation and a SPICE simulation was used to

confirm the derivations. Where the product of diode's series resistance and

its junction capacitance is a relevant performance parameter, the multi-finger

configuration gives the best results.

4.6 Conclusion

For a diode modeling, the measurement of the DC performance with respect

to its input and output characteristics as well as its transfer function was

done first, followed by the so-called C-V modeling, i.e. the characterization
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of the depletion capacitance at high frequencies. Finally, the s-parameters

of the diode as well as of the dummy devices (contact pad capacitances

and inductances) are measured. The dummy devices consist of an OPEN
dummy (representing the contact pads and the open connection lines to the
device-under-test [i.e. everything except the device]), a SHORJT (the device is

replaced by a metal plane, thus shorting both ports to ground at the location
of the device), and a THRU (the device is replaced by a strip-line between

portl and port2 of the network analyzer).

After the de-embedding process has been verified (by modeling the THRU
dummy device for example), the s-parameters of the inner device-under-test

are de-embedded (OPEN and SHORT dummy de-embedding) and the device

modeling can be applied.

The model parameters are then extracted and fine-tuned for each sketched

step bottom-up. For the DC case, it is the non-linear model parameters, for
the CV the junction capacitance parameters and for the s-parameters the
transit time, and also the parasitics which are only visible at UHF.

By critically evaluating the capabilities and requirements of Schottky
diode performance, it was concluded that a functional Schottky diode imple-
mented using standard CMOS processes was possible. This implementation
is not as efficient and robust as a state-of-the-art discreet Schottky diode,

but it is less costly by eliminating the special fabrication processing steps

required. It also decreases the total time to manufacture the system.
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Chapter 5

Improving the SBD's
Characteristics

In this chapter recent improvements in SBD design are presented. Previous

work had shown (in Section 4.2.3) that the designed SBD had some short-

coming in its breakdown voltage. To overcome this limiting factor, a set of

design procedures based on a Junction Barrier Schottky diode is extended

to this work. An increase in breakdown voltage is demonstrated through

simulations. Several other advantages over existing design are also presented

and analyzed.
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5.1 Introduction

The most important parameters when quantifying a rectifi.er diode are for-

ward voltage drop (7¡), on-resistance in the drift region (4"), which ac-

commodates the specified blocking voltage, reverse breakdown or blocking
voltage (I/6) and the junction capacitance (C¡). All of these parameters are

of substantial importance and must be taken into account seriously.

So far two chips have been fabricated and tested. Although the results

were satisfactory, it still is possible to make further improvements to the
design. This chapter is devoted to the analysis of the extent to which these

parameters (within the context of the overall physical possibility) can be

improved. So we start by studying each of these characteristic parameters

even more thoroughly and try to optimize them to the highest level possible.

For a rectifier, the static on-state losses can be expressed in term of 7¡
and .Rr. The barrier voltage for Schottky diode is lower compared with pn
junction diode, since it is determined by the metal-semiconductor barrier
height instead of p+njunction barrier. The pn junction diode's on-resistance

is a function of blocking voltage, current density and carrier lifetime in the

base, while for Schottky diode it is a linear function of forward voltage drop.

On the other hand, the on resistance is lower for pn junction diode since its
forward current is conductively modulated.

For the total diode resistance, the contact resistance and substrate re-

sistance must also be accounted for. CMOS Silicon wafers (substrates) are

normally 300 prm thick and have a sheet resistance of about 100 mf)/sq. The

sheet resistance for n-well, however, is in order of 500 to 1kf-2/sq [a5]. They

would contribute substantially to the overall voltage drop.
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5.2 Breakdown Voltage

The reverse breakdown voltage of a Schottky barrier diode fabricated us-

ing the technique mentioned in this dissertation is lower than that of a p+n
junction diode with the same n-well doping level. This is due to high electro-

static field at the edge of the metal-semiconductor contact and it is similar

to the curvature effect in a pn junctions. This phenomenon is depicted in

Figure 5.1.

The high electrostatic field at the periphery, which causes this premature

breakdown voltage, can be removed by extending the metal layer over the thin
oxide surrounding the contact, as illustrated in Figure 5.2. This also extends

the reverse breakdown voltage by increasing the length of the depletion region

and lowering the high electrostatic fringing field, For this to have any effects,

the oxide should be thin, about 90 nm. This method is a viable solution which

needs further study and consideration.

Another method for increasing the breakdown voltage of the Schottky

barrier diode is to use a mesa structure. This method does not increase the

capacitance of the structure and is compatible with planar technology, but

not with the standard CMOS process. The mesa is required to be surrounded

by thermally grown oxide on all sides. This reduces the peripheral fringing

field, resulting in a higher breakdown voltage. The structure of a mesa

Schottky barrier diode is shown in Figure 5.3. This method would be the

optimum method to make Schottky barrier diodes, but unfortunately is not

compatible with the standard CMOS process, as it calls for extra etching

steps which are not available under the standard CMOS fabrication process.

Yet, another method that can be used to increase the breakdown voltage is

using a p+ guard ring surrounding the metal contact, as shown in Figure 5.4.

This method introduces a p+n junction in parallel with the Schottky barrier
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contact, resulting in an increase in total junction capacitance of the diode.

The combined structure has a higher breakdown voltage but at the cost of

reducing its switching speed. However, this method can be implemented in

CMOS and it is a viable design to consider.

colhode Anode

N+ AA) A xx)
Ohmlc
corìtoct

t\¡\,Ye

p-subsfqle

Frlnging Field

Figure 5.4: With p+ guard ring.

5.3 SBD with p+ guard-ring

A performance comparison of the three structures mentioned in the previous

section was carried out. The results indicate that the SBD with p+ guard-

ring (hereinafter referred to as Junction Barrier Schottky diode, JBSD) has

the most attractive properties. Thus, in this section we will do more analysis

of its characteristics and performance.

5.3.1 Drift region resistance of JBSD

The drift region resistance,Ê", of the JBSD, if we neglect the contact and

the substrate resistances for now, is determined by the n-well layer thick-

ness (úr,), doping concentration (,n/¿) and electron mobility (p") according to

Equation 5.14. This in fact is derived from Equation 4.6.

99



CHAPTER 5. IMPROVING THE SBD'S CHARACTERISTICS
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Figure 5.5: Electric field distribution for a JBSD junction, where D is the
depletion width and E" is the electric field strength.

R":#No (5.1)

where q is the electron charge. In an ideal non-punch through struc-

ture, the depletion width tn, is equal to the physical distance, D, between

the ohmic and Schottky contacts, at the diode's breakdown voltage. From

Equation 4.18, the reverse bias breakdown voltage is given by:

D_ 2e"Va

QNa
(5 2)

By re-arranging the above equation, the reverse bias voltage as a function
^f ;,,-^+;^- ,,,:li-L ^^* 1-^ ^-.^-^^^^l ^^.'JT J LT.TILLT\JII VVITIUII U'1II I.-'V Yã,I TUùùU(-I ¿Aù.

(5.3)

where, er, is the permittivity of the depletion layer material

Therefore the depletion width, D, at the breakdown voltage can be ex-

pressed in terms of the critical electric field at the junction and doping con-

centration as in Equation 5.5. A simple electrostatic field distribution for a
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JBSD junction is shown in Figure 5.5

(5.4)

(5 5)

the critical electric freId E" has a doping dependency according to Equa-

tion 5.6, which is experimentally determined by Konstantinov [67] for a pax-

ticular process (in SI units).

D €rE.
QNa
2Vu

E"

lvi-l (5.6)

Combining 5.4 and 5.5 gives the maximum blocking voltage for a given

drift region doping as

€sE3V
2qNa

The drift region resistance in Equation 5.1 can be re-written in terms

of Equation 5.4 and Equation 5.7 to obtain an expression in terms of the

blocking voltage and critical electric field.

(5 7)

(5.8)

This equation can be used as a figure of merit for rectifying diodes as

it gives the on resistance of a JBSD for a particular blocking voltage. The

on resistance of a Schottky diode, therefore, increases quadratically with

blocking voltage. That is the reason why Schottky diodes have non-attractive

on resistance for higher blocking voltages compared to pn junction diodes. It
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also is important to note, that the electron mobility has a doping dependency

and has to be taken into account when calculating the on-resistance as given

by [62], for a particular process (in SI units):

97
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6.3.2 Forward voltage drop

The forward voltage drop in JBSD is determined by thermionic emission

theory [63]. The forward voltage drop is a function of temperature, Schottky
barrier height and drift region resistance. The forward voltage drop I/¡ at a
defined current density J¡ is given by Equation 5.101.

(5.10)

where

n is the identity factor

k is Boltzmann's constant

q is the magnitude of electron charge
tl ic fho ql-rcnlrrfa fomnarqtrrra

ó is the Schottky Barrier height

-I¡ is the forward current density at 7¡
A* is the Richardson's constant

During normal operation of JBSD, the forward current flows unipolar be-

tween the anode and cathode in channels between the p+rz junctions. Con-
lFor more detailed description and derivation of the equations in this chapter please

refer to appendix A.

,,:T^(h) tnón.t R,l¡
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Figure 5.6: Showing the effects of p+ guard-ring on the total voltage drop of

JBSD.

sequently in normal operation conditions, the Schottky current dominates

the overall forward current in the diode and the analysis can be based on

thermionic emission theory of Schottky junction.

For the proposed JBSD, the relation between the forward voltage drop

and current density is the same as given in Equation 5.10, however, the

expression has to be modified to take into account the area taken up by the

p+ guard-ring structure, see Figure 5.6. The total current density over the

metal contact J¡"ua, is therefore given by:

J¡a"a _ Schottky Contact Area
Total Contact Area

J¡ (5.11)

(5.12)

For the design proposed in Figure 5.6, Equation 5.11 can be written in

terms of the p+ grid spacing ,L, the grid width k and the junction depletion

width from the p+ regions, h:

J¡"aa:t# t,

103



CHAPTER 5. IMPROVING THE SBD'S CHARACTERISTICS

Where, h can be calculated using Equation 4.18. Therefore the area

relation between the total area and the Schottky area is given by:

(5.13)

If a 45o current spreading is assumed below the channel of the p+ region,

then the drift resistance, ,Rs, can be modified to take into account the effects

of the guard-ring modulation. Also important to note that the electron

mobility parallel to the c-axis is 20% higher than the mobility perpendicular

to it [62]. A sufficiently good estimation for the analytical calculation can be

made by assuming a 45o current spreading. In that case, Equation 5.1 can

be modified to accommodate the effects of guard ring as follows:

Aj L-2h
"ua.: j ¡-[ Arorot

(5.14)

where z is the depth of the p+ guard-ring. Flom there, the grid resistive

contribution, Rs, from the channels and current spreading is given by:

Rs,jbsa=#

^,:(;K)(#)^(ffi) (5.15)

The total on-resistance of the diocle is the sum of R - a,nd Rn:

Ron:Rr,ib"alRs

Now by modifying Equation 5.10 with Equation 5.12 and Equation 5.13

the forward voltage drop of the JBSD can be written as:

(5.16)

(5.17)
nkT L-21¿ J¡

LO4

V¡
q

ln L+k A*72
-f rÓ" i RonJ¡
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This equation can be used to calculate the forward voltage drop of JBSD

diode at a given current density.

5.3.3 Temperature dependency

The on-resistance of doped silicon increases with temperature due to a de-

crease in mobility with increasing temperature as given for a particular pro-

cess (in SI units) by the following equation [73];

97

t + (t-*ff1ozs)o 6t )-2'15 fcm2v-t t-t1 (5.13)
T

300

In comparison with pn junction diodes this dependence is a disadvantage

with respect to losses since pn junction diodes show a negative temperature

coefficient for on-resistance.

5.3.4 Cut-off frequency

To increase the cut-off frequency, it is necessary to examine the key factors

Iimiting the high frequency region operation. At this stage we go one step

further in simplifying the Schottky diode equivalent circuit. \Mhat we end up

with is shown in Figure 5.7, where fi, is a combination of series resistance

in n-well, the series resistance of the n* region and the ohmic contacts. G¡,

is the junction conductance, C" and C¿ are the space charge and diffusion

capacitances. We can see that a Schottky diode obeys the same rules as a

pn junction diode. The junction capacitance, series resistance and junction

resistance are given by:
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Figure 5.7: Small signal equivalent schematic of the JSBD for high frequency.
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(5.20)

(5.21)R*+ Rn*: RolA+ hlJÃ

where ,4 is the area of the diode, À/¿ is the doping concentration, Vo is the

applied voltage and V¿ is the built in voltage. The series resistance includes

the spreading resistance, which is due to the geometry and is proportional

to llfi as has been discussed in chapter 2. From the above equations the

cut-off frequency is given by:

dI, at e qva

dW: 
Als--i-ã€,nk't

(5.22)

Therefore the frequency response of a Schottky diode is proportional to

U \/Ã. Thus to get a good high frequency response it is necessaxy to decrease

the contact area and the resistance in the lightly doped n-well. One way to
reduce the resistance of the n-layer is to use silicon molecular epitaxy (Si-

MBE) [72]. This process has been shown to reduce the n layer thickness to
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0.3p,m, which is very close to the depletion length of the Schottky diode.

However, this process can not be done in the standard CMOS process, thus

our only choice is to manipulate the geometry of the Schottky diode contact.

107



CHAPTER 5. IMPROVING THE SBD'S CHARACTERIS"ICS

108



Chapter 6

UHF Rectifier based on SBD

A new organization of switched-capacitor charge pump circuits based on

Dickson's voltage doubler structure is presented in this chapter. A charge

pump takes a DC input voltage and outputs a doubled DC voltage. A simu-

lator working in the QV realm was used for simplified circuit simulations and

to estimate the number of charge pump stages required to achieve the desired

voltage. In order to evaluate the efficiency and delivered power of the charge

pump, a resistive load was attached to the circuit's output. A comparison

of the proposed circuit with the current technology is presented in terms of

the input threshold voltage, area requirements, voltage gain, and the output

po\Mer level. The simulation results indicate that there is an optimum load

for different charge pump configurations. Finally, design guidelines for the

desired voltage and power levels are discussed.
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6.1 Introduction

In contact-less RFID context, the DC power supply voltage is generated

from the incident RF signal power by the means of a voltage rectifier. At HF
ISM band, 13.56 MHz, it is more common to use diode connected transistors
or a NIOSFET bridge rectifrer. The most common structure of the bridge

rectifier consists of two nMOS and two pMOS FETs [88]. The output voitage

of such a circuit, however, suffers from the voltage drop across the transistors
because of the MOSFETs' threshold voltage. Therefore further away from
the interrogator antenna, where the RF signal is weaker, this kind of rectifier
might fail to operate properly.

Therefore, there is a need for a device that can operate from a lower input
voltage level. The Schottky diodes developed in this dissertation satisfy these

conditions. The voltage drop of a SBD is approximately 200 mV, at 10 pA,
as was confirmed by experimental work. A new organization of these diodes

can be used to deliver a high voltage to the chip from the weak input RF
signal.

Although voltage multiplier circuits are widely used in CMOS, the de-

scription of the kind of circuit presented in this chapter has only been re-

stricted to operating principles and a thorough and systematic treatment has

not been presenteci. in this chapter, the voitage <ioubier reaiizeci with SBDs

is thoroughly anaLyzed and a complete model is proposed. Its degradation

features and its implication on tag circuitry endurance are studied and ex-

perimental results supporting the proposed method are presented.
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6.2 Comparison of different rectifier struc-
tures

RFID designers, traditionally use MOS bridge rectifiers, as shown in Fig-

ure 6.1 [88]. Although these structures are well suited for low frequency,

they perform inadequately at UHF. It worth mentioning that with advance-

ment in CMOS circuits and availability of new submicron transistor feature

sizes, it still is possible to build a UHF rectifier from MOSFETs. However,

the turn-on threshold voltage of such a configuration is normally much higher

( = 300 mV) than that of a Schottky diode rectifier structure. Plots in Fig-

ure 6.2 shows a comparison of a Schottky diode rectifier with a MOS bridge

configuration. As it is evident from the plot, the MOS bridge rectifier has

a sluggish response to the input signal. The MOSFET models used for this

simulation are derived from AMI submicron fabrication with feature size of

0.35 ¡;m.

For a more comprehensive study of different rectifier topology please refer

to the paper presented by the author et al. 178] at the AutoID workshop.

6.3 Voltage Doublers

A voltage doubler, also referred to as a charge-pump in the context of memory

ICs, provides a voltage that is higher than the voltage of the power supply.

In many applications such as EEPROMs, flash memory, filters, switched-

capacitor transformers, etc, voltages higher than the power supplies are fre-

quently required. The increased voltage levels in a charge pump are the

result of transferring charge to a capacitive load. Its ability to provide volt-

age amplification makes it suitable as rectifier structure of tags' power supply
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Figure 6.1: MOS bridge rectifyer network.
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6.3. VOLTAGE DOUBLERS

circuitry, where the normal range of operating voltage is limited.

Charge pumps operate by switching on and off a large number of MOS-

FET switches which charge and discharge a large number of capacitances,

transferring energy to the output load. A large amount of energy is lost

whenever the load current is changed. For example, where there is no load,

the circuit still operates but with 0% efficiency. Savings of switching energy

can be achieved by regulating the switching frequency whenever a require-

ment for the load current changes. In addition, simulation and measurement

results indicated a strong dependence of the output voltage on the load re-

sistance [86].

In practical implementations, a number of issues related to parasitic ca-

pacitances, leakage resistances and the operating frequencies have to be con-

sidered. Power loss in a charge pump must be minimized both to protect

the integrated circuit from overheating and to improve the power conversion

efficiency. Most of the resistive power loss results from current through the

diode. Dynamic power loss occurs as a result of switching charge pump ca-

pacitors. Diodes with a large junction area have smaller series resistance,

minimizing the resistive power loss. This, however, results in larger junction

capacitance that increases dynamic power loss and also limits the operating

frequency of the charge pump.

6.3.1 Current techniques in CMOS

In Figure 6.3(a), a charge-pump circuit that uses diodes as the charge transfer

device is shown. It is based on the Dickson's design. The output voltage of

a diode charge pump is given by [S0]:
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Vout: (Vaa-U), N (6 1)

where 7¿ is voltage drop in the diode and N is the number of stages.

The term (Voo - V), may be called the voltage gain per unit stage and its

output voltage linearly increases as the number of stage increases. Because

forming independent diodes in the same substrate is very unwieldy and the

voltage drop across the diode is not scalable, the conventional charge pump

proposed by Dickson [81] uses the diode-connected MOSFET as the charge

transfer device in place of the diode.

In the Dickson charge-pump circuit as shown in Figure 6.3(b), as the volt-
age of each stage increases by the charge pumping, the threshold voltage of
the diode-connected MOSFET increases due to the body effect. The voltage

gain V¿¿ - I/¿ decreases and the output voltage becomes lower than the value

obtained by the diode charge pump. Therefore, the output voltage of the

Dickson charge pump cannot be a linear function of the number of stages

and its efficiency decreases as the number of stage increases.

Several attempts have been made to alleviate the loss problem in the

Dickson's design [82], but they must use a very complex timing scheme or

backward control which may have a risk of reverse current even with auxiliary
MOSFETs [S8]. Use of floating devices [S3] to eliminate body effects has also

been reported, but the resulting charge-pump may generate substrate current

by floating the device.

Witters and Geroeseneken [85] provided a detailed analysis of a Dickson

multiplier built in VLSI technology with diodes realized by nMOS transistors.

They considered effects of threshold voltage and leakage current. Most of the

charge pump applications require a twophase clock. A high-efficiency charge

pump can be constructed using cross-coupled voltage doubler consisting of
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Figure 6.3: Functional Diagram of (a)diode and (b)Dickson charge-pump

four power nMOS, four power pMOS [79]. But all of the above require

auxiliary circuits or power transistors and capacitors that occupy a large

area.

6.3.2 A New Approach

A bridge rectifi.er based on the SBD diodes cannot be used in a CMOS

circuit, because when the input voltage swings to its negative value, it drives

the cathode of the SBD diode into the negative region. That condition will
make the n-well at lower voltage with respect to the p-substrate. In such a

scenario, the parasitic diode D2, as shown in Figure 2.5, becomes forward

biased, causing a large amount of current to flow from n-well to the substrate.

This phenomena is similar in analogy to the latch-up condition of an inverter

t
GND

clk

õR

GND
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Figure 6.4: A new rectifi.er/multiplier topology using the SBD, based on
Dickson's design.

in a CMOS circuit

In Figure 6.4 a new approach based on Dickson's voltage multiplier design

is proposed. In this circuit diodes are Silicon-Titanium Schottky diodes,

developed in this dissertation. These SBD diodes have low series resistance

of less than 500 CI and low Schottky junction capacitance of approximately

500 fF. The schematic shown in Figure 6.4 is a simplified one and does not
show the capacitances that anode and cathode of the SBD makes to the
ground or substrate. However, these capacitances are included in the diode

model for simuiation. For this configuration to operate the antenna needs a

DC connection through it.

These diodes are connected to the antenna pins by poly-poly capacitors.

From RF point of view, assuming that the C, and C.have low impedance,

the junction capacitance of these diodes are connected in parallel. For DC,

however, they are connected in series to allow a DC current to flow from V¿¿

to %".

For a short explanation of its operation assume that the Ant2 is connected

to the ground and the Antl is connected to a sinusoidal voltage source of
amplitude I[,n, f:urthermore assume that the pump starts with all the capac-

nl

cr
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itors depleted of any charge. In phase I, the voltage doubler starts by rising

Antl from zero to *V". Capacitor C, is charged to voltage Vn - V¿, where

I/¿ is the voltage drop across the diode and C" is assumed to have no charge.

In phase II, the input voltage will swing lo -Vr. The voltage across C" is

now fin + (U" - ZV¿). Subsequently when the pump goes back to phase I,

the voltage at node r.2 now rises to I{r, plus the voltage access C" and the

charge stored by C. is now shared with C, at node n3 and the final output

voltage at node n3 is equal to 2V" - 3Va. Thus the charge sharing allows the

output voltage to grow to a level higher than the input voltage.

In Figure 6.5 a multi-stage charge pump of the above configuration is

depicted. A detailed analysis can be performed to show that the voltage

generated at the output of this circuit to a good approximation is given by:

Vad : (V - Va) * nVq - (n + l)V¿ - nV

is the RF input signal amplitude.

is the voltage drop across the diode.

is the voltage swing at a node due to capacitive

coupling with the input signal.

is the number of stages.

(6.2)

where

u
V¿

Vø

n

Antl
Ant2

Vdd out

$
GND

Figure 6.5: A multi-stage multiplier schematic based on the SBD.
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U is the voltage drop due to the output current.

In the above equation, the voltage swing, I/6, can be calculated in terms
of the reservoir capacitor, Ç, coupling capacitor C. and parasitic capacitor
(due to interconnect wires), C":

Vo:V (6.3)

Figure 6.6 shows the output voltage of a two stage charge pump as the
output current is increased" As can be observed from the plot, the voltage

drop, I{, is directly proportional to output current, 1o, and inversely propor-

tional to operation frequency, / and the total node capacitances, C.+C.+C",
therefore:

(6.4)

This is only true assuming T < RC, ie. the load time constant is much

much less than the charging time constant.

Figure 6.7 shows the input-output relation of a single stage voltage multi-
plier circuit. It consists of three diodes and three capacitances. As expected,

the output voltage is almost twice the input.

An n-stage cascade of the above design will produce almost Il x n Y
output voltage. By choosing an appropriate number of stages, any voltage

can be reached. However, this is only valid for negligible current draw. As
soon as there is output current, there is also an AC current through the ca-

pacitors, resulting in a voltage drop and a lower input voltage for subsequent
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Figure 6.6: Plot of the output voltage as a function of the output current

stages. In fact, numbers much higher than, say, 10 or 20, are not sensible in

practice.

Plot of the empirical data shows that the output voltage drop, I{, is a

cubic function of the number of stages n. Using least-square curve fitting
technique and statistical analysis, one can find the coefficients of a polyno

miaI, p(n), of degree 3, that fits the empirical data. In the above case Matlab

was used to simplify this process. The Equation 6.4 can norvr/ be rewritten

AS:

35

3

25

Ð
oo(ú
=o
fo
Ëo

u: (?. *T,' 1

--n6 (6.5)
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6.3.3 Optimization analysis

Effects of C. k C, on V"

These capacitors work as a charge transfer device. They get charged during
the negative cycle of the input and transfer their charge to the output during
the positive cycle of the input RF signal. Therefore a small value would
decrease the time required to transfer the charge from one stage to the next.
A large value on the other hand, would increase the RC time constant and

would act as a low pass filter to the input signal. Thus, they cannot have an

arbitrary size. Figure 6.10 shows the effect of these capacitors on the output
voltage of the charge pump.

For these capacitors, it is important to have small parasitic resistance, .R"

and capacitance, Cru6. However C"u6 is proportional to the desired capaci-

tance C" U C", because a capacitor value is proportional to its area. Since a

certain amount of coupling is needed, the value of. C. k C" cannot be made

arbitrarily small and in fact neither can C",6. The best way to minimize

C"u6 is to build the capacitors (lateral capacitors) formed by multi-finger top
metal layer configuration or making use of the capacitance between the top
two metal layers. To minimize R",large aspect ratio or muitifinger capaci-

tors can be used. Also, using top metal layer would minimize the amount of
charge lost to the substrate.

The capacitors designed for this project were laid out using multi-finger
configuration with the minimum distance allowed, according to the design

rules, between the fingers. The value of these capacitors were chosen such

that it would dominate the capacitance of the n-well to substrate, which has

a value of almost 0.3 pF, acording to AMI process specifications.

L22



6.3. VOLTAGE DOUBLERS

6.3.4 Input imPedance

The effectiveness of communication between the RFID reader and a tag can

be increazed by maximizing the power transfer from the antenna to the rec-

tifier structure. It can be shown mathematically that a source will deliver

its maximum power to the load when the impedance of the load is a com-

plex conjugate of the impedance of the source' This is achieved through

impedance matching.

600

100

3
No of Stages

Figure 6.11: Plot of input impedance vs. number of stages.

The plot in Figure 6.11 shows the input impedance of the charge pump

versus its r,..'.-h-r of stages. As it is evident from the plot, the higher the

number of stages the lower the input impedance will be, therefore, in practice

there is a limit to how far one can introduce more stages.

Table 6.1 shows the ureasurement results performed on two RFID chips

from two different rna^rurfacturers. The Open port measurement was per-

formed to help with the dc-cmbedding of the results.
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To have high efficiency, it is important to have diodes with small junction
capacitance (Figure 6.9), Iarge saturation current, /", resuiting in low voltage
drop, small series resistance, to minimize the loss in the diode and small
parasitic capacitances to the substrate.

Large area SBDs have a larger saturation current, smaller series resis-
tance, but also large junction and parasitic capacitances, which may dom-
inate the power loss. Therefore, an optimum size of the SBD needs to be
found.

6.4 Voltage regulator

A control method must be used to regulate the input voltage to the chip to
achieve the desired operating conditions. The optimum performance of the
converter is obtained through a compromise of achieving the correct output
voltage and using as little power as possible. A linear technique can be used
to control the output voitage. A bandgap based reference voltage can be
compared to the output voltage and used to control the regulator feedback
loop [sa].

Figure 6.12 shows a shunt voltage regulator usecl in our RFID tag chip
front-end. This circuit uses the ratio of ihe ouipui voiiage io a 'oancigap

reference voltage to control the gate voltage of the load transistor Mz. This

Table 6.1: Measured chi lm onM 26 2005

Chip Manufacturer Input Impedance f^)

Alien ClGz 24 - jæ.2 A
TagSys 6408 15 - jt74 A
OpenPort 6 -j358 CI
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Figure 6.72: Circuit schematic of shunt regulator

transistor has a comparatively large size and works in its saturation region,

acting as a variable load. It would drain more current from the source, if the

output voltage of the regulator goes above a certain level [90].

6.5 Conclusion

In this chapter the circuits of voltage doublers are analyzed and an analytical

method was used to show that the charge transfer produces the expected

growth in voltage level. The computer simulation results of the proposed

charge pump based on the novel SBD are also presented in this chapter.

Design considerations of the proposed charge pump are included and trade

offs between por,¡/er, frequency and voltage level are addressed. An optimum

Ioad termination is discussed using a resistive model. The input impedance

to this circuit is mainly determined by the junction and substrate capacitance

of the SBD diodes.

J
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The SBD based charge pumps are good to serve as the power supplies
for RFID transponders, with the result that a smaller package, cheaper price
and ease of manufacturing for modern RFID systems are achieved.
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Chapter 7

Turn-On Circuits

The evolution of RFID Systems has led to the development of a class hi-

erarchy in which the battery powered labels are a set of higher class labels

referred to as active labels. The battery powering an active transponder must

last for an acceptable time, so the electronics of the label must have very low

current consumption in order to prolong the life of the battery. However

due to circuit complexity or the desired operating range the electronics may

drain the battery more rapidly than desired, but use of a turn-on circuit

allows the battery to be connected only when communication is needed, thus

Iengthening the life of the battery.

Two solutions available for the development of a turn-on circuit use reso-

nance in a label rectification circuit to provide a high sensitivity result. This

chapter presents: the results of experiments conducted to evaluate resonance

in a label rectification circuit, and the designs of fully integrable turn-on cir-

cuits. The tests conducted show a successful practical implementation of the

turn-on circuit designs.
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7.L Introduction

RFID has two basic tag types, Active and Passive. Active tags use a battery
for power to transfer data to and from the reader. These tags are generally

more expensive and physically larger than passive tags. Active tags' main
advantage is longer transmission distances between the tag and the reader.

Their disadvantages include battery maintenance and price.

To make the best use of the battery supplied and get the maximum bat-
tery lifetime it is imperative to turn the power on only when a tag is in the
interrogation field. Therefore, an interrogation field sensing circuit is required
to allow the battery to be connected to the transponder only when commu-

nication is needed, thus lengthening the life of the battery. Such circuits are

referred to as turn-on circuits"

To achieve optimum performance, the power supply circuit of a system

requires a considerable amount of supplementary circuitry. It requires cir-
cuits to protect it from harsh conditions, ensure that it switches in the most

efficient possible way and also feeds back information of the porú/er state back

to control logic. The need for these features makes the design of the power

stage a complex task. Within the RFID area comes another significant ob-

jective and that is to protect the tag circuitry from a burst of destructive
electromagnetic waves.

Therefore there is a need for an intelligent porver supply circuit. This
is required for safe, reliable and efficient operation of a tag. The power

supply circuit needs to be optimized for switching speed to reduce losses. It
is required to protect the surrounding components from excessive voltage,

current and temperature. It must also be able capable of interfacing with
logic-level systems, allowing transfer of information: both control information
passed from the controller to the porver stage and status information from
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the power stage back to the controller.

The idea of turn-on circuits for active tags is of considerable importance

to the proliferation of RFID technology. As such, this chapter of the thesis

is dedicated to development and improvement of turn-on circuit topologies.

One such technique is based on detection circuits that uses electromagnetic

energy conversion using MEMS devices [76]. Another method, which is de-

scribed in detail here, involves rectifying the incident electromagnetic wave

and using that signal to trigger a microelectronic switch to power up the

circuit"

7.2 Circuit Topologies

There are two types of active tags. An active backscattering tag will modu-

Iate the powering carrier to estabiish a communication link with the reader.

It has the same architecture as that of a passive RFID tag, except it uses a

battery to power up the logic circuit of the tag, rather than relying on the

power supplied by the interrogation carrier signal. The other type of active

tag uses an independent source of power to generate a reply to a reader. It
uses the on-board battery to power the logic circuit of the tag and to gener-

ate and transmit a reply signal. It works on the same principles as a radio

transceiver. Irrespective of the type of active tag, a turn-on circuit is an

essential component of the tag circuitry.

As the turn-on circuit is permanently powered from the battery, its cur-

rent drain must be low with respect to the self discharge current of the

battery. The circuit must be compatible with standard CMOS process, al-

lowing easy incorporation into existing transponder design. The turn-on

circuit must have trimmable sensitivity to account for process variations and
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different sensitivities. Its sensitivity must exhibit minimum change with tem-
perature allowing it to operate seamlessly over a wide range of temperatures.

There exist two options for a turn-on circuit. One would be a rectifi.er
circuit that produces a voltage of the order of 1V that can be used to turn-on
a switch transistor from fully off to fully on. The other method can make

use of a rectifier circuit that produces a DC voltage of the order of a few
millivolts, that when amplified and then compared with an internal reference

voltage, can trigger a transistor switch from fully off to fully on. Both types of
turn-on circuits are explored in [77], That work is summarized and extended
somewhat in this chapters by the author and coworkers.

7.2.L Implementation

A label antenna, which in this application is preferably inductive, and the
rectifying circuit that is intended to produce a rectifying voltage used for
circuit turn-on, can be modeled as indicated in Figure 7.1. Here F," represents

the antenna radiation resistance, .L1 represents the antenna reactance, C1

represents the reactance ofthe diode capacitance, Czis the reservoir capacitor
that also serves as an RF low-pass filter, .R¿ represents the ohmic loss in the
diode junction, and .Ro is the ohmic loss contribution from the antenna.

ct

RLRr

LI Turn-on
Circuit

130

Figure 7.1: Label resonant rectifier circuit
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The antenna ohmic losses can be ignored since the antenna construction

in a good design can be a slot antenna containing a significant amount of

copper. In addition, the series combination of the impedances due to Ct

and C2 is approximately equivalent to that provided by the diode junction

capacitance. The reservoir capacitor has a relatively large capacitance of the

order of 100pF" It is assumed that no DC power is removed from the diode.

By shaping the antenna and its connection points appropriately, it is evident,

that an impedance match between R,' and Rr can be achieved.

The turn-on circuit appearing in Figure 7.1 could vary from a single

transistor consuming no power in its off state to a low power consumption

threshold detection circuit.

The experiments performed here utilized the Hewlett Packard 5082-2835

Schottky diodes to evaluate the feasibility of a resonant rectifier. A surface

mount version of the same diodes are also available as HSMS-2820. These

are good candidates for the application due to the range of its capacitance

(1pF - 0.5pF) and low cost.

As this experiment was conducted at high frequency using a network ana-

lyzer to deliver RF power to the circuit and also to measure the return loss, a

tunable matching network was required. This was achieved by an adjustable

trimmer capacitor in series with stray inductance of the capacitor connec-

Lr DI R2

cI R2

Figure 7.2: Schottky diode rectifi.cation circuit
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tions. Measuring the output voltage from the reserviour capacitor requires

adequate filtering and shielding to remove all the unwanted RF signal from
the output and to mitigate the radiation from the circuit output connec-

tions. A schematic of the diode rectification voltage measurement circuit is
provided in Figure 7.2.

The function of -Rz is to provide a DC return path for the case where

no such path is present in the source. The function of .Rs, which can have

a high value, is to assist in isolating the RF element of the circuit from the
external DC voltage measuring elements. Cz is the reserviour capacitor of
the rectifier and .L1 and Cl are the impedance matching elements, and also

fulfill the function of resonating the diode junction capacitance.

It was established that the quality factor of the diode resonance was 130.

\Ä/ith the circuit in Figure 7.2, it was established that with the input power of
-46.2 dBW a voltage of 1 V can be obtained but with considerable detuning,

or with an input power of -76 dBW a voltage of 10 mV could be obtained
with very little detuning.

The proposed turn-on circuit in Figure 7.3 is an adequate and cost ef-

fective design that can be used for a backscattering active tag. It can be

integrated onto a digital CMOS process including the Schottky diode that

Resonant circuit 
¡qD2

Antenna

(+ve) Battery

Vdd outVoltage
doubler

c3Rr

Matching
network

L32

Figure 7.3: Turn-on circuit implementation
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has been developed in this dissertation

In this proposal, a p-channel FET was used as a switch to control the

power to the main circuitry. This circuit utilizes a voltage doubler, consisting

of two diodes. The power generated and amplified by the diodes can be

utilized to turn the pFET from off state to on.

Resonant circuit
L2

4' ct D2
(+ve) Battery

Antenna Matching
networft

Vdd out

ca

+
Figure 7.4: T\rrn-on circuit implementation used with Hspice simulation

tools.

A Hspice implementation of the turn-on circuit is given in Figure 7.4.

In this circuit, the antenna is modeled as a voltage source with an source

impedance of 50 fl. A matching network consisting of inductors and capac-

itors is used to match the circuit to the source voltage. Simulation results

in Figure 7.5 indicates the resonance frequency of the circuit as a whole.

Figure 7.6 shows simulation results that confirm that the turn-on circuit

performs adequately at the minimum por'¡/er of -12.5 dBW. This result may

be compared with the practical results performed previously with HP Schot-

tky diodes. However, the simulation results indicate a much higher porù/er

requirement to generate the required turn-on voltage, but there is the benefit

that with the lower Q that occurs with this circuit, the de-tuning effect is

effectively absent.

+

ulÐ

Voltage
doubler

Ri
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Figure 7.5: Flequency response (AC) analysis of the T\rrn-on circuit.
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7.2.2 Power Requirements

The minimum UHF frequency input power required, with the proposed turn-

on circuit employing the Schottky diodes of our first fabrication run, to obtain

a DC output of 1 volt from the circuit was measured to be -12.5 dBW.

For favorably oriented antennas, a reader with antenna gain of 6 dB and

output power of 1W, (as is allowed under the US regulations) and a tag

antenna of gain 1.5, analytical calculation, using standard far field antenna

formulae, gives a range of 10 m at which the turn-on circuit will start oper-

ating.

Alternatively, another turn-on circuit configuration can be built [77]. This

circuit still exploits the diode resonance, but compares a small DC voltage

developed across the diode with an internal reference voltage of a comparator

circuit. The output can activate a switch when the rectified voltage exceeds

the predefined internal value. In order for this low power turn-on circuit

to be useful, the current drain of the MOSFET switch in its "off' state

must be low with respect to the self discharge current of the battery. Unlike

the previous turn-on circuit topology this design is triggered by a small DC

voltage, rectified and amplified by diode resonance where the minimum value

will be dictated by rectified RF noise.

Simulation work was conducted and proved that a minimum RF power

of -65.3 dBW is required at resonance to obtain a 5 mV DC output from the

reservoir capacitor. Again, using analytical calculation as mentioned above,

with the same configuration of antennas, a range of 717 m is achievable. Such

a long operation range makes this turn-on circuit suitable for independent

reply generating active labels.
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7.3 Conclusion

A turn-on circuit can be triggered by a small DC voltage, rectified from an

RF interrogation field. The sensitivity must be set such that it must not be

triggered by RF noise. The type of Schottky diode covered in this thesis can

be used for the rectifying circuit. The self resonant frequency of the SBD

discussed before in Chapter 4 and embedded in the circuit of Figure 7.4 was

designed to be about 1 GHz.

For a turn-on circuit to be useful, its quiescent or stand-by current must

be small compared with the self discharge current of the battery used as

power source. Therefore a stable low current reference circuit is an essential

component.

The concepts mentioned in this chapter were tested and used to design,

analyze and simulate two turn-on circuit topologies using the fabricated SBD,

while the results of the measurement studies of commercial discrete Schot-

tky diodes were used to further optimize and fabricate a low power turn-on
circuit.

The circuits employing the fabricated SBD presented in this chapter can

be fabricated on a standard one poly, single metal CMOS process, allowing
easy incorporation into existing transponder designs. The low power turn-on
circuit has trimmable sensitivity to allow for process variations or different
sensitivities. The circuit's sensitivity exhibits minimal change with temper-

ature, allowing the trimming to be set at room temperature at the wafer

testing stage. The low power turn-on circuit is triggered by a small DC volt-
age, rectified from an RF signal, the selected minimum value being dictated
by RF noise. Simulation results show that the practical realization of the
above concept in active labels is a possibility.
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Chapter 8

Power Detector

In the modern world of increasing miniaturization, electronic devices are

getting smaller and smaller with more transistors packed into a smaller area.

Continual scaling of devices into the deep-submicrometer regime has resulted

in the need for studving the effects of electromagnetic signal fed to sub-micron

transistors.

Electromagnetic radiation received by a tag antenna may lead to high in-

ternal electric fields and oxide layer breakdown, where subsequent discharge

energy melts silicon and a short circuit is formed. A weaker radiation may

result in long term degradation such as shift in gate threshold voltage, drift in

characteristics with time, increased gate or por'¡/er leakages, loss of transcon-

ductance and reduced latch-up immunity.

In this chapter we start with a brief survey of different power detection

techniques and then will focus on methods of measuring input signal strength

at chip level. Knowing this enables a designer to employ strategies to miti-

gate the destructive effects of excessive input signals more rapidly.
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8.1 Introduction

Over the past decades, the MOSFET has continually been scaled down in
size; typical MOSFET channel lengths were once several micrometers, but
today's integrated circuits are incorporating MOSFETs with channel lengths

of 0.13 ¡rm. Until the late 1990s, this size reduction resulted in great improve-

ment to MOSFET operation with no deleterious consequences. Historically,
the difficulties with decreasing the size of MOSFET have been associated

with the semiconductor fabrication process.

Aggressive scaling of the thickness of the gate insulator in CMOS transis-

tors has caused the quality and reliability of ultrathin dielectrics to assume

greater importance. It is found that there is high chance of dielectric wear

out and breakdown in the ultrathin SiO2 based gate dielectric [91].

These small MOSFET transistors are increasingly vulnerable to malfunc-
tion due to excessive input signals. Anything in excess of tens of volts can

punch through the gate oxide of a CMOS circuit, effectively destroying the
device. The damaging RF radiation can be accidental or from natural sources

such as lightning. In some cases it can be intentional, produced by high power

microwave weapons [92].

High electric fields can cause leakage current in gate oxide. The smaller

the transistors are, the less energy is required to overload and destroy them.

This current can be considered a nuisance parasitic and cause reliability
problems by damaging the gate oxide and leading to long term wear out and

even to oxide breakdown. That would cause the device to fail days, hours or

even minutes after the incident.

The importance of this work is the incorporation of R.F detectors on chip,

That would allow a direct analog microwave level power measurement to be
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implemented on a single chip along with the rest of the circuit. Integrating

detectors with amplifiers allows non-invasive on-chip measurements.

8.2 Motivations

This work allows the study of the fundamentals of how RF pulses can disrupt

RFID chips. It can also be used to study these effects on basic logic such

as gates, latches, etc. The intention is to inject an interfering signal at

different power levels and examine the circuit behavior. Collecting enough

data enables the detection of weaknesses and vulnerabilities of modern CMOS

integrated circuits.

Ultra short wave length radiation (X-ray, cosmic, alpha particles) could

generate hole-electron pairs in both well and substrate regions, triggering

pnpn latch paths. Also, Electrostatic Discharge (ESD) spark can trigger

latchup. A charge pulse normally enters an input pad to be clamped by the

ESD protection circuit which will inject minority carries into substrate or

well. This can trigger a parasitic pnpn path.

The stress-induced parameter shifts are gradual, and the degradation is

predictable on the basis of experimental data and physical models. The

impact on device design therefore involves an engineering tradeoff between

short-term and long-term performance. Oxide breakdown, on the other hand,

is a sudden discontinuous increase in conductance, often accompanied by

increased current noise. Breakdown is generally understood to be the result

of a gradual and predictable buildup of defects such as electron traps in

the oxide, but the precise point at which breakdown occurs is statistically

distributed so that only statistical averages can be predicted [93].

In spite of the popularity and economic superiority of CMOS the lossy
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nature of the silicon substrate has made the implementation of analog mi-
crowave circuits on standard CMOS relatively slow going. As the operating
frequency of the circuits continues to increase, the undesirable effects of the
silicon substrate dominate its performance and they become more and more

apparent.

The results of our work here help to determine how to make circuits more

immune to some unwanted RF pulses.

8.3 On-chip RF Detection

A burst of high po\Mer microwave signal, even nanoseconds long, can pro-

duce a shock that indiscriminately disrupts and destroys unprotected CMOS
circuits and devices. The destructiveness depends on the strength of the
microwave source and its distance from a device and any antenna coupling
mechanism. At what level a destructive microwave signal penetrates a device

and reaches a vulnerable CMOS chip is of interest to RFID users.

This has bccn the moti-"ation to build an on-chip RF detector -which can

be used to measure RF power at the chip level. Knowing the RF signal
level at the circuit level, enables one to employ strategies to mitigate its
destructive effects. Within the RFID context, the detector can be used to
monitor the strength of the interrogating signal and report it back to the
reader. This can be useful in studying the environmental effects on the
signal propagation path and the strength of the reader's signal. That can be

achieved by placing R,FID tags eqrripperì with RF detector circuits in various

locations and recording the output RF power reported by them.
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8.4 Circuit Design

In this section the most popular techniques and methods used for measuring

RF power are discussed. The principal uncertainty and error mechanisms are

studied. For power measurements, thermistors, thermocouples, and diodes

are typically used. Since diodes are the main focus of this dissertation, we

only briefly cover thermistors and thermocouples. The reasons that thermal

detectors, thermistors and thermocouples, are not pursued in detail in this

work is that these devices cannot be built on a standard CMOS fabrication

process and using discrete components are not economical for RFID and

generally do not have response time small enough for our purpose here.

8.4.1 Thermistor

Thermistors employ temperature sensitive semiconductor material that have

a negative temperature coefficient of resistance, i.e. as temperature increases,

resistance decreases. Thermistors are still the sensors of choice for power

transfer standards because of their DC power substitution capability. Ther-

mistor characteristics of resistance vs. power are highly non-linear, and vary

considerably from one thermistor to the next [94].

Power bridges are used for regulating and monitoring porü/er sensing ther-

mistors. The \Mheatstone bridge, as shown in Figure 8.1, is the most common

type of bridge used for RF detection. Once RF power is injected to the ther-

mistor, the resistance of it becomes lower, that alters the voltage difference

between the node A and B. A differential amplifier detects and amplifies the

voltage difference. The \Mheatstone bridge is kept in balance by automati-

cally varying the DC voltage V,.1, which drives that bridge. By measuring

the output of a differential amplifier, the injected power level can be known.
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A typical thermistor power detector operates in range of -20 dBm to f 10

dBm.

YreJ"

R2

Output
lnput RF -->

Thermistor
1

Figure 8.1: Simplified diagram of a thermistor power meter

8.4.2 Thermocouple

Thermocouples are among the easiest temperature sensors to use for RF and
microwave power sensing. They are based on the fact that dissimilar metals
generate a voltage between them that is dependant upon to the temperature
at their junction. The output voltage is small and non-linear, thus, the See-

beck coefficient is necessary to characterize the specific thermocouple being
used. They are better than thermistors because they exhibit higher sensitiv-
itv as thev have lov¡er thermal time const¡.nt nnrnn-qr"od 'q¡ith f horrnistnre hrrtur¡vr¡a¡¡uvvÀu vur¡

are more fragile.

Both thermistors and thermocouples feature an inherent square-law de-

tection characteristics, and since they are heat based, they are true averaging

detectors.

Various types of thermocouple power detectors on silicon or other sub-

strate materials have been suggested [95] [96], brrt they all neecl extra process

steps if they were to be implemented on CMOS process.

Rl
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+
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8.4.3 Diodes

Rectifying diodes have long been used as detectors and for relative power

measurements at microwave frequencies. It was the low-barrier Schottky

diode technology which made it possible to construct diodes with metal-

semiconductor junctions for microwave frequencies that r'¡/ere very rugged

and consistent from diode to diode. These diodes, introduced as power sen-

sors in 7974, were able to detect and measure polver as low as -100 dBW

at frequencies up to 18 GHz l9al. Thus, diode technologies have captured

the bulk of these applications because of their increased sensitivities, wider

dynamic ranges, and higher porù¡er capabilities.

In this section we briefly review some of the diode properties that apply

to microwave RF detection. The Schottky barrier diode has small junction

capacitance, as such, it has extremely high impedance at low signal levels.

An RF signal in the range of -20 dBm from a 50 0 source is required to

overcome the built-in voltage drop of the SBDs, which is almost 300 mV. An

alternative technique would be to bias the SBD to 300 mV and is a usable

approach if the detected output can be AC coupled. That eliminates the

noise and drift introduced by the bias voltage.

AC coupling also improves the minimum power that can be measured by

a biased diode which is limited by the drift and noise introduced by the bias

current.

The general diode equation, '¿ : Is(esv/NKT - 1), can be written as a

power series to better analyze the rectifying action,

+ (8.1)I : I" +
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In Equation 8.1, the second and other even-order terms of this series

provide the rectification because negative voltage input becomes positive

component in this series. The second order term is the most significant in a
small signal operation and DC output, as it is proportional to the square of
power level. The diode is then said to be operating in the square law region.

If the input signal becomes larger, the third term and higher order terms
become significant and the series resistance is not ignorable, the diode is no

longer in the square law operation region and moves into the quasi-square law
or transition region. For inputs even higher it moves into the linear region

where the output voltage is proportional to the input voltage. A typical
Schottky diode has the square law region of between -70 dBm to -20 dBm,
the transition region of between -20 dBm to 0 dBm, and the linear region of
above 0 dBm, all in a 50 f) matching system. The square law region can be

extended up to 20 dBm by using an attenuator [94].

Diodes that are highly stable with time and temperature are best suitable
for power detection. Combining that with data correction and compensation

techniques, can extend the operating range of the detector to 100 dB.

Maximum RF power would be delivered to the diode efficiently when the
input impedance of the detector circuit is matched to the output impedance

Vin V out
\natching

GND

Figure 8.2: A simplified diagram of a diode detector with matching resistor

D1

cr
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of the source. Therefore depending on the type of the antenna used, a prefer-

ably lossless matching network must be implemented to set the detector's

input termination impedance.

The input resistance of a diode is a strong function of temperature, which

means the diode sensitivity and the reflection coefficient are also strong func-

tion of temperature. A diode with large resistance would decrease the sensi-

tivity and diodes with low resistance have high saturation current. Therefore

a compromise between good sensitivity to small signals and good temperature

performance needs to be determined empirically. Diodes with high satura-

tion current can be implemented with larger junction area as described in

the earlier chapters.

Another issue we need to discuss here is that the antenna's impedance is

fixed while the impedance of a diode is dependant on power level. Therefore

even though the antenna might be matched to the detector circuit at a par-

ticular power level, it is unmatched as the power level is changed. As result

the power fed to the diode varies as the diode resistance is changed.

The plot in Figure 8.2 shows a simplified diagram of a diode detector

with matching resistor. It is often installed in laboratory coaxial detectors

so they achieve a 50 fl input impedance but a great sacrifices in sensitivity

is made as most of the input power goes to the resistor, not the diode.

8.4.4 Implementation

The Figure 8.3 gives the basic circuit of the RF detector contributed from

this study. It provides both RF power and die temperature measurements.

Within the RF detector block, a number of diodes, for example two, are used

in a DC series configuration for improved performance. This allows better
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signal detection and thermal effects as well as a wider dynamic range. AIso,

as the noise sources are uncorrelated, the detected noise output is doubled

in power while the signal output is doubled in voltage.

RF Source

3 Output

Figure 8.3: A block diagram of RF detector with temperature compensation.

In order to accurately measure the presence of signals with high peak-

to-average ratio a dynamic range of 50 dB is often required. A single diode

configuration is only capable of measuring the average power of low level

signals and cannot satisfy this requirement. The approach here is to make use

of a dual diode pair sensor and attenuators as proposed by Szente et. al. 197].

This topology has the advantage of always maintaining the sensing diodes

within their square law operating region, therefore will respond properly to
any kind of burst electromagnetic radiation as long as the sensor's correct

range is selected. This approach can be refined even further by incorporating
stacks of diodes in place of a single diode to extend lþs nnorotinn Ìn hiohor

power level at the expense of degrading sensitivity.

A series connection of n diodes results in a sensitivity degradation of
10log(n) dB, while at the same time it increases the maximum power limit
by 201og(n) dB, yielding a net improvement in dynamic range of 10log(n) dB
compared to a single diode detector configuration.

This new configuration presented in Figrrre 8.4, is constructerl from cliodes

of different geometry, with a small two diode stack pair for the low power path

ulÐ

RF
Detector

Low-pass
Filter

LNA

+Thermal
Compensation
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Low Sense

RF Source

Hi Sense

Resistive
Power Splitter

Figure 8.4: Schematic of multi-path RF detector

and two large diodes for the high power path. A FET switch is connected to

the cathode of the low power diodes to bias them to the off position when

they are not in use. The decision to switch between low power and high power

paths is made on the basis of the average power detected by the circuit. To

avoid unnecessary switching a switching point hysteresis can be added, so

that the two paths would have a few dB operation overlap.

As the reai part of the diode impedance adds in determining rise time to

the real part of the source impedance, the effects of finite load resistance can

be estimated. Knowing the value of the reservoir capacitor (C in Figure 8.4),

one could estimate the overall rise time accurately.

When the input signal is continuous (not pulsed), the circuit responds

by putting out a steady-state DC voltage. When the input signal is not

continuous, but pulses on and off instead, the circuit response time (the

time it takes the output to change in response to a change at its input) is
dominated by the RC time constant of the low pass output filter in Figure 8.3.

Setting the filter bandwidth very high will produce residual output ripple

for low frequency input signals. It is also a known fact that the corner

C

v.(t)
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$

$
c

t47



CHAPTER 8. POWER DETECTOR

frequency of the low pass output filter determines the circuits minimum input
frequency. Therefore, when selecting such a corner frequency, the designer

must consider the primary application of the detection. However, the circuit
can be used to detect lower frequency inputs without any penalty as long as

sufficient external low pass filtering is used.

The same power detector configuration can also be used in a circuit to
detect a simple ASK signal from an interrogator. In such situation, the pres-

ence or absence of an RF burst conveys the ls and 0s of digital information.
It can also be used in such applications where the arrival time of the burst
is the critical parameter to be measured.

8.4.5 Practical fssues

This design can be integrated into a CMOS chip at the power control stage.

It can convert an RF signal coming from the reader into a DC signal to
power up the tag. It can be based on an SBD. It must have two stages.

one to provide signal detection while the other one to provide temperature
information to a thermal compensation stage. A biasing stage can be used

to suppress the detection diode voltage drop effects.

The main factors in here are the series resistance of the SBD and the
diffusion capacitance. The diffusion capacitance of the SBD can be used as

the reservoir capacitor, so in fact it becomes useful.

In the designed RF detector, the series resistance was reduced by inter-
digitating the fingers of the Schottky and ohmic contacts. The capacitor has

been laid out in a manner to decrease charge lost to the substrate through
the parasitic substrate capacitance. For added a,ccrlra,cy, an averaging circuit
consisting of a resistor and a capacitor was added to isolate the Schottkv

148



8.4. CIRCUITDESIGN

diode detector circuit from the measuring circuit. With these improvements

in the design, the frequency and dynamic range of the Schottky diodes in the

detector circuit was extended further into the GHz range.

In order to further improve the performance and reduce the unwanted

noise and parasitics, the reservoir capacitor v/as coupled with the device on

the same chip. That decreases the parasitic effects of having an external

capacitor. As for the capacitor a regular layout design or poly-poly or metal-

metal configuration r,¡/as used, that would increase the distance from the

substrate and mitigate the leakage caused by the charges that travel to the

substrate.

8.4.6 Simulation

The plot of Figure 8.5 shows the output of the RF detector to an input

signal of magnitude 400 mV peak value. As it is evident from the simulation

plot, the circuit is able to respond to RF pulses as short as 100 ns at carrier

frequency of 915 MHz. The rise and fall time of the output signal depends not

only on the reservoir capacitor of the low pass filter but also on the junction

capacitance of the diodes. Large diodes have large junction capacitances,

but also have large saturation current which means lower voltage drop. The

lower voltage drop accompanied with lower series resistance of large diodes

makes them ideal choice for low power input bursts, but, they also are less

sensitive to high frequency signals.

One issue with the current simple design is the discharging (roll-off) time

constant. This problem can be compensated for by using an active load or a

dynamic switch to increase the discharging current when reservoir capacitor

is discharging, while still keeping the charging current small. That way we

can increase the power detectors speed and linearity.
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Figure 8.5: Simulation plot of the circuit's response to input RF bursts
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8.4.7 Conclusion

Modern electronic systems are increasingly vulnerable to malfunction due

to incident electromagnetic radiation, particularly since many integrated cir-

cuits operate at lower and lower voltages.

The RF detector monitors the wanted and unwanted RF irradiation sig-

nals. This can sometimes be used to shut down the system if excess mi-

crowave energy is detected to protect the tag from damage caused by faulty

readers or malicious attackers.

In this chapter we presented a new RF power detection circuit. The

analysis and simulation performed on the circuit are also presented. Because

of time and money constraints no fabrication has been attempted, as such

only simulation results are quoted.

The protection can be provided by shunting the supply current by switch-

ing large transistors (for low series resistance) or by adding detuning capaci-

tances to detune the circuit. But either of these cases involves switching large

transistors which involves a large delay time-constant. AIso considering the

delay of the logic gates to be few nano-second each, this kind of on chip

power detection technique can be seen to be more useful as power detection

and measurement rather than protection device.

The RF detector circuit is able to provide both RF power and die tem-

perature measurements. It takes its input from the available power of the

antenna. The RF detector and the low pass filter provide a DC voltage

depending on the input power level. Thermal compensation provides a DC

voltage depending on the ambient temperature. As the detection system and

the thermal compensation are based on the same topology, the DC output

voltage will have the same temperature variation as thermal voltage. Con-
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nected to a differential amplifier, the output will be a voltage directly linked
to the RF input power.

The use of this RF detection technique allows the RF front-end designer to
save chip area and to drastically suppress parasitic inductances as compared

with external detection circuits.
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Chapter I

Software Data Logging Reader

\Mireless communication is becoming softer and softer. This means that ra-

dios, terminals and networks are becoming reconfigurable and programmable.

Software and cognitive radios are becoming one of the big trends in this field.

Although these concepts have been studied for decades, a lot of challenges

remain to make this vision a reality. In this work we are studying several

aspects of a software based RFID reader, including experimentation, imple-

mentation and theoretical work.
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9.1 Introduction

RFID systems are demanding more data, faster logging, and higher interro-
gation rates, so they require a powerful system that can manage information
from a variety of sources, store the data, and transmit it reliably and continu-
ously for long periods of time to other readers or a host PC. In addition, data
logging is an extremely important part of RFID because it is the best method
for determining what happens during the tag interrogation and to test soft-

ware strategies and protocol efficiencies. In the near future, software will do

much more than running a fancy Graphical User Interface (GUI). More and

more of the functionality of traditional radio systems will be implemented in
software.

Joseph Mitola [105] coined the term software radio as: "A software radio
is a radio whose channel modulation waveforms are defined in software. That
is, waveforms are generated as sampled digital signals, converted from digital
to analog via a wideband DAC and then possibly upconverted from IF to
RF. The receiver, similarly, employs a wideband Analog to Digital Converter
(ADC) that captures all of the channels of the software radio node. The
receiver then extracts, downconverts and demodulates the channel waveform

using software on a general purpose processor."

9.2 Problem Statement

When one hears the litany of reliability and readability woes that plague

RFID in the supply chain arena, it is possible to wonder if anyone is making
any progress [99]. The problems with RFID range from non-functioning
tags to environmental conditions, srrch a,s tempera,tr-rre, humirlity ancl raclio

frequency interference, often from other readers. All these effects can render
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tags unreadable. The challenge continues wherein a shipping and handling

process, tags can be thrown out of alignment (detuned) so they don't receive

the reader signal at their resonant frequency. And the list goes on. Average

read rates are still under 80% [100]. Some of this is the result of tag failure

but other important problems are incompatible tag and reader combinations

as well as reader-to-reader interferance resulting in ghost tag reading [101].

T[aditionally RFID systems have been designed with only a single reader

scenario in mind. The increasing use of RFID in multiple industries and also

increasing deployment of mobile RFID readers, results in situations where

readers are to operate in close proximity of each other leading to interference

which in turn may result in incorrect or slower operation.

The reader collision problem within an RFID network plays an important

role in ubiquitous RFID implementation [102]. An anti-collision protocol

needs to be developed for a mobile ad-hoc network of RFID readers. One

of the challenges of RFID development is to make the tags as simple as

possible even though doing so adds extra complexity to the reader. In a

case where multiple readers try to read the same tag, the tag cannot select a

particular reader to respond to. Therefore, passive tags, where the collision

may take place, are not able to take part in the collision resolution. Reader-

reader collision not only decreases throughput of tag identification, but also

increases the bandwidth usage.

9.3 Solution

The Software Data Logging Reader, from here on refered to as SDLR, was

developed to solve this interoperability problem. Tladitional radios use hard-

ware circuits, fixed at the time of manufacture, to perform the high-speed
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signal processing tasks that convert back and forth between user data and

the radio waveform. SDLR exploits advances in components such as digital
signal processors and field-programmable gate arrays to make the hardware
generic, and move all of the waveform-specific tasks into software. One SDLR
device can support a variety of communications standards, just as one PC

can run a variety of software applications. SDLR has a number of benefits

in addition to improving interoperability.

Software Data togging Reader has significant advantages over traditional
RFID readers, that is why many Auto-ID labs are supporting its develop-

ments.

Desirable characteristics include:

1. Receive and transmit various modulation methods using a common set

of hardware.

2. Alter functionality of the system by downloading and running ne'ü/

software.

3, The possibility of adaptively choosing an operating frequency and a

mode best suited for prevailing conditions.

4. The opportunity to recognize and avoid interference with other RFID
readers and communication devices in a high density reader environ-

ment.

5. Elimination of analog hardware and its cost, resulting in simplification
of data logging reader architectures and improved performance.

6. The chance for new experimentation and development of new RFID
protocols.

7. Support of multiple modulation formats
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8. The system can be simulated Eractly

9. Flexible bandwidth selection and management.

10. The ability to dynamically join or leave an ad-hoc network formed by

other readers in proximity.

11. The ability to transmit neighbour information to other readers or a
server along with request to transmit.

12. The ability to scan the status of its neighbours and respond accordingly

13. On collision with other readers, reducing its power level by a predefined

factor.

While SDLR offers benefits as outlined above, a few obstacles remain to its

universal acceptance. Those include:

1. The difficulty of writing software for various target systems,

2. The need for interfaces to digital signals and algorithms,

3. Poor dynamic range in some of the designs

9.4 Novel Properties of SDLR

SDLR is capable of adjusting its software to suit the particular RFID environ-

ment in use. The foliowing sections give an overview of two novel applications

that can be used to demonstrate the advantages of integrating the software

radio into an RFID reader.
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9.4.1 Automatic Change of Modulation Scheme

A framework for changing modulation schemes on a per packet basis is given

in a paper by Bose et al. [98]. In this case the modulation scheme is de-

termined by a packet header that identifies the modulation scheme. \Mith
proper signal processing it is possible to determine the modulation scheme

used at the transmitter [103]. A novel approach would be for an RFID reader
to detect the modulation scheme of the incoming signal and then reconfigure

its signal processing stack accordingly. This powerful feature can be used to
provide flexibility to readers not only in a multi-tag environment but also in
a high density reader environment. An FPGA device could dynamically load
a new modulation scheme and become part of a new reader network without
changing the hardware.

A layer in the communication stack can be used to act as a modulation
detector and load the appropriate op-code into the FPGA device to demod-
ulate the incoming signal. The modulation detection layer must perform
analysis of the incoming signal to determine the modulation scheme used.

This information can be added to attributes of the message block as it be-

ing passed to the next layer in the stack. The DSP, then, makes sure that
the appropriate demodulation scheme is available to demodulate the incom-
ing signal. If it does not have the appropriate demodulation scheme then, it
raises an alarm, notifying the operator. Or alternatively it can send a request

to the host computer asking for the latest demodulation scheme.

9.4.2 A Peer to Peer Component Sharing

Thttlebee [104] describes Over-The-Air Reconfiguration (OTAR) for a soft-
ware radio. Using this concept, a, remote device can be reprogrammed by
the transfer of new software into the device. Up to now hardware restric-
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tions have meant that OTAR has only been used for one-off projects such as

satellites.

Now, advances in hardware allows OTAR to be used in ad hoc networks.

An ad hoc network can be a connected set of RFID readers without any cen-

tralized or hierarchical structure. In an ad hoc environment, readers might be

communicating with tags using many different protocols, modulation schemes

and location specific parameters. The ability of nodes to share information

about network conditions would be of key importance to ensuring reliable

communication is happening.

In such a situation, readers can go beyond just sharing information by

sharing their network layer component as downloads. These network layers,

for example, a new demodulation scheme, can also be downloaded from a

central computer. In the absence of or unavailability of such a central com-

puter system, this method can be used as a back up or alternative procedure

in order to keep the system running. For example a reader installed in a
new location, could contact its nearest operational reader using this scheme

to download the most popular communication environment variables used

in that area. These settings would include information such as available

frequency allocation, bandwidth, average number of tags per unit of time,

number of readers and their locations, noise conditions, etc. This informa-

tion can be used to optimize communications. This scheme therefore can

tremendously increase the flexibility of an RIFD system. Such functionality

are not available currently in any RFID system.
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9.5 Software vs. Hardware

A traditional radio receiver requires many analog components as shown in
Figure 9.1. First the radio signal is received by the antenna and is then
amplified by a LNA (Low Noise Amplifier). These parts are shared by att

the radio channels [106]. After these components one receiver is required
for each channel. The RF signal is down converted to baseband by a mixer
and a local oscillator. At each stage analog filters are used to discriminate
the signal outside the frequency band. The last step before the digitization
is to decompose the signal into inphase and quadrature components. These

signals are then converted in a narrow band ADC. In UHF, for example,

FCC regulations limit the total bandwidth to 25 MHz while the channel
bandwidth is about 500 KHz. A reader therefore can handle more than 50

channels.

If the ADC is moved closer to the antenna, ûlore components can be

shared for all channels and more of the signal processing can be done in
software (Figure 9.2). This means that the hardware cost can be substantially
reduced. An ideal software radio would consist of an antenna, one ADC that
samples directly on the antenna signal, one DAC that generates the outgoing
antenna signal in the tranceiver and a DSP (Digital Signal Processor). All
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the signal processing should then be done in software in the DSP. This ideal

situation, however, is not feasible with today's technology.

There are other advantages with a software radio architecture, besides the

hardware reduction. A software radio reader could be reconfigured without

replacing any hardware. The same hardware could also be used for different

systems, e.g., different tag generations and different classes, since all the

signal processing is performed in software. The same software can be re-

compiled for a different processor and can be run on different platforms such

as in hand-held terminals. Instead of implementing several RFID receivers

for different physical regions, one receiver could be used for all systems and

different software packages could be used to switch between systems.

The requirements on the ADC in a sofbware radio architecture are very

high, as the signal received by the antenna for instance does fluctuate in

amplitude by a large amount. When such a wide dynamic range signal is

converted in the ADC the dynamic range must be high enough so that a

weak tag reply can be separated from the harmonics and the strong carriers.

The SNR (Signal to Noise Ratio) must also be high so that weak replies can

be seen above the noise floor.

9.6 Contributions

The work on the SDLR (Software Data Logging Reader), makes the following

contributions to the development of RFID systems and technology:

o The development of an open-source implementation of software based

RFID data logging reader.

o The implementation of a proof-of-concept SDLR application using a
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Figure 9.2: Simplified hardware and software chain of the SDLR receiver.

simple, low-cost, highly reconfigurable design, that can guide the fur-
ther development of RFID systems.

o Reusable, open-source software components that can be used to build
up SDLR compatible readers.

o Study, test, evaluate and validate Channel Estimation Algorithms and

Link Level Adaptation Algorithms.

9.7 Conclusion

This chapter has demonstrated a flexible approach to implementation of a
Software Radio based RFID data logging reader using dynamic communica-

tion schemes. This platform provides a powerful solution for rapidly building
and testing neIM RFID communication systems anci protocols and it forms a

basis for developing highly flexible RFID readers.
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9.7, CONCLUSION

The SDLR is an inexpensive and versatile solution to the collection of

temporal and spatial field data for numerous research and educational en-

deavors. Defrning an open architecture and implementing readers compatible

with this architecture further enhances interoperability. It can be integrated

with a large array of available sensors. In the next few chapters the exper-

iments performed using this reader will be discussed. The full schematic,

circuit board layout, firmware and host software will be published on the

AutoID web site, so that other researchers can download sufficient informa-

tion to construct their own SDLR.
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Chapter 10

SDLR Architecture

RFID systems are demanding more data, faster logging, and higher interro-

gation rates, so they require a powerful system that can manage information

from a variety of sources, store the data, and transmit it reliably and con-

tinuously for long periods of time to other readers or a host PC. In addition,

data logging is an extremely important part of RFID because it is the best

method for determining what happens during the tag interrogation and to

test software strategies and protocol efficiencies.

Off the shelf RFID readers are not optimized for the data logging appli-

cation. The purpose of this chapter is to describe a high speed RFID data

Iogging reader. Developed for use in my research, the SDLR can be used to

evaluate architecture, protocols and prototype hardware and software.
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10.1 Introduction

Todays continuously changing technology in RFID brings the need to build
futureproof RFID readers. If the functions that were formerly carried out by
hardware can be performed by software) new functionality can be deployed

easily by updating the software. With the existing stringent requirements

of RFID spectrum, increasing traffic rates, and the need to adhere with the
regulations on spectrum usage, this requires even more sophisticated signal
processing algorithms that can only be implemented on a software based

RFID reader system.

The software based RFID reader system will also allow the addition of
new functionalities with a short time-to-market. The SDLR includes excel-

lent multipath and antenna diversity performance, resulting in superb tag
reading performance. User specific functions can be configured easily to the
performance required for clifferent environments, and only the software needs

to be upgraded rather than a completely new hardware design. By integrat-
ing everything into software, fewer external components are required, which
further reduces the cost. This allows innovative new features and a rapid
development cycle.

The SDLR can be part of a large distributed and dynamic system in which
each reader is responsible for the management of its own local population of
tags that is changing dynamically. In such a system, the reader acts as a
gateway between the low cost simple tags and a very sophisticated distributed
information system which can interface to enterprise software applications.

The fundamental physics of antennas and radio frequency propagation

properties at different frequencies causes devices operating at various bands

to have clifferent benefits a,nd functionality tradeoffs. Therefore their use will
remain a reality for a foreseeable future. The SDLR is designed around this
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notion as a modular system and can support multiple frequency bands

Furthermore, there is a need for flexibility in RFID design because the

specifications are still changing, and even within a single specifi.cation, the

tags can be asked to reply at different frequencies. For instance tags working

within the EPC Global Generation 2 specifications can be asked to reply at

a sub-carrier frequency ranging from 40 kHz up to 620 kHz. Therefore the

reader must be able to be easily reconfigured to support frequency bands

and protocols of different geographical regions and those that will become

available in the future.

LO.z Hardware Design

This section concerns the design and development of the hardware for a
data logging reader. The prototype instrument developed for this project is

called Software Data Logging Reader (SDLR). It features a DragonBall net-

work processor, which enables it to perform high-speed data processing. It
runs on an Embedded Linux operating system and comes with a number of

PC-like functions built in that enable it to run additional appiications simul-

taneously. Additionally, it supports standard network protocols including

DHCP, UDP/IP over Ethernet, 820"11x (Wi-Fi), HTTP and SNMP, and its

superior network adaptability enables its software to be easily implemented

from remote sites.

The general setup of the implemented SDLR transceiver is shown in Fig-

ure 10.1. In the following sections we discuss various considerations that led

to its particular design. A detailed description of the overall system and its

individual components are also given.
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RF Modules

ADC / DAC

Probes LEDsCPLD

JTAG Digital Signal Processor RAM

Micro-Controller

RAM ROM Serial Ethernet

Figure 10.1: Simplified and abstract level hardware block diagram of SDLR.

IO.2.L Microcontroller

The microcontroller block is based on DragonBall, MC68EZ328 EZ Inte-
grated Processor from Fleescale Semiconductor. The MC68EZ328 core pro-

cessor is identical to the 1VIC68EC000 microprocessor and features full com-

patibility with the MC68000 as well. Running at 16 MHz it performs 2.7

MIPS. It also provicles a IIART, SPI, LCD controller, Timer/PWM, and
parallel I/O.
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The microcontroller runs on uClinux, that is an operating system for

a microcontroller without a Memory Management Unit (MMU). uclinux is
derived from the 2.0 Linux kernel. It is a multi-threaded real-time operating

system for embedded applications. uclinux is a mature, robust operating

system that already supports a large number of devices, file-systems, and

networking protocols. It gives the developers complete visibility of the source

code. Bug fixes and new features are constantly being added, tested and

refined by a large community of programmers and users.

The microcontroller block consists of an Ethernet controller, a UART

Serial port, RAM and ROM. The system provides a boot strap mode function

which allows system initialization as well as program/data download from

ROM or via the UART (for debugging purposes). The microcontroller uses

its paraliel interface to communicate and load DSP firmware into the DSP

chip. The microcontroller is responsible for high level tasks such as system

management, self test, database maintenance and serving requests from the

other readers or host PCs through TCP/IP network, while DSP handles low

level computationally intensive processing tasks, such as FFT and filtering.

IO.2.2 DSP

This system uses the TMS320VC5416-160 fixed-point, digital signal proces-

sor (DSP) chip from Texas Instruments, operating at 160 MHz. The chip in-

cludes 256 kB of RAM and 32 kB of ROM, which is used for both program and

data storage. A 6 channel DMA, 16-bit HPI interface and 3 Multi-channel

Asynchronous serial port are included. It operates with a core voltage of 1.6

Volts while the IO supply voltage is 3.3 V.

All the low level signal processing such as FFT, Filtering and wave-

form shaping are done within the DSP chip. It operates in "Microcontroller
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Mode", allowing it to boot from the microcontroller board. It can be reset

manually by power-cycling or through the software control of the microcon-

troller. At power up the DSP waits for the host microcontroller to upload
the DSP firmware into its internal RAM through Host Port Interface (HPI).
After the upload completes the DSP starts its boot cycle. More detail of the
software architecture of the DSP sub-system is provided later in this chapter.

10.2.3 CPLD

The system used EPM3256A from Altera. This device is based on MAX
30004 family. It contains the electrically erasable programmable read-only
memory (EEPROM), which provides instant-on capability and offers 2b6

macrocells. EPM3256A device supports in-system programmability (ISP)

and can be easily reconfigured in the field. Each macrocell is individually
configurable for either sequential or combinatorial logic operation.

This device is responsible for the interface between the DSP chip and

other peripherals by converting and buffering the signals from ADC, DAC,
PLL, etc to the Multi-channel Buffered Serial Ports (McBSP) format, that
is acceptable by the DSP chip.

The CPLD has various internai registers, which are mapped to its IO pins.

These IO pins are connected to PLL, LEDs and several other peripherals that
can be controlled by software.

LO.2.4 ADC

The system makes use of a ADS2807 high-speed, dual channel Analog-to-
Digitai Converter (ADC)" The ADS2807 offer 12 bits of resohrtion at sample

rates of up to 50 MHz. It is interfaced directly to the CPLD and it drives its
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clock signal from the CPLD as well

LO.2.5 UHF Module

The UHF module is responsible for interfacing the DSP to the antenna. A

simplifred block diagram of this module is depicted in Figure 10.2, some

blocks of this design may also be found in Figure 10.1. It operates at 902

MHz to 928 MHz UHF band and is compatible with FCC's paft 15.247 rules.

These rules specify that a maximum output power of 1 W may be exercised

in a frequency hopping system with at least 50 channels. The maximum

dwell time for each channel is set to 400 ms at any given frequency. The

UHF band module is subject to PLL lock-time and the receiver circuit turn-

around time limitations. The lock-time is the time that it takes the PLL to

switch from one frequency to another for a given frequency change to a given

frequency tolerance. In order to mitigate the effect of PLL lock-time, a two

synthesizer design was chosen. This design allows the system to program

the second PLL to a new frequency while the first one is still operating and

then switching over to the second PLL when a frequency hop is required.

This configuration prevents the dead-time during which the reader RF field

would be off and no data can be transmitted. Also it reduces the risk of tags'

brown-out (when the voltage temporarily drops below the operating voltage

Ievel and then recovers),

Oscillator

A PSN0930A Phase Locked Loop (PLL) from Z-Communications Inc. is used

to generate the operating frequency. It is small hybrid circuit block based on

a National Semiconductor LMX2316 PLL IC. This small module generates

an output of 3 dBm with phase noise of -1000 dBclHz at 10 kHz bandwidth.
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The output of the oscillator is bandpass filtered and then amplified by 10

dB. The amplifier output is then subjected to a ceramic filter with center
frequency of 915 iVIHz to remove the strong harmonics and other unwanted

spurious outputs. The output is then split into two parts, one is fed into the
receiver chain and the other into the transmitter chain.

Tïansmit Chain

The transmit chain comprises a PSN0930A Phase Locked Loop, as local

oscillator and frequency hopping. A 3-bit digitally controlied attenuator
for RF output power level control, an RF power amplifier M57785 IC from
Mitsubishi Semiconductors followed by a ceramic band-pass filter to suppress

harmonics and spurious frequencies. The module is capable of delivering up
to 4 W of RF at UHF band. The modulation is achieved by means of a mixer
(MCL SBL-12) from mini-circuits. The modulating signal is generated using
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a DAC, which receives its input from the DSP module.

Receive Chain

A three-port circulator (CN-6) from MECA Electronics Inc. is used to sep-

arate the transmitted signal from the weak tag repiy. The tag reply is then

filtered using a ceramic bandpass filter centered at 915 MHz. It then is split

into two parts for I (In-phase) and Q (Quadrature) demodulation. The I
and Q are then mixed with the local oscillator using Mini-Circuits double

balanced mixers. The local oscillator signal for the Q channel is delayed by

a quarter of wavelength to generate a 90 degree lag in the Q path.

The I and Q signals are then amplified and filtered by an anti-aliasing

filter. The outputs are then amplitude limited and then applied to the ADC.

Further signal conditioning and processing are performed digitally on the

DSP.

10.3 Software Design

The system makes use of DSP-BIOS II from Texas Instrumnets. DSP/BIOS

is a scalable real-time kernel, designed specifically for the TMS320C5000

and TMS320C6000 DSP platforms. DSP/BIOS is an integral part of the

Code Composer Studio Development Tools from TI. The programing is done

using Microsoft Visual Studio C++ and Texas Instrumnets' Code Composer

Studio.

The heart of the SDLR is the C5000 DSP, which runs a TI DSP-BIOS II
real-time kernel and controls the interface in addition to the specific trans-

mit and receive functions. DSP/BIOS provides a convenient multi-tasking
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capability through events, software as well as hardware interrupts, which
operate at various levels of priority. Other functions such as tag manage-

ment and communication to other readers or host PCs are performed in the
microcontroller.

The DSP is required to receive commands from the microcontroller, and

form packets of symbols, which are embedded into a flexibie frame in order to
be recognizable by a tag. The data is oversampled and pulse shaped before
passing it on to the RF module. Thus, the aims of the DSP implemented in
software comprise:

1. Initialization of interfaces and interrupts

2. Initialization of CPLD, PLL, ADC and DAC. These are done via McBSPO

3. Reception and transfer of data from/to the microcontroller. This is
performecl over the HPI interface.

4. Formation of tag command data frames

5. Mapping from bytes to symbols. The bit stream is converted into
amplitude modulated (AM) symbols, whereby here an AM mode is

employed, although other modulation modes are possible.

4 D,,l^^ ^1.-^^:.^- rnl^^ ^-.-L^.1 ^!-^^*:^ -^^^l^--^t^r-- ,--,-l--l I\r. r urùc Drrcl,yrlrË. rrru Þyrrruur ¡,LruöIlI lö IIIUueIatcly uvelsitlllpleu Dy a
factor of 2, which is required as a minimum by the subsequent mixer
hardware, and filtered by a root raised cosine filter.

7. Passing data samples to the RF module. The oversampled and pulse

shaped signal values are passed over to the DAC, and its output is
connected to the mixer's input.

8. Reception of I and Q data from ADC. The Tnphase and Quadrature
signal values are receivedfrom the ADC via the McBSPO/CPLD. These
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samples are oversampled by a factor of 4 compared to the symbol rate

in order to permit sufficient resolution for timing synchronization.

Step 1 and 2 are performed at boot level, initialization of PLL, ADU

and DAC needs to be done via McBSPO after the CPLD is initialized and

functional. Processing of both the transmitter and receiver functions are

performed in interrupt service routines, whereby the processor falls into an

idle mode if no interrupts need to be serviced.

10.3.1 Device Drivers

A software module that controls how a processor communicates with a device

is called a Device Driver. In SDLR, the interface from the DSP firmware to

the hardware is abstracted into a set of device drivers. The device drivers

separate the high level firmware and protocol specific modules from the low-

Ievel Input/Output (IO) routines of hardware. Device drivers are provided

for each of RF's transmit and receive modules as well as for actuators and

sensors.

SDLR uses a special abstraction to access device registers independent of

the underlying implementation. It hides the mechanisms to access a specific

part of the address spaces. The use of this abstraction is in almost all cases

as efficient as an assembly language access. These device drivers are designed

to provide access to the hardware in a protocol independent manner. That

allows the change of communication protocol without the need of changing

the rewriting low level subroutines. The device driver Application Program

Interface (API) is a a set of C callable functions for writing to or reading from

the device or registers. This API is based on the POSIX file IO interface,

using read, write and ioctl functions. A device is made active by calling

open and released by calling close.
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open0

This routine opens a device as a file for reading, writing, or updating, and

returns a file descriptor for that file. The arguments to open are the device

name and the type of access. In general, open can only open pre-existing

devices and files. Files cannot be created with open.

The return value of this call is a file descriptor number, or ERROR if a
file name is not specified, the device does not exist, no file descriptors are

available, or the driver returns ERROR.

close0

This routine closes the specified file and frees the file descriptor. It calls the
device driver specific function to do the work.

The return value is the status of the driver close routine, or ERROR if
the file descriptor is invalid.

ioctl0

The ioctl call provides an interface to device specific configuration function
and performs an IO control function on the device. The control functions
used by SDLR device drivers are defined in the header file io.h. Most
requests are passed on to the driver for handling. Since the availability of
ioctl functions is driver-specific, these functions are implemented separately

for each specific device.

The return vahre is the retrrrn value of the driver, or ERROR if the file
descriptor does not exist.
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read0

This routine reads a number of bytes (less than or equal to maxbytes) from a

specifred file descriptor and places them in a buffer. It calls the device driver

to do the work.

The return value is the number of bytes read (between 1 and maxbytes,

0 if end of file), or ERROR if the file descriptor does not exist, the driver

does not have a read routines, or the driver returns ERROR. If the driver

does not have a read routine, errno is set to NOTSUP.

write0

This routine writes a number of bytes from buffer to a specified file descriptor.

It calls the device driver to do the work.

The return value is the number of bytes written, or ERROR if the file

descriptor does not exist, the driver does not have a write routine, or the

driver returns ERROR. If the driver does not have a write routine, errno is

set to NOTSUP.

The precise meaning of reading or writing from or to a device depends

on the nature of the device. For example writing to an RF driver causes the

data to be modulated over the output RF signal and reading from the RF

driver, fills an input buffer with samples from an ADC chip. Reading and

writing to or from some devices might be illegal. For example reading from

the transmitter and writing to the receiver driver are illegal operations.
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10.3.2 EPC Module

The EPC software module is entirely implemented on the DSP. It is based on
EPC specifrcations and supports both EPC Class 0 and Class 1 protocols as

well as ISO 18000-6 protocols. It is also designed to accommodate Generation

2 protocol by EPC Global (C1G2) by adding some variables in function calls.

This module consists of functions for generating EPC Class 1 Generation

1 commands such as P'ing, Global Scroll and Masked Scroll and interpreting
the tag reply. It can communicate with EPC 64-bit and 96-bit tag code

structure and is capable of handing anti-collision protocols.

LO.4 Conclusion

By minimizing the hardware requirements for different protocols and by im-
plementing software modules that abstract away the differences between pro-

tocols, this reader achieves superior performance to most other solutions in
terms of hardware cost and software flexibility.

This possibility has motivated the concept of the SDLR, whereby the
digital-to-analogue and analogue-to-digital conversion are performed as close

^- ^^^^:l-l^ +^ +l.^ -^l:^ f-^^- mL^ ^:-^ ^f !l^:^ ---^--r- ---- L- ,- 1 t1dù yuDDIrJIU tr(-, uIIv I.I,LIIU IIULluUuUy. IIIU ¿IIIII UI t/Ill¡j WUI'K WA¡t LO eXLeIl(l üIle

digital domain and to implement modulation, demodulation, channel coding

and other required processing tasks in software.

Being software based allows it to be customized to end user needs. This
design has a boot loader feature allowing a user to make changes to the code.

It can be upgraded in the fieÌd thus lowering operating costs.
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Chapter 11

Experiments On Tags and
Protocols

Observation and measurement are central features of practical activity in

science. Having completed the construction of an early prototyped of the

SDLR and evaluated the most important performance aspects, a number of

initial tests were performed. The first section of this chapter discusses the

generic procedure pursued when performing an experiment, followed by a
discussion of various other experiments and optimizations which are made

possible using this instrument. The chapter also discuses the design and

modeling of an anti-collision protocol based on the use of a beacon channel

o-.1 qorrorql Àoto nhonnplc
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11.1 Introduction

The design and construction of SDLR is covered in the previous chapters.

This chapter is concerned with the applications of an early prototyped of the

SDLR and how it can be used to improve the performance of RFID systems.

A data logging reader can be used for the purpose of collecting infor-
mation and monitoring tag reading activities. It has the capability to be

equipped with: temperature sensors, pressure sensors, strain, gauges, speed

sensors, current loop transmitters, weather & hydrological sensors, labora-
tory analytical instruments and much more.

Having collected the information, one can look back on the past events

and identify areas of interest viewing. These events could assist in improving:
efficiency, performance, accuracy, reliability, quality assurance, etc.

The SDLR dedicated data logger has many inherent advantages over other
alternatives for the bulk of data acquisition tasks. These include low power

operation, standby power sources and security of data in the event of power

or communications failure. Being specifically designed for the task, errors due

to influences such as poor noise immunity and unstable operating systems

are minimized. It also is able to process and forward data to a PC in real

time.

LL.2 Experimental Procedure

Prior to starting an actual data acquisition the instrument is calibrated and

a self test is performed in order to check its stability and overall perfor-

mance. The system must be temporally calihratecl, which is usually clone

prior to any measurements. The data acquired from the instrument are usu-
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ally pre-processed and transferred to a host computer for further processing

and analysis.

IL.z.L Data Acquisition

Experiments are automatically executed under computer control according

to a pre-defrned data acquisition protocol. A decent PC processor can com-

pute signal processing functions and rival many of the fastest DSPs on the

market. Usually though, the PC processor is responsible for the user inter-

face as well as other system management tasks and data acquisition is not

the best use of PC resources. For an RFID data logging application where

the task involves hard real-time constraints, the PC is unable to perform

FFTs, adaptive filters, etc. As such, most of the low level signal processing

tasks are performed within the on-board DSP and the results are transfered

to a PC for further processing.

l-L.2.2 Communication Protocol Optimization

The emergence of RFID as a ubiquitous new technology allows automatic

item management and requires the RFID readers to be instantly intercon-

nected into ad hoc networks. These short range ad-hoc wireless networks,

from hereon referred to as an EPC networks, operate in the unlicensed 915

MHz or 2.54 GHz ISM (Industrial-Scientific-Medical) band.

This operation creates interference on a reader from other devices oper-

ating in the same frequency band. Some devices include microwaves, mobile

and wireless phones and devices enabling various wireless LAN standards.

This section uses a signal capture model or data logging to study EPC proto-

col performance. Furthermore, simulations are used to validate the through-
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put obtained from this model. These results reveal important performance

implications of the effect of reader to reader interference on the throughput.

LI.2.3 Timing Measurements

The SDLR has the capability to capture a complete time record of a tag reply.
When a reader searches for tag it is referred to as polling. Should polling
be delayed, it is possible to analyze the cause using SDLR. Also, associated

with polling are number of timing measurements defined in RFID standards.

one key measurement is turn-around-time, or the time it takes for a tag to
reply after being queried by a reader. The SDLR is able to measure the time
gap between the end of transmit from the reader to the start of the response

from the tag. Figure 11.1 shows such timing measurements.

Baseband Recovery Time
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time, which must be less than the tags' turn-around-time. The plot depicted
in Figure 11.2 clemonstrates the SDLR's transient recovery time. This mea-

surement method has no tag present in the interrogation field. The base

band signal has been generated by a signal generator transmitting a weak

CW signal (-40 dBm), offset from the carrier (907.7 MHz) by amount equal to
the desired baseband frequency (200 kHz). The plot in Figure 11.2 broadly
resembles Figure 11.1, but shows the reacler safisfies the requirements for
correct measurement of the tag's turn-around-time.
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Figure 11.1: A ptot showing reader command, tag reply and turn-
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Figure 17.2: A plot showing the reader's baseband recovery time.
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11.3 Read Range vs. Frequency

Placing tags in close proximity to conducting objects or other tags, bend-
ing their antenna structure or changing their antenna orientation can detune
the tag antenna, preventing them from going into resonance, thus becoming
inoperative or reducing their reading range. Consequently, frequency devia-
tion and read range measurements are critical to ensuring compliance with
various RFID standards.

Another experiment performed was to tune and optimize a novel antenna
for beer kegs. This work has been done in collaboration with Ms. Mun
Leng. The optimization was performed by changing the operation frequency
of the reader and measuring the successful reading rang of the tags. Knowing
the frequency that the tag replies with the strongest signal, we were able to
determine its resonant frequency. From there rve r,¡/ere able to modify the
antenna design until the best performance was achieved at the middle of the
UHF band.

If a tag is not operating at its resonance frequency or not matched to
its antenna properly, it will not have enough power to complete its response

to a reader command. Figure 11.3 shows a tag reply where the tag runs
out of power as soon as it starts modulating the carrier signal, while Fig-
ure 11.4 shows a reply from the same tag after antenna optimization has

been completed.

The performance of several tags has been tested when they are attached
onto a beer keg. To observe the characteristic change of the tags' antenna,
the results are then compared with the one measured when the tags are

placed in free space. Both commercial and prototype tag circuits were used

for this experiment. The parameter of interest is the maximrrm rearl range at
output power of 1 W EIRP. The frequency at which maximum read range was
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Figure 11.3: A short tag reply as a result of tag being detuned.
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Figure 11.4: A complete tag reply recorded using SDLR
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achieved is also recorded. Table 11.1 shows the results of the measurements

taken for 5 different tag antennas in free space.

Table 11.1: Read range VSln cm measurements in free space

Although diligence in measurement has been exercised, the measurements

are not absolute as reflection from objects surrounding the measurement area

may have affected the results.

As can be seen from the above tables, the performance of the commercial

antennas outperform the one designed in this lab. The principle reason is

the size of the antenna. The ALL-9250 is 14 cm in length, while the Cir-
cular Loop antenna is only 2.5 cm in diameter. Another reason could be

that the commercial tags have already gone through an intensive fine tuning
process and are manufactured with high precision, while the prototype ones

are suffering from systematic and random errors resulting from low precision

measurements.

For all the tags used in this experiment, except for the ALL-9250, the

Flequency (MHz)

900.2 907.9 931 938.7915.6 923.3
Antenna Type

Square 26 27 26 30 25 10

Circular Loop 55 33 29 40 33 16

ALL-9250 100 108 104 r25 t25 72

ALL-9250 Folded 16 20 19 24 24 10

ALL-S 133 744 132 174 t54 108
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maximum read ranges obtained were actually better when the tags were

placed onto the beer keg.

Table 11.2: Read ln cm vs. frequency measurements on a beer keg

On average, the maximum read range of tags attached to the beer keg

measured at approximately 923 }|4Hz were as shown in Table 11.3.

Table 11.3: Maximum read at on a beer keg.um vs

Antenna Type Read Range ("*)
Square 45

Circular Loop 63

ALL-9250 110

ALL-9250 Folded 39

ALL-S 234

Flequency (MHz)

900.2 907.9 915.6 923.3 931 938.7
Antenna Type

45 32 L416 19 33Square

36 2369 52 49 63Circular Loop

106 r04 6878 95 92ALL-9250

36 18 15ALL-9250 Folded 16 16 35

234 729 88t02 198 L77ALL-S
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LL.4 Reader Collisions and Phantom Tags

LI.4.L Introduction

Many applications require the readers to operate in close proximity to each

other, that causes the signals from one reader to interfere with those of other

readers. Reader to reader interference can occur in different situations.

One such a scenario arises when a strong signal from one reader, (say R2),
interferes with the weak reply from a tag (T1) being interrogated by another

reader (R1). The weak tag reply signal reaching reader R1 from tag T1, can

easily get distorted by the signal from R2, as illustrated in Figure 11.5.

Read range

Figure ii.5: Reacier interference with tag repiy

Another scenario might occur when multiple readers simultaneously try
to read a tag which is located within their read range. This phenomena is

known as tag confusion and comes in two varieties. It can occur as shown in
Figure 11.6. For example when a hand-held reader tries to read a tag while
a stationary reader is located close by. In such a situation the tag cannot

decode the commancl from either reader and therefore might not be able to
reply at all.

Reader 1 Reader 2
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lAG

Reader 2Reader 1

Read range

Figure 11.6: Tag Confusion case 1.

Such situations can occur even when both readers have implemented car-

rier sensing scheme and the sensitivity of that scheme is adjusted such that

the RF transmitter fields of the readers still overlap but are not simultane-

ously active, refer to Figure 11.7.

Read range

Figure 11.7: Tag confusion case 2

Finaily there is the phenomena known as reply collisions such as illus-

trated in simple form in Figure 11.8, where replies from two tags collide in

a single receiver, or in more complicated form as illustrated in Figure 11.9,

where replies from two tags collide in a single receiver but the tags are com-

manded from two different readers.

o
Reader I

o
Reader 2
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Reader 1

Read range

Figure 11.8: Reply collision

Read range

Figure 11.9: Reply collision with tag confusion

This problem can be mitigated by separating the reader spectrum from
the ta,g spectrr:m. Br:t the extreme weakness of tag repl;' for passi-,'e tags

means a high degree of transmitter signal filtering is required.

Reader and tag collisions, not only result in a reduction of over all read

rate, but also aggravate other problems such as increasing bandwidth usage

and causing security risks.

The SDLR has been used during this project to investigate reader collision
phenomena and to develop a distributed protocol to mitigate this problem for
RFID svstems. Extensive simulation and measurement of the effectiveness

TAG

Reader 1 Reader 2
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of the proposed protocol has been carried out using the SDLR reader and

are reported later in this chapter.

The SDLR offers the ability to store signals in its internal memory for

post-capture processing. This is very useful for measuring interaction with

multiple tags in order to verify collision management. ISO 18000-3 section

6.2.7.9 indicates that a system must be capable of reading 500 tags within

390 ms. If only a PC and a dumb/ordinary reader are used to record the

interaction and test for compliance, it is impossible to know if and at what

point collisions have occured or if there is a particular tag that is being

problematic. However, using SDLR, it is possible to monitor over the air

interference of tag replies and troubleshoot when a collision occuring. Fig-

ure 11.10 shows the plot of a collision that has occured as a result of two

tags replying simultaneously.

Raw Tag Reply
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-1 00 300 400 500
Sample No

600 700 8000 100 200

Figure 11.10: A plot of a collision between two tag replies.
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L1.4.2 Reader Collisions

As noted earlier it very difficult to use carrier detection techniques to solve

reader collision problems. This is because a reader may not see another

reader as their antennas might be placed at angle to one another (assuming

directional antenna), while a tag located a distance from them can see both
signals coming from each of the readers, as depicted in Figure 11.11.

Read range

Reader I Reader 2

Fiøllre 11 11' Rpa.dpr cnnfiorrrqtinn rnqìras nqrripr qoneino inaffpnf i.ra- _o--

In such a scenario, the queries from multiple readers collide and signals

interfere with one another at the tag level resulting in mis-interpretation of
the commands by the tag. The assumption here is that the tags are passive

and their circuitry is made as simple as possible. Therefore they cannot

communicate with one another or with the readers in order to help with
collision avoidance.

194



11.4. READER COLLßIONS AJVD PI{ANTOM TAGS

tL.4.3 Existing Approach to Reader Collision

The latest RFID standards ratified by EPC GIobaI [107] are known as Class

1 Generation 2 UHF (C1G2) [108]. These standards make use of a variety

of Frequency Division Multiple Access (FDMA) protocols. This configura-

tion separates the reader transmissions from the tag replies spectrally. As a

result, tags may collide with tags and readers may collide with readers but

no collisions between tags and readers occur. Such a protocol relies on the

fact that readers and tags operate in separate frequency bands. The problem

arises from the fact that tags do not have the ability to switch their operat-

ing frequency and as such if they are commanded from two different readers

(at two different frequencies), the tags cannot tune to a particular frequency

which results in tag confusion. Thus multiple readers to tag interference is

still a real problem to consider. Also, such collisions can cause a reader to

report the presence of a tag that doesn't exist. This phenomenon is called a

phantom transaction or false read.

Another body developing standards for RFID in Europe is ETSI [12].

ETSI EN 302-308 [109] was developed based on Carrier Sense Multiple Ac-

cess (CSMA) [113] protocol which is also known as "Listen Before Talk".

In this standard a reader shall listen for an on going communication in the

channel it wishes to transmit in for a specifi.ed minimum amount of time be-

fore it starts transmitting. If the channei is busy the reader must go to idle

mode for a random amount of time before trying again. This method suffers

from the same problem as CIG2 protocol as it relies on carrier sensing only.

I1.4.4 Anti-Collision Protocol Format

In designing an anti-collision protocol for RFID readers we have to consider

that the tags are passive and have a very simple circuitry and as such they will
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not be able to participate in collision detection. Adding any more complexity
to tags would results in increase in their price and would hamper their large

scale deployment. Therefore in design of anti-collision protocols for readers,

the oniy participant parties are readers not tags.

A simple yet effective method would be to have a notification mecha-

nism whereby the readers can talk to one another and inform each other of
their intention to perform a particular task, reading tags for example. This
notification can be send through a broadcast message known as "beacon".

The beacon needs to be transmitted on a separate control channel. The con-

trol channel can be a sub-channel of the spectrum used by RFID systems.

A reader shall not use this particular channel for communicating with tags.

The beacon signal should be designed such that it requires minimum amount
of data transfer, thus consuming a small amount of bandwidth. The control
channel is only used for reader-to-reader communication. The format of a
basic beacon command is composed of three fields as shown in Figure ll.l2.

SPINUP CRC COMMAND

Fiøllre 11 1).' Ra.sic hp¡nnn nnrnrnnnd qtrrrntrrrp

o SPINUP: Every basic command is prefixed by a series of logical zeros

for timing synchronization. The readerf tag circuitry uses this part of
the message to establish on board timing for reading and decoding

messages and clocking subsequent replies.

o CRC: Is the CRC value of the commancl as clefinerl in the EPC Global
specification.
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o COMMAND: Is an 8-bit field that specifi.es the command begin

broadcast to all other readers. This 8-bit field yields up to 256 com-

mands.

In this protocol as soon as a reader contends for a channel (wants to

query a tag), it checks to be sure the data channel is clear (no other reader

is transmitting at that time). This is achieved by listening for the beacon

signal in the control channel for a period of time called the backoff factor,

and is counted down by a backoff counter. If it receives no beacon, implying

that the data channel is clear, each reader intending to interrogate tags,

decrements its backoff timer. The reader whose timer expires first, starts

interrogating the tags and the remaining readers stop their timers and defer

their transmission. If the data channel is not clear, the reader resets its

backoff timer to a randomly chosen value, and then checks again to see if the

data channel is clear. If the data channel is clear when the backoff counter

reaches zero, the reader communicates with the tags. If the data channel

is not clear when the backoff counter reaches zero, the backoff factor is set

again, and the process is repeated.

On the other hand a reader that is interrogating tags shall transmit a

beacon signal on the control channel at a regular intervals. That would

notify other readers of the status of the data channel thus avoiding possible

collisions.

If after a predetermined amount of time, a reader does not receive any

beacon signal then it concludes that there are no neighboring readers present

at that location and hence it can operate as an stand-alone reader without

being worried about interference from other readers. This is useful as an

optimization factor in reader operation.
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I1.4.5 Simulation

The above Ethernet like protocol that we will call the ELRF protocol for UHF
RFID network has been simulated in Matlab. The data channel frequency is

set to 915 MHz and the control channel frequency is set to 930 MHz. Li [110]
had implemented the similar CSMA protocol without a Collision Avoidance

scheme. Li's original code was used as a basis of the simulation and few
improvements have made to the code. The final simulation model has the
following characteristics :

o No inter-channel interference between the data and the control channel.

o Flee space propagation path loss.

o Packet collision only results in packet loss

o All the RFID readers are equipped with omni-directional antennas.

o Data processing delay and the channel switching delay are negligible

o The transmission power of the RFID readers is adjustable

o Display of beacon packets
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o Number of mobile reader stations.

o TYansmission range of each reader

o Average transmission time as function of packet size

In order to simplify the simulation ta,sk, some certain assumptions were

made as follows:
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o Distributed Control Function is in use

o Propagation delay is assumed to be zero.

1L.4.6 Theoretical Analysis and Modeling

This section presents a detailed analytic model based on a discrete time queu-

ing technique which allows for evaluation of networks under consideration for

general traffic arrival patterns and arbitrary number of readers.

This model considers the case where multiple readers use the protocol

to share a wireless channel without a coordinating base station. It assumes

that the stations are homogeneous in generating traffic, and channel noise

is negligible. This analysis is similar to that used for IEEE 802.11 Random

Access MAC analysis presented in [111, ll4-LL7]. The analysis shows that

the probability of collision, p, lor small packets does not depend on the packet

length and the physical layer. The maximum throughput ,S and p depends

on the minimum window sizeW and the number of readers ly', consequently

halving I4l is like doubling l/. The results suggest guidelines on when and

how W can be adjusted to suit measured traffic, thus making the protocol

adaptive. The analysis variables used in the following simulations are listed

with their defi.nition in Table 11.4.

Collision Probability (p)t consider a scenario when there are sufficiently
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Table 11.4: Glossary of terms used in modeling

Variable Definition

W Minimum contention window size

¡/ The number of readers in a location

W Average contention window size

p Probability of a collision

WdÍ Backoff window size

many other readers in the environment, so that the transition from Rl to R2

is not synchronized, Rl could start transition anywhere along the timeline,
so its probability of colliding with R2 is llWa¡. The probability that R1

collides with any other reader can therefore be approximated as [111]:

N-1
P:7 - 1

1:
W

(11.1)

Read Cycle (Tr"o¿)z is defined as the time between two successful channel

captures by a reader. A reader captures the data channel for a duration of
Tr"od,, during which the reader transmits multiple queries successively.

Backoff Time Decrement rnterval (716¡)z is defined to be the time period
after which the backoff value is clecremented. Its value depends on three
different scenarios, first; when there is no collision it has a value of 1 empty
time slot (7": 1 [empty slot]). Second; when there is a coliision, it needs to
be one empty time slot plus one collision time slot, thus 7i : 1 lcollision] +
1 [empty slot]. Third; when another reader is using the slot and it has

a successful tag read, in such a case ?a¡ cluration is 7l : Trcad, I T^¿n -f
1 [empty slot]
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The probabilities of each of the these cases are derived next. A ?6¡ is

said to be active if it contains a transition from at least one reader. The

probability that a given T6¡ is active is given by:

D 
-1L actiue

1:
W

1-(
]V

(Lt.2)

(11.3)

and the probability that T6¡ contains a collision given that it is active is

given by:

p _ 1- (1 -#)rv-#- (1 -#),u-1
E collisionlact^" :

Thus, the probability that a T6¡ contains a collision is

P" : Pcoüi,sionlactiue X P adiue
N ¡\¡

W

N-1
1
I

1

-W1 (11.4)

Similarly the probability that a given ?a¡ contains a successful transmis-

slon ß:

P" : P successlactiue X P acti'ue

11--
W

N-1¡rI:
W

(11.5)

Therefore the average duration of. T6¡, using the theorem of total proba-

bility is given by [112]:

(11.6)TaÍ : P"T" -l- P"T, * P"T"
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Backoff Window Size (W6¡): As discussed earlier a reader might transmit
and collide with probability p, after which it chooses a random backoff time
value from 0 to W and transmits when the backoff counts down to 0. This
goes on until it has a successful beacon transition. Thus the number of
transition attempts can be modeled as a geometric distribution with success

probability of (1 - p). Therefore the expected value of backoff window size

is given by [111]:

W
WaÍ (t-p) +p(r-p)2w

2
2w

2
+p20-p) +

2
W

2(t - p) (11.7)

The average read cycle duration can now be given by

Tcycre:TufxWWlTr"oa (1 1.8)

Throughput (S): Let us assume that each reader is allowed to communicate

with tags for a maximum of r beacon intervals. Therefore Tr"o¿ has z time-
slots and each time-slot consists of one beacon transmission on the control
channel and several transmissions on the data channel. Thus each read cycle,

T¡¿o¿ corrsists of:

Tread,: ([úo + lo] , Q,) t rlt6 ¡ tol (11.e)

where Q,. is the number of queries sent by a reader in time Tr, lo is the
beacon length and ú6 is beacon turn-around-time. ln is the query length on

data channel and úo is the data channel turn-around-time.
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The average number of all queries sent by all readers in one second which

can be interpreted as system throughput is given by:

Q, x P" xW6
(11.10)

Tcycte

Utilization (I/): is defined as the ratio of total time spent by all the readers

in communicating with tags to the total time duration of a cycle.

s

(11. 11)

11-.4.7 Simulation Results

For simulation we use MATLAB. For simplification it is assumed that there

is inactive terminal and no noise in the system. It is also assumed that the

readers are not in saturation and that they always have a query to send to

tags. The duration of a collision is exactly one beacon interval. In reality

a reader might detect a collision in a data channel and can retreat from

operation, which in fact saves time and bandwidth. A list of parameter

values used in this analytical simuiation is shown in Table 11.5.
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Figure 11.13: System analytical simulation results
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Figure L7.14: System throughput versus number of readers in the field

N W p wbÍ P. P. P" TuÍ Tcycte U ,s

2 16 0.06 77 0.004 0.L2 0.88 0.4755 12.LL57 0.660302 t833.74
4 16 0.18 19 0.022 0.21 0.77 0.8321 20.1592 0.793683 2204.L6

8 16 0.36 25 0.085 0.32 0.6 r.2832 36.2564 0.882603 245L.t
16 16 0.62 42 0.26 0.38 0.36 7.53t2 68.5063 0.934227 2594.45

32 16 0.86 120 0.6 0.27 0.13 1.0940 733.428 0.959318 2664.t5
64 16 0.98 930 0.92 0.07 0.02 0.2849 269.896 0.948513 2634.74

I28 16 1 5800 1 0.002 0.0003 0.0188 1097.66 0.4664 1295.38
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Table 11.5: Parameter values used in the simulation

Variable Value

W 32

Tu¡ 5000 ¡zs

T*i, 3xT6¡
Treod, 4s

tb 265 ¡-r,s

t6 1 /.¿s

tq 345 ¡ts

tq I tts

The observations deduced from the simulation can be summarized as

follows:

o For small number of readers, P" is high, as there are many slots that

are empty and there are a small number of collisions in the system.

o A N increases, there are more readers to transmit and hence P. de-

creases resulting in increase in P". Therefore the system throughput

increases as well, however some readers now experience collisions and

their successful read rate decreases.

o The utilization can reach up to 95%.

11.4.8 Conclusion

In this section we presented and evaluated the performance of a novel ELRF

anti-collision protocol. The performance evaluation is done by developing a

queuing model for each reader in the network.

The ELRF protocol has been designed such that any two readers that
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might interfere with one another on the data channel, are still able to com-

municate using the control channel. This can be achieved by making the
readers transmit at a higher porù¡er on the control channel than the data
channel. The control channel can be a sub-band in the RFID spectrum.

The Australian regulatory bodies have granted an Australia wide experi-
mental license for up to 4\M EIRP, in the band 920 to 926 MHz. The readers

in Australia have to comply with 1 Watt EIRP if they operate in 918 to g20

MHz. Hence the control channel can be set to a sub-channel from the top of
the spectrum. For ELRF protocol to operate efficiently, it is assumed that
a reader is able to simultaneously receive on both the control and the data
channel.

The system throughput obtained from the simulation shows very promis-

ing results. At this stage the author was able to perform experimental eval-

uation of the proposed protocol with only two readers. This shortcoming is

due to the time restriction and shortage of parts and equipment.
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Chapter L2

Conclusions and F\rture .Work

L2.L Summary of contribution

Passive transponder read range, muitiple label reading and read accuracy

capability are the three most important characteristics of an RFID system.

In this dissertation we investigated many features of those topics.

Passive labels derive their power source by rectifying the interrogator RF

signal, therefore they require an effi.cient rectifier circuit. In this work, a

novel Schottky Barrier Diode on a standard CMOS process has been de-

signed, fabricated, tested and characterized. The first generation of the de-

vice suffered from excessive junction capacitance. This was corrected in the

second generation by scaling down the geometry, optimizing junction area,

paying attention to layout parasitics, using p+ guard rings and implementing

a multi-finger configuration. This resulted in substantial improvement in ex-

tending the RC cut-off frequency of the SBD, reduce parasitics, reduce loss

and increase efficiency from 9To to almost 20T0.

Those improvements allowed the RFID tags to function correctly under
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small, unreliable and highly variable power supplies that can be extracted
from the interrogation field of an RFID system. It should be noted that
designing circuits for these constraints involves designing for a context which
is utterly different from normal microelectronic design, and that there is very
little published work on this subject.

The build of SBD has been refined from an early fabrication using an

AMI 1.5 pm process to a later fabrication using the Charted Semiconductor

0.35 ¡;m process. The latter work is clocumented in Chapter 3 to allow other
investigators to check and continue this work.

Also, critical circuits of RFID transponder tags and an RFID interrogator
have been built in order to realize some of the potential promised by the
Schottky Barrier Diode. These circuits are shown in photo-micro-graph of
Figures 4.18 and 4.19. Their testing is regarded as future work.

A new software based RFID reacler architecture has been designed and
constructed with a real time data logging capability for post-capture pro-

cessing. This feature allows the evaluation and optimization of RFID com-

munication protocols, optimization of tag antenna and matching circuits and
makes it possible to manage and troubleshoot when a collision occurs either
within a multi-transponder environment or with other interrogators. It al-
lows a developer to analyze and understand the interrogator and transponder

behaviour.

As RFID systems proliferate, reader density will increase and the like-
Iihood of interference between readers will subsequently increase. Such in-
terference can be very harmful to the integrity of communication systems.

Thus the SDLR has been used to test, develop and optimize a novel ELRF
anti-collision protocol for RFID systems. The system throughput obtained

from the simulations shows very promising results.
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In the area of electromagnetic radiation and propagation, there are situ-

ations that need more exploration. In logistic applications, for example, the

environment typically includes a great deal of metal. This can cause prob-

lems in time varying EM fields, and can affect the over all performance of the

system significantly. Antennas allow many degree of freedom in their con-

figuration. The SDLR has also been used to optimize tag antenna geometry

and study the effects of the environment on its performance.

L2.2 Suggestions for further work

The function of this section is to provide a succinct summary of suggested

future work. Research in the RFID area can be followed in several paths.

At circuit design level, new circuits for performing signal conditioning and

processing in more efficient ways are required. At the architectural level,

methods for improving integration of different circuit parts are needed. In

the following some of the major issues that require further study and research

are highlighted.

Tlansponder circuits are a combination of analog and digital VLSI cir-

cuits. The analog part must be highly sensitive to detect small variations

in signal level, in order to be able to demodulate the incoming signal. Al-

though, design of such circuits by itself is straight forward, problems arise

when the chip contains both analog and digital signals, as the noise generated

by switching of the digital circuit can easily dominate the weak input analog

signal. Separating analog and digital circuits can provide a solution, but for

a transponder circuit, which is required to be monolithic, such a solution

is impractical. Another solution would be to decrease the sensitivity of the

analog circuit, which defeats the long range transponder idea.
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Even though I have done much work on RFID reader architecture, I think
there are still areas that should be addressed. At most of the frequencies

there are differences in bandwidth and there are field strength limitations
between different regions. Use of different coding techniques and modulation
methods should be studied further. Filtering techniques can be used to shape

the pulses before the modulation stage. Spectral shaping, i.e. using shaped

pulses rather than pure square pulses should be studied more as it can help
to reduce the bandwidth even further.

Another area which needs more attention is the mixing stage in the reader.

Balanced and unbalanced mixers should be studied further as they play an

important role in distinguishing between a strong transmitted field from the
reader and a weak reply from the tags.
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Appendix A

Semiconductor Diode
Properties

This appendix section provides the theoreticai aspects of semiconductor the-

ory relevant to the thesis and introduces the concept of Schottky diodes

and their electrical activity. Further, an introduction to semiconductor the-

ory, which forms the foundation for the interpretation of the Schottky diode

property measurements, is given.

4.1 Introduction

A Schottky diode is a special type of diode with a very low forward-voltage

drop. When current flows through a diode, it has some internal resistance to

that current flow. The two major reasons for this internal resistance are the

Ohmic loss in the material and the diode's barrier potential difference. The

internal resistance causes a small voltage drop across the diode terminals. A

normal diode has a voltage drop between 0.7-I.7 V, while a Schottky diode

has a voltage drop between approximately 0.15-0.45 V and this lower voltage
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drop translates into higher system efficiency.

Another problern with a pn juncl,ion diocle is the junction capacitance
effect, which becomes more and more dominant at high frequencies. In a
pn junction diode, current conduction is carried by minority carriers. On
the other hand, the dominant transport mechanism in a Schottky diode is

due to majority carriers. We will discuss this further towards the end of the
chapter.

Therefore Schottky diodes have favorable characteristics in high frequency
applications, and have been widely used in various of RF circuits. However,

it is not easy to implement Schottky diodes in normal CMOS processes. It
requires many extra steps during the lithography process, which increases

the cost of the chip.

This chapter describes aspects of semiconductor theory and introduces
the concept of cloping and the resulting electrical properties [37], 138], [40].
We consider the capture and emission processes responsible for the electronic
interactions of energy levels within the conduction band and the valence

band. Finally, the influence of dopant within a semiconductor is described in
some detail [41]. We wiil consider the theoretical background of semiconduc-
tor diodes and will cover all the areas such as forward voltage and junction
capacitance in detail.

A few sections of this chapter have been expanded to provide supplemen-
tary background information for some of the later chapters.
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A.2 Current flow in semiconductors

Silicon is an example of a semiconductor. Silicon has a diamond lattice

structure in which each silicon atom is surrounded by four nearest neighbor

atoms forming a regular tetrahedron as shown in Figure 4.1. The silicon

lattice constant is 5.43 ,{.

Figure 4.1: Diamond crystal structure [38]

A crystal of pure silicon has a regular structure where atoms are held in

their position by atomic bonds, called covalent bonds. This is formed by four

valence electrons associated with each silicon atom. At room temperature,

some of these bonds are broken by thermal ionization and some electrons are

freed. A free electron can move through the silicon crystal structure. At the

same time, the atom that lost one electron can attract an electron from one

of its neighboring atoms. The absence of an electron in the valence band is

called a hole. The process of stealing a neighbor's electron can be continued,

so the hole can move all over the crystal. A hole behaves very much as if it
were a carrier with a charge of opposite to that of an electron.
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Semiconductors such as silicon have properties somewhere between those

of a conductor and an insulator. The ability of a semiconductor to con-

duct electricity can change dramatically by doping. Doping is the process of
adding impurity to the semiconductor. There are two basic types of semi-

conductor, n-type and p-type. A semiconductor crystal is made n-type by
the addition of an impurity element with a large number of free electrons
(negative charge carriers) available for conduction. Each impurity atom is
called a donor atom since it donates an electron. The electron is free to move

and can contribute to the conduction current.

A semiconductor crystal can be made p-type by doping it with a different
element so that there are a large number of positive charge carriers available
for conduction. The positive charges actually correspond to vacancies or
deficiencies of electrons in the bonds holding the atoms in the crystal lattice.
These positive charges are called holes. The holes can move through the
lattice as well, but their movement in fact is due to the movement of a

bound electron from one bond to another.

In a n-type semiconductor, most of the mobile carriers are electrons. For
that reason electrons are called majority carriers in an n-type semiconductor

and holes are called minority carriers. Similarly, holes are the predominant
mobile charge carriers in a p-type semiconductor, so holes are called majority
^^--:^-^ --l ^l^^r-^-^ *:-^-:!-- ^^--:^-íJä,i.i.iei'ij ä,iiu eiecüiûiis iiÌiiÌorilji carriers.

An electric current can flow in a semiconductor as a result of movement

of holes andf or electrons. There are two important processes that cause

current flow in a semiconductor; drift and diffusion. Drift occurs as a result
of applying an electric field while diffusion currents result from a non-uniform
charge distribution.
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^.2.L 
Drift Process

Applying an electric field across a semiconductor will cause electric charges

to drift through the crystal lattice. The total electric current produced by

an electric freld in a semiconductor is the sum of the currents carried by the

holes and electrons, thus;

Jd,¿Ít: q(pþp -f np")E (A.1)

The coeffi.cient of E in this result is simply defined as the electrical con-

ductivity, o, of the semiconductor:

o:q(ppp+nLL*) (A.2)

where I : 7.6 x 10-1e C, is the magnitude of the charge of an electron,

p,, is the mobility of electron , þp is the mobility of holes, having the unit of

m2 l(V s), n and p are the electron and hole concentration respectively. The

total current is equal to the sum of hole current (to the left) and electron

current (to the right) as shown in Figure 4.2.

^.2.2 
Diffusion Process

A drop of ink in a glass of water diffuses through the water until is evenly

distributed. The same process, called diffusion, occurs in a semiconductor. If
some free electrons are introduced into a semiconductor, these free electrons

will distribute themselves so they have a uniform concentration. In this

example, electrons will move from the region of high concentration to the

lower concentration area. The higher the localized concentration, the greater

the diffusion rate will be. The same is true if we were to introduce free
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Porflcle Flow

-----}
Curent

Hole dlfli,.¡slon

-----------+

Hole clrlfl

Elecfondlffusion -------->

Electon drlft

Figure 4.2: Direction of the four components of particle flow within the
transition region, and the resulting current.

holes into a semiconductor. The diffusion current crossing a unit area is give

by fazl:

) (A.3)J¿¿rr: -q(pDr#+nn,fr

Where e:1.6 x 10-1eC, is the charge of an electron, D, and, Do are the
electron and hole diffusion coefficient respectively with unit of cm2f s.

4.2.3 Simultaneous presence of drift and diffusion cur-
rents

In a semiconductor material both drift and diffusion currents are simulta-
neously present. For a small deviation from equilibrium it is reasonable to
regarcJ the total hole or electron clensity as a linear combination of the drift
and diffusion current densities. Thus the net hole current density can be
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written as;

Jr: e(pqnT - DrH)

Jn: q(nþnE I O,#¡

(A.4)

and the nett electron current density can written as:

(A.5)

This description of hole and electron motion in non-equilibrium situations

in terms of drift and diffusion can be justified in detail in terms of statistical-

mechanical concepts and techniques [52].

4.3 pn Junction Diode

Let us consider separate regions of p and n-type semiconductor material,

brought together to form a junction. Before they are joined, the n material

has a large concentration of free electrons and few holes, whereas the converse

is true for the p material. Upon joining the two region, diffusion of carriers

take place because of the large concentration gradients at the junction. As

soon as a junction is formed, free electrons from the n-type block will diffuse

across the junction to the p-type side where they will combine with some

of the holes in the p-type material. Similarly holes from p-type will diffuse

across the junction in the opposite direction and recombine with electrons

on the n side. However, this process cannot continue indefinitely, because an

opposing electric field is created at the junction.

It is interesting to note that within the depletion region there are very

few mobile charge carriers of any type, so the drift current would be small,
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despite the strong electric field, as the carrier concentration is very small.

For the same reason, the gradient of charge concentration is small, and the
diffusion current is almost zero. So, in fact, the balancing between drift
and diffusion takes place at the edge of the depletion region where we are

making the transition between regions of significant charge concentration and

substantial electric field.

4.3.1 The Contact Potentiai

Recombination of electrons and holes in the vicinity of the junction leaves a

narrow region on either side of the junction that contains no mobile charge.

This narrow region which has been depleted of mobile charges is called de-

pletion layer or trans'it'ion region W. h extends into the both n-type and
p-type regions. There is then a separation of fixed positive charges (which
are un-compensated donors, left behind) on the n-type and fixed negative

charges on the p-type. This separation of charges causes an electric field
to extend across the depletion region. A potential difference must therefore

exist across the junction. This potential difference (opposing electric field)
does not allow the resulting diffusion current to build up indefinitely.

The resulting electric field is directed from the positive charge towards

negative charge. Thus .Ð is in the direction opposite to that of diffusion
current for each type of carrier. Therefore the field creates a drift component

of current from n to p, opposing the diffusion current.

Since we know that no nett current can flow across the junction at equi-

librium, the current due to the drift of carriers in the E field must exactly
cancel the diffusion current. Therefore the electric field .Ð builds up to the
point where the nett current is zero at equilibrirrm. The electrìc fieìd appears

in some region W abort the junction, and there is an equilibrium potential
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difference J/6 across W. The potential difference I/6 is called contact potential.

For a typical silicon pn junction diode, I/¡ is about 0.7 volts. It varies with

doping concentration and temperature.

The importance of this built-in potentiai is that it hinders the flow of

holes and electrons across the junction. For this reason the built-in potential

is called a potential barrier or potential hill. In practice a pn junction is

formed within a singie crystal rather than joining two pieces together. The

resulting device is called a pn junction diode.

Qvo

A) B)

Figure 4.3: Junction showing contact potential and the resulting separation

of energy bands. a) before and b) after junction is made.

The contact potential separates the bands as in Figure 4.3; the valence

and conduction energy bands are higher on the p-side of the junction than

on the n-side by the amount qVs. The separation of the bands at equilibrium

is just that required to make the Fermi level constant throughout the device.

To obtain a quantative relationship between Vs and the doping concen-

tration on each side of the junction) we use the requirements for quasi-

equilibrium in the drifb and diffusion current equations. The drift and diffu-

sion components of the hole current cancel at equilibrium, so:

Jo@) : qlppp(r)E(*) - ,r#l: o (A.6)

Ec
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Ec
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where the u direction is arbitrarily taken from p to r¿. The electric field
can be written in terms of the gradient in the potential, E(r) : -dV(r)ldr,
so Equation 4.6 can be written as

q dv(r) 7 dp(r)
(A.7)kt dr p(r) dr

In the above we made use of the Einste'in relation, T :2. The Equa-
tion 4.7 can be solved by integrating both sides over the appropriate limits.
In this case the limits would be the potential on either side of the junction
which are V, and Vn, and hole concentration just at the edge of the transi-
tion region on either side, po and pn. Integration of the above equation gives

the potential difference I/6 in terms of the equilibrium hole concentrations on

either side of the junction:

I{T
Vs In (A.8)

q

If we consider the step junction to be made up of material with l/,
acceptors/m3 on the p side and concentration of .f/¿ donors on the n side, we

can write the above equation as:

Pp

Pn

(A e)

Here we are considering the majority carrier concentration to be the dop-
ing concentration on each side. Another useful form of the Equation 4.8 is

given below, this is very valuable in calculation of the I-V characteristic of
the junction.

nn
np

b.r Ar A¡.t t (It t dVg: 
- 

ln oqní

Pp

Pn

220

"aVo/kT
(A.10)
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A.3.2 Space-charge at a junction

Within the transition region, electrons and holes are in transit from one side

of the junction to the other. Some electrons diffuse from n to p side, some are

swept by the electric field from p to n side (conversely for holes). There are

however very few free carriers within the transition region at any given time

as the electric field across the junction serves to sweep out carriers which

have wandered into transition region, I4l.

Therefore we can consider the space charge within the transition region

as due only to un-compensated donor and acceptor ions. The charge density

on the n side is just q times the concentration of donor ions ly'¿, and the

negative charge density on the p side is -q times the concentration of the

acceptors ly'o.

Since the dipole about the junction has equal number of charges on either

side of the junction, the transition region may extend into the p or n side

unequally, depending on the relative doing of the two sides. For example,

if the p side is more heavily doped than the n side, the space charge region

must extend farther into the n material than into the p material, to uncover

an equivalent amount of charge.

An expression for the width of the transition region in terms of the contact

potential, the doping concentration, and constants q and e is given by l42l:

w::&rN:=llll+ (A.11)
' q t ¡r,¡¡, lr

The transition region extends farther into the side with lighter doping

concentration. For example, if ÄI, ({ l/d, position rpol of the boundary

on the p-side is larger than the position rns, of the boundary on the n-side.

Another important result of Equation 4.11 is that the transition width varies
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as the square root of the potential across the region. Therefore an applied
external voltage can be used to increase or decrease the potential across the
transition region by aiding or opposing the electric field.

wI(l--___Jl

4o0X*

E(x)

W

4'o

Figure 4.4: Space charge and electric field distribution within the transition
region of a pn junction diode.

4.3.3 Current Flow at a Junction

When the n-side of a diode is connected to negative terminal of a battery
and p-side is connected to positive terminal, the diode is said to be forward
biased. The application of forward bias voltage to a junction diode reduces

the built-in potential for V to V - I/. This reduction of built-in potential is
due to the applied voltage forcing more electrons into the n-type region and
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more holes into the p-type region, thus covering some of the fixed charges

and narrowing the depletion layer. As the built-in potential opposes the

flow of majority carriers across the junction, a reduction in built-in potential

makes it easier for the carriers to cross the junction. That causes the current

through the junction to become greater. When the applied forward voltage

reaches the potential barrier of a diode, the potential hill is almost removed.

There is then little opposition to the fl,ow of carriers across the junction and

a large current can flow through the diode.

As the electric fietd within the transition region is deduced from the pe
tential barrier, we notice that the field decreases with forward bias, since the

applied electric field opposes the built-in freld. With reverse bias the field at

the junction increases, which is in the same direction of the equilibrium field.

The change in electric field at the junction calls for a change in the transi-

tion region width, IrI¿. Thus we would expect the width W to decrease under

forward bias and to increase under reverse bias.

The diffusion current is composed of majority carrier electrons on the

n side surmounting the potential energy barrier to diffuse to the p side,

and holes surmounting their barrier from p to n. At equilibrium there is

a distribution of energy for electrons on the n side conduction band, and

only small number of electrons have enough energy to diffuse across the

barrier. With forward bias, however, many more electrons in the n-side have

sufficient energy to diffuse from n to p over a small barrier. Therefore the

diffusion current can be quite large with forward bias. Similarly more holes

can diffuse from p to n under forward bias because of the lowered barrier

potential. For reverse bias the barrier becomes so large that virtually no

carriers have enough energy to surmount it. Therefore the diffusion current

is usually negligible for reverse bias.
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Therefore drift current is small, not because of the size of the barrier, but
because there are very few minority electrons in the p side to participate.
Every electron on the p side that diffuses to the transition region will be swept

down the potentiai energy hill, whether the hill is large or small. Similar
comments apply regarding the drift of minority holes from the n side to the
p side. To a good approximation drift current at the junction is independent
of the applied voltage. The supply of minority carriers on each side of the
junction required to participate in the drift component of current is generated

by thermal excitation.

The drift current is therefore relatively insensitive to height of the poten-
tial barrier, because the drift current is limited not by how fast the carriers
are swept down the barrier, but rather how often.

In summary, the most important thing to remember about the pn junction
diode is its ability to offer very little resistance to current flow in the forward
bias condition but maximum resistance to current flow when it is reverse

biased. A ptt junction diode is called a minority carrier device as electric
current in a pn junction diode is mainly due to the diffusion of minority
carriers on either side of the junction.

4.4 The Schottkv Barrier Diode

4.4.L Introduction

For power rectification diodes there are two main device structure concepts:

. pn diode
Bipolar diode that offers low leakage current but shows reverse recovery
current charge during switching as a consequence of minority (holes)
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and majority (electrons) carriers both being involved in the current

conduction.

o Schottky diode
Unipolar diode that offers extremely high switching speed, but suffers

from high leakage current. A unipolar diode means that the current

conduction is governed only by majority carriers (electrons).

Schematic cross sections of Schottky and PN diode structures are shown

in Figure 4.5.

A Schottky diode is formed when a metal layer is directly deposited onto

a n or p type semiconductor region. When the two materials are brought into

contact to one another, the difference in potential gives rise to a barrier po-

tential height that the electrons have to overcome for the current to flow. The

metal connector is called the anode and the semiconductor is the cathode.

This type of diode is called Schottky Barrier Diode. In forward conduction

mode, the current flows through the conductive channel under the Schottky

contact with a voltage drop determined by the metal semiconductor Schottky

barrier height.

In the next few sections rú/e represent theoretical techniques used for char-

acterization of Schottky barrier diodes.

cothode Ærode

A AI

ôhmlc Schottkvcorìtoct contocl

Nwell

Èsubstrqte

colhode Anode

Uffi *.W P+

oïmc ñl-rn.nonCOfiIOCI contocl

Nwell

p-substotê

Figure 4.5: Cross sectional view of a planar Schottky and p+n junction

Diode
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4.4.2 Energy Bands

A Schottky diode is formed when a metal of work function qS^ and a n-
type semiconductor of electron affinity qyn and work function qþ" < eó^
are joined. The work function is defined as the energy required to excite
an electron from the Fermi level to the vacuum level. The electron affinity
is defined as the energy required to excite an electron from the conduction
band to the vacuum level. The different position of Fermi levels in the two
isolated materials causes the diffusion of electrons from the semiconductor
to the metal, ieaving behind un-compensated donor ions in a depleted space

charge region. In thermodynamic equilibrium, the energy band diagram of
a Schottky diode is constructed from the requirements of constant Fermi
level and continuous vacuum level, as illustrated in Figure 4.6. In the ideal
case, the Schottky barrier from the metal to the semiconductor is given by

QÓn : q(Ó,"- X). This barrier height prevents metal electrons from injecting
into the semiconductor conduction band. On the other hand, the built-in
potential barrier from the semiconductor to the metal 76¿, which prevents

further net electron diffusion from the semiconductor conduction band into
the metal, is given by:

Vu¿: ó* - ó" (4.12)

which makes 76¿ a slight function of the semiconductor doping, as was the
case in a p+njunction diode.

An externally applied bias will disturb the fine balance of electron trans-
port across the junction and allow a net current to flow through the device.

The junction is forward biased if a positive voltage 7¡ is applied to the metal
with respect to the semiconductor. The junction is reverse biased if a positive
voltage l/, is applied to the semiconductor with respect to the metal. The
total potential across the junction is reduce d to V¡ - Vu¿ in forward bias and
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increased to Va¡+U, iî reverse bias, while the Schottky barrier is only weakly

dependent on the applied bias. Real Schottky diodes show some deviations

from this simple model but the above description is adequate for our purpose.

The current-voltage characteristics of a Schottky diode is similar to that of

a p+njunction diode. \Mhile the properties of the Schottky barrier depletion

region are similar to that of p+n,, it is clear that the analogy does not include

forward bias hole injection, therefore the current mechanism here is due to

the flow of the majority carrier electrons. The current flow is an exponential

function of the forward bias voltage 7¡.

Metol Semiconductor

f c{o, - o,) = QV¡,

g@,=q(O,'-X)

w

Figure 4.6: Energy band diagram of a Schottky diode in thermodynamic

equilibrium.
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4.4.3 Space Charge Region

The space charge region is characterized by the presence of un-compensated

space charge due to partial or complete depletion of free carriers. We start by
calculating the electric field distribution within the transition region. Using
Poisson's Equation which relates the gradient of electric field to the local
space charge at any point r we have:

(A.13)

This equation is greatly simplified within the transition region if we ne-

glect the contribution of the carriers (p - ") to the space charge. With this
approximation in mind and considering the case for Schottky contact, where

one side of the junction is metal (only have I/¿), the above equation will be

simplified as:

dU(r) q,
T:t(o-nt¡rJ-¡r;)

ry:lruit (4.14)

The maximum value of the electric field ,Ð can be found by integrating
both sides of Equation 4.14 over appropriate limits,

(A.15)

Therefore the maximum value of the electric field is

ø: -!wl w (A.16)

This simply relates the electric field to the contact potential, since the

I,^
W

d,E(r) : ff* drt,
g
€
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electric field at any point is the negative of the potential gradient at that

point.

Thus, the relation between the total potential V¿6¿(il ø"cross the junction

and the width I4l is obtained by integration of the electric field, using the

boundary condition that the band bending is zero in the electrically neutral

region. The solution gives the general result:

W
E(r)dr (A.17)

where Votar : Vu¿ - Ve in forward bias and Votar : Va¡ I Vn in reverse

bias. Assuming a uniform space charge density in the space charge region,

equation Equation 4.17 reduces to:

W: 2e 
"Votot (A.18)
QN¿

In silicon, for a typical doping density of 
^fd 

: 702rrn-3, the width of the

space charge region is = I.Lpm at equilibrium and expands to 2.8p,rn under

reverse bias Vn :5V.

We work under the assumption that no free carriers exist within the space

charge region and that the boundary to the electrically neutral region is

sharp. This assumption is known as the depletion approximation. In reality,

there exists a small transition region, known as the Debye tail, which is only

partly depleted of free carriers. The assumption of abruptness between the

space charge region and the neutral region is satisfied when the width of the

space charge region is much larger than the Debye length. Although Debye

tail effects do play a role in characterization of the Schottky diode, we work

under the depletion approximation.

-V*r: l,
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4.4.4 Current-Voltage Characteristics

The dominant forward current transport mechanism in the Schottky diode
is due to the injection of majority carriers from the semiconductor to the
metal over the potential barriers between the metal and the semiconductor.
This is opposed to minority carriers in a pn junction diode. A quantitative
analysis [38] shows that the ideal current-voltage (I-V) characteristics has

the form:

I : I,(e(#) - 1) (A.19)

where V : Vp > 0 in forward bias and V : -Vn < 0 in reverse bias.

In here the assumption is made that the barrier height in much larger than
KT " The saturation current Is given by:

I": AA*T2T(++^) (A.20)

A*  trem* K2
h3

(A.21)

where A is the diode area and A* is the effective Richardson's constant,
m* is the effective mass of electrons and K is the Boltzmann's constant. The
I-V characteristics of the Schottky diodes used in this'¡,'ork are well describcd
by Equation 4.19.

4.5 Conclusion

A Schottky diode is formed by making a metal-semiconductor contact be-

tween a metal and an n or p doped semiconductor material. For the case of a
diode formed by a metal n-doped semiconductor, at the junction of these two
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dissimilar materials, free electrons flow across the junction from the semicon-

ductor to the metal. This flow of charge-carriers creates a junction potential.

The difference in energy between the metal and the semiconductor materials

is referred to as a Schottkv barrier.

Although the current-voltage relationship of the Schottky diode given by

Equation 4.19 is of the same form as the one given for pn junction diode,

there are two very important differences between a Schottky barrier diode

and a pn junction diode. The first is the magnitude of the reverse saturation

current densities, and the second is in the switching characteristics.

The reverse saturation currents in the two devices are very different. The

current in the pn junction diode is determined by the diffusion of minor-

ity carriers while the current in a Schottky barrier diode is determined by

thermionic emission of majority carriers over a potential barrier.

The reverse saturation current in a pn junction diode is dominated by the

generation current and is approximately two to three orders of magnitude less

than that of reverse saturation current of a Schottky barrier diode.

The second major differences between a Schottky barrier diode and a

pn junction diode is in the frequency response, or switching characteristics.

Current in a Schottky diode is due to the injection of majority carriers over

a potential barrier. That is why Schottky diodes are referred to as majority

carrier devices. This fact means there is no diffusion capacitance associated

with a forward biased Schottky diode. Elimination of this diffusion capaci-

tance makes the Schottky diode a higher frequency device when compared

to a pn junction diode.

A Schottky diode has many more favorable properties such as

A low forward voltage at all current levels ensures that the maximum/minimum
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voltage seen by the system or component.

Fast Switching of the diode between ON and OFF states guarantees the
operation of diode at high frequency.

High current-handling capability, the ability of a diode to be used for
pov¡er rectification. A key diode parameter in current-handling capability is
the diode's series resistance. Low series-resistance diodes are preferred for
pol'¡rer efficient rectification. In addition, lower diode series resistance gives

rise to less device self-heating under high-current conditions.

As our goal during this project is to build power efficient rectifiers for
RFID systems, there is no doubt that Schottky diodes are our number one

choice.
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Appendix B

Matlab Scripts and SPICE
model

8.1 MATTAB Programs

:::::::::::::: ::::: SUBROUTINE 1 ::

function output = regresion-RS(n)
'/. A progra.n to find tbe best fit line for RS measurenents

% Diode equation : Id = Is * ( exp(VdlN tVt) - 1)

7" Convert that into Log fornat vte get
% log(Id) = Iog(Is) + I I / (N * Vt)l Vd

% TUis has a fornat like y = a + b * x
% ¡¡here y = tog(Id), a = log(Is), b=L/(N *,Vt) and ¡ = \fd

Vd=(n(:,1));
Id=n(: ,2) ;

u = size(Vd,1);
Vt=O.0256;

for N=1:0.05:3 7" Sweep N to f ind the best f i.t
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y=1og(Id);
x=Vd;

7" calcul-ate regression line parameters
Sxx= sr¡m( x.^2) - (1/n) * (sr¡.n(x)).^2;
Syy= sun( y.'2) - (7/ù * (su.m(y)).^2;
Sxy= ",-1* .* y) - (t/¡) * sun(x) * sun(y);
b= Sxy,/Sxx;
yb = meaa(y);
xb = mea¡(x);
a= Ïb - b*xb;
n=-b;
n¡= 1/(n * Vt);

7" Now put the values that r,¡e found into ideal diode eqn.
IIs = exp(a);
IId = IIs * ( exp( Vd./(N * Vt)) -1 );
str = sprintf ('N= 7"d IIs=7"d 6='/nd n=7"d,, N, IIsr rtt, nn);
disp(str);
7" Print the result & conapre then with the measured values
clf;
semilogy(Vd, fd, 'k');
hold on;
senilogy(Vd, IId) ;

Pause;

::::::::::::::::::: SUBROUTINE 2

function output = regresion_CV(n)
% A progran to find the best fit line for CV measurements
% Diode equation : Id = Is * ( exp(VdlN,'.Vt) - 1)

7" Convert that into Log format we get
% log(Id) = 1og(Is) + I t / (N,k Vr)l Vd

7" This has a fornat like y - a + b * x
% where y = Iog(Id), a = log(Is), b=l/(N * Vt) a¡d x = Vd

end
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y¿=(n(:,1));
Cs=n(:,2);
n = size(Vd,1);

for V¡=9.1:0.1:1

y=log(Cs);
x=Iog(l - (v¿ ./ vj));

slop= (y(n) - y(1))/( x(n) - x(1));

Sxx= sr¡m( x.^2) - (L/n) + (sr:n(x)).^2;
Syy= sun( y.^2) - Q/n) * (sun(y)).^2;
Sxy= s,n(¡ç.* y) - (1/n) * sr¡n(x) * sun(y);
b= Sxy/Sxx;
yb = nean(y) ;

xb = nean(x) ;

a= yb - b*xb;

n=-b;
CCj = exp(a);
CCs = CCj * ( t ./ (1 - Vd./Vj).^n);
str = sprintf (rV¡='ld Cj='/dm=o/'d,, Vj, CCj, n);
disp(str);
c1f;
plot (Vd, Cs , 'k' ) ;

hold on;
plot (Vd,CCs) ;

Pause;
end

function output = Measuring-plottlng-Cj (n)

7" A progran to neasure and plot Cj fron neasurements

::::::::::::: SUBROUTINE 3 ::-_:::::::::
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7" In this case natrix $s_raw$ is filled with s-parâmeters
% as a fu¡ction of V-r at a constaat frequency.

s11= s_rar¡(: ,2) + s_ra¡¡(: ,3) i. 5

zín = ( ( 1+ s11) ./ ( F s11) ) + 50;
Cr2 = ( inag(zin) .* (2 * pi r 60e6) ).^2
Cj = 1 ./ ( -inag(zín) .* (2 + pi 'r 60e6) )

plot (Cr2)

xlabel('Vr (vo1ts)')
xlabel('Vr (volts) ')
ylabe('t/c^2')

::::::::::::::::::: SUBROUTINE 4 ___-:::::::::::::::

fr¡¡ction output = Sinulate_ElRF(n)
% A progran to sinulate Ethernet Like RF

fornat long e

N=a;
CW = 32;
Vbar = Cll/2;

x = 800; '/o nunber of beacon during tag enquiry
Tbi = 5000e-6; '/. Beacon interval 5000us
Tnin = 3 * Tbi; 7" Min waiting tine
Tread = 4i n/, tine it takes to query a tag

% Duration of BDI

Tc = (1+1){. Tbi; % if there is a collisi.on
Ts = Tread + Tmln + Tbi; '/, if successful read by a.nother reader
Te = 1 * Tbi i '/, if enptry slot

beacon-size = 20;
query_size = 40;
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Lbeacon = 265e-6; 7" length of query
Tbeacon =0; '/, turn-around-tine
LquerY = 341e-6;
Tquery = 0;

p = 1 - ( r - 1/Wbar)^(N-1);
pactive = 1 - ( 1 - 1/l,Ibar)^N;
Pcollision-active = ( Pactive - (N/ttbar)*( 1 - l/!fbar)^(N-1) )/ Pactive ;

Pc = Pactive .* Pcollj.sion_active;
Ps = (N/VIbar)*( 1- 1/Vlbar)^(N-1);
Pe=(1-1ltlbar)^N;
ETbdi = Pe*Te + Ps*Ts + Pc*Tc;
Ebdi = cv /(2*(1-p));
ETcycle = Ebdi 1. ETbdi + Tread;
U = (Tread * ps * Ebdi) / ETcycle;

QTread = (Tread - x *(Tbeacon + Lbeacon) )/(Tquery + Lquery) '

5 = (QTread * Ps * Ebdi) / ETcycIe;
str = sprintf ("/"dk'/d &'/¡O.2g k %0.2g k %0.2gk'/"0.2g k "/,A.2g A'/"g &,"/,g &,7"g & %g \
disp(str);

% These are the outputs gathered fron before
D=12 4 8 L6 32 64 I28l;
n=[1833 2204 245L 2594 2664 2634 7295];

::::::: :::::::::::: SUBROUTINE 5 --__:::::::::::::::

% #######################################################################

'/" * L Mat1ab function that reads a fj.le in CITIFILE fornat generated

% * Uy Agi-lent 8510C vector network analyzer, converts it into a Touchstone

% # file j.n real-inaginary fornat, save the results in *.s1p or *.s2P file
% # a¡d return S-parameter natrix back to to calling program.

'/" *
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7" #######################################################################

% f ilena-ne citi2touchs.n
function sparan = citi2touchs(fileprefix)
filenane = strcat(fiteprefix,,.txt,); % fnput file extension is .txt
s=spÌintf ('\nReading CITIFILE S-parameters fron file %s ...,,filename) ;

disp(s);
cÍtifile = fopen(filename,'r')i % open input citifile fi1e.
% Ignore first five lines
ignore=fgetl(citifile);ignore=fgetI(citifile);ignore=fgetl(citifile);
ignore = fgetl(citifile) ;igaore = fgetl(cÍtifile) ;

'/, Ignore next line
ignore = fgetl(citifile) ;

% Read next line
s = fgetl(citifile);
if (s==,DATA S[2,1] RI,)
portnum=2;

filename = strcat(fileprefix,, . s2p, ) ;

7" Skip next three lines
ignore = fgetl(citifile) ;ignore = fgetl(citifile) ;

ignore = fgetl(citifile) ;

else
portnum=1;
filename = strcat(fi1eprefix,, . s1p, ) ;

end; o/o g==

% Read next líne
s = fgetl(citifile);
P = gsçanf (s,'%s %f "Af "/,f ,);
+ã+ô,+ - Dl'r\ /{Erô. ol I :- õt-¿euq¡u - r \=/.1Lùl9, /O ¿ I¡¡ VI¡¿

fstop = P(5)./tB+g;
pointnum = P(6);
7" Ignore next four lines
ignore = fgetl(citifile) ;ignore = fgetl(citifile) ;

ignore = fgetl(citifile) ;iga.ore = fgetl(citifile) ;

fstep = (fstop-fstart) ./ (pointm¡n-1);
f = fstart:fstep:fstop;
% Read S11;

f or i=1:pointnum;
7" Read real-imaginary data line by line.
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s = fgetl(citifile);
P = ssca¡f (s , "/,f ,'/.f ') ;

re11(i) = P(1);
in11(i) = P(2);
end;

% Open output file
outfile = fopen(filena:ne,'w'); % Open outPut TouchStone fi1e.
% tJrite output file header
fprintf(outfile,'t GHz S RI R 50\n');
7. If 1-port, write data to Touchstone file.
if (portnum==l)
sparam = [f' re1f in11'];
s=sprintf ('Vlriting Touchstone S-parameters to f ile o/"s. . . ' ,f ilename) ;

aisp(s);
fprintf (outf iIe,"/,f o/,f %f\n',sparam');
end; % end portnum==l
'/, If 2-port, read S2L SL2 522

1f (portnr:n==2)

% Ignore next tlüo lines
ignore = fgetl(citifile) ;ignore = fgetl(citifile) ;

% Read S21;

f or i=1:pointnum;
7" Read real-inagínary data line by line.
s = fgerl(citifile);
p = ssçanf (s, r%f ,'/,f t);
re21(i) = P(1);
in21(i) = P(2)i
end; % for i
'/. Ignore next tuo lines
ignore = fgetl(citifile) ;ignore = fgetl(citifile) ;

7" Read S12;

for i=1:pointnun;
% Read real-inaginary data line by 1ine.
s = fgetl(citifile);
P = sscanf (s,'7"f ,'/,1') i
re12(i) = P(1);
in12(i) = P(2);
end; % for i
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7" Ignore next two lines
ignore = fgetl(citifile) ;ignore = fgetl(citÍfile) ;

'/, Read 522;
for i=1:pointnun;
% Read real-inaginary data line by 1ine.
s = f getl(ci.tif ile) ;

p = ssçenf (s,t%f ,,/,f,);
re22(í) = P(1);
in22(í) = P(2);
end; % for i
spara.¡n = [f ' re1f in11' re2!, im2lt re!2, ímI2t re22, ím22,f I

7" Priat data to Touchstone fi1e.
s=sprintf ('tJritíng Touchstone S-parameters to file 7"s . . . , ,filename) ;

aisp(s);
fprintf (outf ile,,"Ar ',/"f ',/"t "1,L '/,f. y"t '/,f y,t 7"f \n,,sparam,);
end; "/, if portnun==2
7" Close files
fclose(outfile);
fclose(citifile);
returD.;

: SUBROUTINE 6 :::::::::::::::::::

"/, ######################################################################

7å * ¡ Matlab function that conveïts S-paramters of DIIT and PAD to
7" # Y-para-neters. Subtract Y of PAD f ron Y of DIIT a¡d store de-enbedd.ed

7" # Y-parameters in dnby. De-enbedded Y-parameters are converted back to
7" # S-parameters. De-embedded S-parameters are stored in dmbs a¡d. saved. to
% * an S-parameter file outfile.slp or ¡.s2p.
7" ######################################################################

% filenane de-enbed.m

fr:¡ction [dnbs,dnbyl = de-enbed(dut,pad,dmbfileprefix)
% Deternine frequency natrix a¡d number of data points
f = dut(:,1); 7" All data in coh¡nn 1 are f
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% Nr¡.nber of data points is number of elenents of matrix f
pointnum=s ¡ze(f) ;

% Deternin number of ports
if (size(dut,2)>3) % check number of Ports
portnum = 2;
else
portnr:m = 1;

end;

% Define S11

duts11 = dut (t ,2) + sqrt (-1) . *dut ( : ,3) ;

pads11 = pad( : ,2) + sqrt (-1) . *pad( : ,3) ;

if (portnr:m==1)

7" Convert S to Y and find YinlP
% Yin = l!/zjf*[(1-s11)/(1+s11)]
yindut = ((1-duts11)./(1+duts11)). /SO; 7 Z0 = 50 Ohn.

yinpad = ((1-pads11)./(1+pads11)). /SO; 7 Z0 = 50 0bn.

yinlp=yindut-yinpad;
% Convert YinlP back to S11

7" s11 = (1-Y*zo)/(t+Y*zo)
yinlp = yinlp.*50;
s111p = (l-yin1p)./(I+ytntp); % Z0 = 50 obn.

7" tJrite de-enbedded S-paraneter to output file.
f ilenane = strcat(d.nbf ilepref ix,' .s1p');
outfile = fopen(filename,'¡¡' ) ;

sprintf('Writing de-enbedded one-port S-parameter to %s . . .',filename);
aisp(s);
fprj.ntf (outf ile ,'# GHz S RI R 50\n');
dmbsin = [f real(s11lp) imag(s111p)J;
fprintf (outf ite,"/,f '/"f %f\n',dmbsin');
fclose(outtite) ;

% tJrite de-enbedded S-parameter to outPut file to be used by HSPICE.

f ilename = strcat(dnbfileprefix,'hspice. s1p' ) ;

o = fopen(filenane,'w') ;

sprintf('tlriting de-enbedded two-Port S-parameter to %s . . .',filename);
disp(s);
fprintf (o ,'# Hz S MA R 50\n' ) ;
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mgs11 = abs(s111p);
angs11 = 180. *angle(s11Lp) . /píl,
d¡nbs - [f.t1E+9 ngs11 a¡gs11];
f printf (o , "46 .4e '/,6 .4" '/øa. 4e\n , , dmbs , ) ;

fclose(o);
% Creat de-enbedded S a¡d Y par:meter matrices
d.mbs = [slllpJ ;

dnby = [yinlpJ ;

end; % if portnun==l
if (portnr:m==2)

% Defíne S2L, 572, 522.
duts21 = dut(i,4) + sqrt(-1).*dut(:,5);
duts12 = dut(:,6) + sqrt(-1).*dut(:,7);
duts22 = dut(:,8) + sqrt(-1).*dut(:,9);
pads21 = pad( : ,4) + sqrt (-1) . *.pad( : ,5) ;

pads12 = pad(:,6) + sqrt(-1).*pad(:,7);
pads22 = pad( : ,8) + sqrt (-1) . *pad( : ,9) ;

% Convert S of dut to Y

delta = ( (1+duts11) . *(1+duts22) )-(duts12. *duts21) ;

duty11 = ((((1-duts11).*,(1+duts22)) + (autst2.*durs21))./¿etta) ./SO; 7 ZO = 50.
duty21 = ((-2.*duts21)./delta) ./50; "/, Z0 = 50.
dury12 = ((-Z.r.duts12) ./delta) ./so; "/, Z0 = 50.
dttty22 = ((((1+¿uts11).*(1-duts22)) + (autsL2.*duts21))./¿etta) ./so; 7 Z0 = s0.
7" Convert S of pad to Y

delta = ( (l+padsl1) . *(1+pads22) )-(pads12. *pads2l) ;

pady11 = ((((1-pads11).*(l+pads22)) + (pads1!.*pads21))./delta)./50; "/, ZO = 50.
pady21 = ((-2.*.pads21)./deIta) ./50; 7 Z0 = 50.
¡a¡l"lo : I (-o *^^l-lol /i^l+^\ lE^. 0l v^ - E^- \ \ ¿ .1-yavÐL-) . t veLva) .1¿w, lo ¿V - UV t

pady22 = ((((l+padsll).*(1-pads22)) + (pads12.*pads2l))./¿etta) ./SO; 7 ZO = 50.
'/. De-embedding.
d.nby11 = dutyl1 - pady11;
dnby21 = duty21 - pady2l;
dnby12 = dutyl2 - pady12;
dmby22 = duty22 - pady22;
7" Convert Y back to S.

y11 = dnby11 .* 50; % Nornalize Y

y21 = dnby2l .* 50;
y12 = dnby12 .* 50;
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y22 = dnby22 .* 50i
delta = ((1+y11) .*(t+y22)) - (yL2.*y2I) ;

s11 = (((1-y11) .*(r+y22)) + (yL2.*y2L))./delta;
s21 = (-2.+y2t)./delta;
s12 = (-2.*yL2). /delra;
s22 = (((1+y11) .*(L-y22)) + (y12.*y2t))./detta;
% Write de-embedded S-para-neter to output fi1e.
filenane = strcat(dnbfileprefix,' .s2p' ) ;

outf i1e = fopen(f ilenarne,'r¡');

sprintf ('tJriting de-enbedded two-port S-parameter to %s . . .',filename) ;

disp(s);
fprintf(outfile,'# GHz S RI R 50\n');
dmbs2p = [f real(s11) inag(s11) real(s21) inag(s21)
real(s12) inag(s12) real(s22) imag(s22)J ;

fprintf (outf ile,r'/,1 '/^f ',/"t ',/,r "/,f "l,f 'i^t 7"f %f\n"dmbs2p');
fclose(outtile) ;

% Write de-embedded S-parameter to outPut file to be used by HSPICE.

f ilename = strcat (d:¡bf ilepref ix , 'hspice . s2p ' ) ;

o = fopen(filename,'w') ;

sprintf ('t'Iriting de-enbedded two-port S-parameter to %s . . .',filenane) ;

disp(s);
fprintf (o ,'# Hz S MA R 50\n') ;

ngs11 = abs(s11);
mgs21 = abs(s21);
ngs12 = abs(s12);
ø9s22 = abs (s22);
aags11 = 180. i.a-ugle(s1I) . /pí;
aags21 = 180.*a¡gle(s2L) . /pí;
aags12 = 180. *ang1e(s12) . /pí;
angs22 = 180. *aagle(s22) . /pi;
dmbs = [f.*1E+9 ngs11 angs11 ngs21 angs21 mgs12 angs12 mgs22 angs22);

f printf (o , "/"6 .4e '/,6 .4e '/"6 . 4. "/,A .4e '/"6 .4e '/"6 .4e "/,6 .4e "/"6 .4e "/,6. 4e\n' , dmbs ' ) ;

fclose(o);
7" Creat de-embedded S and Y parameter natrices
dnbs = [s11 s21 st2 s22f;
dnby = ly7L y2I y72 y22);
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APPENDIX B. MATLAB SCRTP?S AND SPICE MODEL

e';ldt % if portnum==2
return;

8.2 SBD SPICE Model

7" *#########nf##f#######################################################

% # SPICE nodel used for sinulating SBD

% #########################f*###########################################

.MODEL nySBD d
+ LEVEL=1

+ BV=9

+ CJ0=0.7e-t2
+ EG=0.69
+ IBV=10e-4
+ fS=2.2e-8
+ N=1.08
+ RS=56

+ PB=0.56
+ XTI=2
+ MJ=0.5
rF
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Appendix C

Formula Statements and
Physical Constants

C.1 Equations

C.1.1 Regression Analysis

5,,

Soo

sxa : D@uxaò-
i:l

ti:t
nt

i:l

Sry
S**

1fl
,? - !(l ù'" n'4i:I

o? -lr\ns'

(c.1)

(c.2)

(c 3)

(c.4)

(c 5)

i:7

irÐ,n,frn)
n'L

b - g-mxr
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C.L.z Impedance and Admittance

For Z-Parameters:

Vr : 4Jtlznlz
V2 : zzthlzzzlz

and for Y-parameters:

It : UtVtlUnVz
Iz: AztVtlAzzVz

C.1.3 S-parameters

h : 8¡a1l s12a2

b2 : 52104 1s220,2

5tt

Ð22

stz :

(c.6)

(c.7)

bt
A1

bz

A2

bz

A1

bt
A2

szt

az:O

:0a

az:O

:0a7

(c.s)

(c.e)

(c.10)

(c.11)

(c.12)

(c.13)

(c.14)

(c.15)
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C.2. PHYSICAL CONS?ANTS

C.2 Physical constants

constant symbol magnitude
Avogadro's number NA 6.022 x 1023

Boltzmann's constant k 1.381 x 70-23 JIK
Planck's constant h 6.626 x 10-34 J s

speed of light c 2.998 x 108 m/s
electron charge e 1.602 x 10-1e C

electron mass me 9.109 x 10-31 kg

proton mass mp 1.672 x 1027 kg
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