ISSN 1726-5479

SENSORS 410

TRANSDUCERS

-
| & 3BNRONOT

SAR100-250
1 0340385107

?M:i S0 0 00000
VIEVIS IINEVIS

aIJLJ.JJDcJan IECHITOIOYIES

International Frequency Sensor Association Publishing dﬁ




Ao

g—-“"
Sensors & Transducers

Volume 115, Issue 4,
April 2010

www.sensorsportal.com

ISSN 1726-5479

Editors-in-Chief: professor Sergey Y. Yurish, tel.: +34 696067716, fax: +34 93 4011989, e-mail: editor@sensorsportal.com

Editors for Western Europe
Meijer, Gerard C.M., Delft University of Technology, The Netherlands
Ferrari, Vittorio, Universita di Brescia, Italy

Editor South America
Costa-Felix, Rodrigo, Inmetro, Brazil

Editor for Eastern Europe
Sachenko, Anatoly, Ternopil State Economic University, Ukraine

Editors for North America

Datskos, Panos G., Oak Ridge National Laboratory, USA
Fabien, J. Josse, Marquette University, USA

Katz, Evgeny, Clarkson University, USA

Editor for Asia
Ohyama, Shinji, Tokyo Institute of Technology, Japan

Editor for Asia-Pacific
Mukhopadhyay, Subhas, Massey University, New Zealand

Editorial Advisory Board

Abdul Rahim, Ruzairi, Universiti Teknologi, Malaysia

Ahmad, Mohd Noor, Nothern University of Engineering, Malaysia

Annamalai, Karthigeyan, National Institute of Advanced Industrial Science
and Technology, Japan

Arcega, Francisco, University of Zaragoza, Spain

Arguel, Philippe, CNRS, France

Ahn, Jae-Pyoung, Korea Institute of Science and Technology, Korea

Arndt, Michael, Robert Bosch GmbH, Germany

Ascoli, Giorgio, George Mason University, USA

Atalay, Selcuk, Inonu University, Turkey

Atghiaee, Ahmad, University of Tehran, Iran

Augutis, Vygantas, Kaunas University of Technology, Lithuania

Avachit, Patil Lalchand, North Maharashtra University, India

Ayesh, Aladdin, De Montfort University, UK

Bahreyni, Behraad, University of Manitoba, Canada

Baliga, Shankar, B., General Monitors Transnational, USA

Baoxian, Ye, Zhengzhou University, China

Barford, Lee, Agilent Laboratories, USA

Barlingay, Ravindra, RF Arrays Systems, India

Basu, Sukumar, Jadavpur University, India

Beck, Stephen, University of Sheffield, UK

Ben Bouzid, Sihem, Institut National de Recherche Scientifique, Tunisia

Benachaiba, Chellali, Universitaire de Bechar, Algeria

Binnie, T. David, Napier University, UK

Bischoff, Gerlinde, Inst. Analytical Chemistry, Germany

Bodas, Dhananjay, IMTEK, Germany

Borges Carval, Nuno, Universidade de Aveiro, Portugal

Bousbia-Salah, Mounir, University of Annaba, Algeria

Bouvet, Marcel, CNRS - UPMC, France

Brudzewski, Kazimierz, Warsaw University of Technology, Poland

Cai, Chenxin, Nanjing Normal University, China

Cai, Qingyun, Hunan University, China

Campanella, Luigi, University La Sapienza, Italy

Carvalho, Vitor, Minho University, Portugal

Cecelja, Franjo, Brunel University, London, UK

Cerda Belmonte, Judith, Imperial College London, UK

Chakrabarty, Chandan Kumar, Universiti Tenaga Nasional, Malaysia

Chakravorty, Dipankar, Association for the Cultivation of Science, India

Changhai, Ru, Harbin Engineering University, China

Chaudhari, Gajanan, Shri Shivaji Science College, India

Chavali, Murthy, VIT University, Tamil Nadu, India

Chen, Jiming, Zhejiang University, China

Chen, Rongshun, National Tsing Hua University, Taiwan

Cheng, Kuo-Sheng, National Cheng Kung University, Taiwan

Chiang, Jeffrey (Cheng-Ta), Industrial Technol. Research Institute, Taiwan

Chiriac, Horia, National Institute of Research and Development, Romania

Chowdhuri, Arijit, University of Delhi, India

Chung, Wen-Yaw, Chung Yuan Christian University, Taiwan

Corres, Jesus, Universidad Publica de Navarra, Spain

Cortes, Camilo A., Universidad Nacional de Colombia, Colombia

Courtois, Christian, Universite de Valenciennes, France

Cusano, Andrea, University of Sannio, Italy

D'Amico, Arnaldo, Universita di Tor Vergata, Italy

De Stefano, Luca, Institute for Microelectronics and Microsystem, Italy

Deshmukh, Kiran, Shri Shivaji Mahavidyalaya, Barshi, India

Dickert, Franz L., Vienna University, Austria

Dieguez, Angel, University of Barcelona, Spain

Dimitropoulos, Panos, University of Thessaly, Greece

Ding, Jianning, Jiangsu Polytechnic University, China

Kim, Min Young, Kyungpook National University, Korea South

Djordjevich, Alexandar, City University of Hong Kong, Hong Kong

Donato, Nicola, University of Messina, Italy

Donato, Patricio, Universidad de Mar del Plata, Argentina

Dong, Feng, Tianjin University, China

Drljaca, Predrag, Instersema Sensoric SA, Switzerland

Dubey, Venketesh, Bournemouth University, UK

Enderle, Stefan, Univ.of Ulm and KTB Mechatronics GmbH, Germany

Erdem, Gursan K. Arzum, Ege University, Turkey

Erkmen, Aydan M., Middle East Technical University, Turkey

Estelle, Patrice, Insa Rennes, France

Estrada, Horacio, University of North Carolina, USA

Faiz, Adil, INSA Lyon, France

Fericean, Sorin, Balluff GmbH, Germany

Fernandes, Joana M., University of Porto, Portugal

Francioso, Luca, CNR-IMM Institute for Microelectronics and
Microsystems, Italy

Francis, Laurent, University Catholique de Louvain, Belgium

Fu, Weiling, South-Western Hospital, Chongging, China

Gaura, Elena, Coventry University, UK

Geng, Yanfeng, China University of Petroleum, China

Gole, James, Georgia Institute of Technology, USA

Gong, Hao, National University of Singapore, Singapore

Gonzalez de la Rosa, Juan Jose, University of Cadiz, Spain

Granel, Annette, Goteborg University, Sweden

Graff, Mason, The University of Texas at Arlington, USA

Guan, Shan, Eastman Kodak, USA

Guillet, Bruno, University of Caen, France

Guo, Zhen, New Jersey Institute of Technology, USA

Gupta, Narendra Kumar, Napier University, UK

Hadjiloucas, Sillas, The University of Reading, UK

Haider, Mohammad R., Sonoma State University, USA

Hashsham, Syed, Michigan State University, USA

Hasni, Abdelhafid, Bechar University, Algeria

Hernandez, Alvaro, University of Alcala, Spain

Hernandez, Wilmar, Universidad Politecnica de Madrid, Spain

Homentcovschi, Dorel, SUNY Binghamton, USA

Horstman, Tom, U.S. Automation Group, LLC, USA

Hsiai, Tzung (John), University of Southern California, USA

Huang, Jeng-Sheng, Chung Yuan Christian University, Taiwan

Huang, Star, National Tsing Hua University, Taiwan

Huang, Wei, PSG Design Center, USA

Hui, David, University of New Orleans, USA

Jaffrezic-Renault, Nicole, Ecole Centrale de Lyon, France

Jaime Calvo-Galleg, Jaime, Universidad de Salamanca, Spain

James, Daniel, Griffith University, Australia

Janting, Jakob, DELTA Danish Electronics, Denmark

Jiang, Liudi, University of Southampton, UK

Jiang, Wei, University of Virginia, USA

Jiao, Zheng, Shanghai University, China

John, Joachim, IMEC, Belgium

Kalach, Andrew, Voronezh Institute of Ministry of Interior, Russia

Kang, Moonho, Sunmoon University, Korea South

Kaniusas, Eugenijus, Vienna University of Technology, Austria

Katake, Anup, Texas A&M University, USA

Kausel, Wilfried, University of Music, Vienna, Austria

Kavasoglu, Nese, Mugla University, Turkey

Ke, Cathy, Tyndall National Institute, Ireland

Khan, Asif, Aligarh Muslim University, Aligarh, India

Sapozhnikova, Ksenia, D.l.Mendeleyev Institute for Metrology, Russia

Saxena, Vibha, Bhbha Atomic Research Centre, Mumbai, India



Ko, Sang Choon, Electronics. and Telecom. Research Inst., Korea South

Kockar, Hakan, Balikesir University, Turkey

Kotulska, Malgorzata, Wroclaw University of Technology, Poland

Kratz, Henrik, Uppsala University, Sweden

Kumar, Arun, University of South Florida, USA

Kumar, Subodh, National Physical Laboratory, India

Kung, Chih-Hsien, Chang-Jung Christian University, Taiwan

Lacnjevac, Caslav, University of Belgrade, Serbia

Lay-Ekuakille, Aime, University of Lecce, Italy

Lee, Jang Myung, Pusan National University, Korea South

Lee, Jun Su, Amkor Technology, Inc. South Korea

Lei, Hua, National Starch and Chemical Company, USA

Li, Genxi, Nanjing University, China

Li, Hui, Shanghai Jiaotong University, China

Li, Xian-Fang, Central South University, China

Liang, Yuanchang, University of Washington, USA

Liawruangrath, Saisunee, Chiang Mai University, Thailand

Liew, Kim Meow, City University of Hong Kong, Hong Kong

Lin, Hermann, National Kaohsiung University, Taiwan

Lin, Paul, Cleveland State University, USA

Linderholm, Pontus, EPFL - Microsystems Laboratory, Switzerland

Liu, Aihua, University of Oklahoma, USA

Liu Changgeng, Louisiana State University, USA

Liu, Cheng-Hsien, National Tsing Hua University, Taiwan

Liu, Songqin, Southeast University, China

Lodeiro, Carlos, University of VVigo, Spain

Lorenzo, Maria Encarnacio, Universidad Autonoma de Madrid, Spain

Lukaszewicz, Jerzy Pawel, Nicholas Copernicus University, Poland

Ma, Zhanfang, Northeast Normal University, China

Majstorovic, Vidosav, University of Belgrade, Serbia

Marquez, Alfredo, Centro de Investigacion en Materiales Avanzados,

Mexico

Matay, Ladislav, Slovak Academy of Sciences, Slovakia

Mathur, Prafull, National Physical Laboratory, India

Maurya, D.K., Institute of Materials Research and Engineering, Singapore

Mekid, Samir, University of Manchester, UK

Melnyk, lvan, Photon Control Inc., Canada

Mendes, Paulo, University of Minho, Portugal

Mennell, Julie, Northumbria University, UK

Mi, Bin, Boston Scientific Corporation, USA

Minas, Graca, University of Minho, Portugal

Moghavvemi, Mahmoud, University of Malaya, Malaysia

Mohammadi, Mohammad-Reza, University of Cambridge, UK

Molina Flores, Esteban, Benemérita Universidad Auténoma de Puebla,
Mexico

Moradi, Majid, University of Kerman, Iran

Morello, Rosario, University "Mediterranea" of Reggio Calabria, Italy

Mounir, Ben Ali, University of Sousse, Tunisia

Mulla, Imtiaz Sirajuddin, National Chemical Laboratory, Pune, India

Neelamegam, Periasamy, Sastra Deemed University, India

Neshkova, Milka, Bulgarian Academy of Sciences, Bulgaria

Oberhammer, Joachim, Royal Institute of Technology, Sweden

Ould Lahoucine, Cherif, University of Guelma, Algeria

Pamidighanta, Sayanu, Bharat Electronics Limited (BEL), India

Pan, Jisheng, Institute of Materials Research & Engineering, Singapore

Park, Joon-Shik, Korea Electronics Technology Institute, Korea South

Penza, Michele, ENEA C.R., Italy

Pereira, Jose Miguel, Instituto Politecnico de Setebal, Portugal

Petsev, Dimiter, University of New Mexico, USA

Pogacnik, Lea, University of Ljubljana, Slovenia

Post, Michael, National Research Council, Canada

Prance, Robert, University of Sussex, UK

Prasad, Ambika, Gulbarga University, India

Prateepasen, Asa, Kingmoungut's University of Technology, Thailand

Pullini, Daniele, Centro Ricerche FIAT, Italy

Pumera, Martin, National Institute for Materials Science, Japan

Radhakrishnan, S. National Chemical Laboratory, Pune, India

Rajanna, K., Indian Institute of Science, India

Ramadan, Qasem, Institute of Microelectronics, Singapore

Rao, Basuthkar, Tata Inst. of Fundamental Research, India

Raoof, Kosai, Joseph Fourier University of Grenoble, France

Reig, Candid, University of VValencia, Spain

Restivo, Maria Teresa, University of Porto, Portugal

Robert, Michel, University Henri Poincare, France

Rezazadeh, Ghader, Urmia University, Iran

Royo, Santiago, Universitat Politecnica de Catalunya, Spain

Rodriguez, Angel, Universidad Politecnica de Cataluna, Spain

Rothberg, Steve, Loughborough University, UK

Sadana, Ajit, University of Mississippi, USA

Sadeghian Marnani, Hamed, TU Delft, The Netherlands

Sandacci, Serghei, Sensor Technology Ltd., UK

Schneider, John K., Ultra-Scan Corporation, USA

Seif, Selemani, Alabama A & M University, USA

Seifter, Achim, Los Alamos National Laboratory, USA

Sengupta, Deepak, Advance Bio-Photonics, India

Shearwood, Christopher, Nanyang Technological University, Singapore

Shin, Kyuho, Samsung Advanced Institute of Technology, Korea

Shmaliy, Yuriy, Kharkiv National Univ. of Radio Electronics, Ukraine

Silva Girao, Pedro, Technical University of Lisbon, Portugal

Singh, V. R., National Physical Laboratory, India

Slomovitz, Daniel, UTE, Uruguay

Smith, Martin, Open University, UK

Soleymanpour, Ahmad, Damghan Basic Science University, Iran

Somani, Prakash R., Centre for Materials for Electronics Technol., India

Srinivas, Talabattula, Indian Institute of Science, Bangalore, India

Srivastava, Arvind K., Northwestern University, USA

Stefan-van Staden, Raluca-loana, University of Pretoria, South Africa

Sumriddetchka, Sarun, National Electronics and Computer Technology
Center, Thailand

Sun, Chengliang, Polytechnic University, Hong-Kong

Sun, Dongming, Jilin University, China

Sun, Junhua, Beijing University of Aeronautics and Astronautics, China

Sun, Zhigiang, Central South University, China

Suri, C. Raman, Institute of Microbial Technology, India

Sysoev, Victor, Saratov State Technical University, Russia

Szewczyk, Roman, Industrial Research Inst. for Automation and
Measurement, Poland

Tan, Ooi Kiang, Nanyang Technological University, Singapore,

Tang, Dianping, Southwest University, China

Tang, Jaw-Luen, National Chung Cheng University, Taiwan

Teker, Kasif, Frostburg State University, USA

Thumbavanam Pad, Kartik, Carnegie Mellon University, USA

Tian, Gui Yun, University of Newcastle, UK

Tsiantos, Vassilios, Technological Educational Institute of Kaval, Greece

Tsigara, Anna, National Hellenic Research Foundation, Greece

Twomey, Karen, University College Cork, Ireland

Valente, Antonio, University, Vila Real, - U.T.A.D., Portugal

Vaseashta, Ashok, Marshall University, USA

Vazquez, Carmen, Carlos 111 University in Madrid, Spain

Vieira, Manuela, Instituto Superior de Engenharia de Lisboa, Portugal

Vigna, Benedetto, STMicroelectronics, Italy

Vrba, Radimir, Brno University of Technology, Czech Republic

Wandelt, Barbara, Technical University of Lodz, Poland

Wang, Jiangping, Xi‘an Shiyou University, China

Wang, Kedong, Beihang University, China

Wang, Liang, Pacific Northwest National Laboratory, USA

Wang, Mi, University of Leeds, UK

Wang, Shinn-Fwu, Ching Yun University, Taiwan

Wang, Wei-Chih, University of Washington, USA

Wang, Wensheng, University of Pennsylvania, USA

Watson, Steven, Center for NanoSpace Technologies Inc., USA

Weiping, Yan, Dalian University of Technology, China

Wells, Stephen, Southern Company Services, USA

Wolkenberg, Andrzej, Institute of Electron Technology, Poland

Woods, R. Clive, Louisiana State University, USA

Wu, DerHo, National Pingtung Univ. of Science and Technology, Taiwan

Wu, Zhaoyang, Hunan University, China

Xiu Tao, Ge, Chuzhou University, China

Xu, Lisheng, The Chinese University of Hong Kong, Hong Kong

Xu, Tao, University of California, Irvine, USA

Yang, Dongfang, National Research Council, Canada

Yang, Wugiang, The University of Manchester, UK

Yang, Xiaoling, University of Georgia, Athens, GA, USA

Yaping Dan, Harvard University, USA

Ymeti, Aurel, University of Twente, Netherland

Yong Zhao, Northeastern University, China

Yu, Haihu, Wuhan University of Technology, China

Yuan, Yong, Massey University, New Zealand

Yufera Garcia, Alberto, Seville University, Spain

Zakaria, Zulkarnay, University Malaysia Perlis, Malaysia

Zagnoni, Michele, University of Southampton, UK

Zamani, Cyrus, Universitat de Barcelona, Spain

Zeni, Luigi, Second University of Naples, Italy

Zhang, Minglong, Shanghai University, China

Zhang, Qintao, University of California at Berkeley, USA

Zhang, Weiping, Shanghai Jiao Tong University, China

Zhang, Wenming, Shanghai Jiao Tong University, China

Zhang, Xueji, World Precision Instruments, Inc., USA

Zhong, Haoxiang, Henan Normal University, China

Zhu, Qing, Fujifilm Dimatix, Inc., USA

Zorzano, Luis, Universidad de La Rioja, Spain

Zourob, Mohammed, University of Cambridge, UK

Sensors & Transducers Journal (ISSN 1726-5479) is a peer review international journal published monthly online by International Frequency Sensor Association (IFSA).
Auvailable in electronic and on CD. Copyright © 2009 by International Frequency Sensor Association. All rights reserved.



Sensors & Transducers Journal /“

‘.——’ f
Volume 115 Www_sensorsporta| .com ISSN 1726-5479
Issue 4
April 2010
Research Articles
Role of MEMS in Biomedical Application: A Review
Himani Sharma, P. A. Alvi, S. Dalela and J. AKDEar ..........oooiiiiiiii e 1
Novel Pressure Sensor for Aerospace Purposes
T. Beutel, M. Leester-Schéadel, P. Wierach, M. Sinapius and S. Bittgenbach ............cccccoeevennn. 11
Design and Implementation of an Embedded Digital Throwing System Based on MEMS
Multiaxial Accelerometer
Zhen Gao and DAN ZNANG......ccciiiiiiiiiiii ettt e e e e bb e ab e nanees 20

On the Modeling of a MEMS Based Capacitive Accelerometer for Measurement of Tractor
Seat Vibration
M. Alidoost, G. Rezazadeh, M. Hadad-DerafShi ...........ccooiiiiiiiiiiiiiii e 29

Optimization of Contact Force and Pull-in Voltage for Series based MEMS Switch
Abhijeet Kshirsagar, S. P. Duttagupta, S. A. Gangal. .......cccccciiiiiiiiiiiiiiia e iaeieeeeea e s sesesseeessssasensseses 43

Fully On-chip High Q Inductors Based on Microtechnologies
Kriyang Shah, Nazuhusna Khalid, Jugdutt Singh, Hai P. Le, John Devlin and Zaliman Sauli........... 48

A Combined Thermo-Electrostatic MEMS-Based Switch with Low Actuation Voltage
Parisa Mahmoudi, Habib Badri Ghavifekr, Esmail Najafiaghdam. .............cccccoociiiiiis 61

Output Force Enhancement of Scratch Drive Actuator in Low-Voltage Region by Using
Flexible Joint
Shawn Chen, Chiawei Chang and WenSsyang HSU ..........ccoooiiiiiiiiiiiieiiieee e 71

Electroplated Nickel Micromirror Array
Mahmoud Almasri and AIDErt B. FIAzZIEI ..........euiiiiiiiiiiiiiie e 83

Pull-In Phenomenon Investigation in Nonlinear Electromechanical Coupled System
by Distributed Model Frequency Analysis Method
Ahmadali Tahmasebi-Moradi, Fatemeh Abdolkarimzadeh and Ghader Rezazadeh......................... 92

Generic Compact Model of Double-Gate MOSFETs Applicable to Different Operation Modes
and Channels
Xingye Zhou, Jian Zhang, Lining Zhang, Chenyue Ma, Xing Zhang, Jin He and Mansun Chan....... 108

The Design, Fabrication and Characterization of Nematic Liquid Crystals based Chemical
and Biological Sensors with Electroplated Microstructures
Jun Namkung and Robert G. LINAQUISE ............uuiiiiieeiii e e e e e e e e e e e e 116

Analytic Calculation of Forces and Torques on a Silicon Die under Fluidic Self-alignment
[ B R V1Yo To T U 124



Silicon Die Self-alignment on a Wafer: Stable and Unstable Modes
Jean Berthier, Kenneth Brakke, Francgois Grossi, Loic Sanchez, Léa DI CiocCiO.............cccvvveenunneen. 135

A Method to Improve the SGADER Process and Fabricate Ultra-thick Proof Mass Inertial
Sensors under the Same DRIE Technique

[ F= U= oo T o T o 1= U | SO 151
Design of Novel Paper-based Inkjet Printed Rounded Corner Bowtie Antenna for RFID
Applications

Yasar Amin, Julius Hallstedt, Hannu Tenhunen, Li-RONG ZNeNQ...........ccoveeeeicieceeceeeeee e 160

Authors are encouraged to submit article in MS Word (doc) and Acrobat (pdf) formats by e-mail: editor@sensorsportal.com
Please visit journal’s webpage with preparation instructions: http://www.sensorsportal.com/HTML/DIGEST/Submition.htm

International Frequency Sensor Association (IFSA).

Emerging MEMS 2010

Technologies & Markets 2010 Report

Innovative developments in MEMS devices will add more than $28
to the total MEMS market by 2015 !

This report presents a market and technical overview for MEMS-based Auto Focus, Electronic Compass,
Energy Harvesting, Micro-bolometers, Micro displays, Micro fuel cells, Micro speakers, Micro structures,

Microtips, Oscillators and RFID.
Estimated to be $550M in 2009 a few % of the total MEMS business, Emerging MEMS IFSA offers
markets have the potential to add $2.2B to the overall MEMS market by 2015. a SPECIAL PRICE

http'/fwww sensursportal com/ HTML/Emerging_MEMS htm

MEMS Energy Harvesting Devices,

Technologies and Markets, 2009

Market drivers analysis for challenges that go beyond energy density!

This report focuses on MEMS energy harvesting devices from both technology and market points of view.

Executive summary

1. Introduction to micropower & energy harvesting technologies IF“ offers

2, Technology review — energy harvesting technologies

3. Technology review = energy storage technologies a SPECIAL PRICE
4. ApplicationsEnergy harvesting devices

http:/ /www. sensnrsportal comeTML{MEMS Energy_Harvestmg_De\nces htm



Sensors & Transducers Journal, Vol. 115, Issue 4, April 2010, pp. 160-167

P . Sensors & Transducers

" ISSN 1726-5479
WWW.SE“SDI’SFDI'taLCDm © 2010 by IFSA
http://www.sensorsportal.com

Design of Novel Paper-based Inkjet Printed Rounded Corner
Bowtie Antenna for RFID Applications

Yasar AMIN, Julius HALLSTEDT, Hannu TENHUNEN, Li-Rong ZHENG
iPack Vinn Excellence Center, School of Information and Communication Technology,
KTH (Royal Institute of Technology), Forum 120, 164 40, Stockholm-Kista, Sweden,
Tel.: +46-8-7904132, fax: +46-8-7511793
E-mail: ysar@kth.se

Received: 18 July 2009 /Accepted: 20 April 2010 /Published: 27 April 2010

Abstract: This paper presents a novel inkjet printed rounded corner bowtie antenna with T-matching
stubs on paper substrate which is the cheapest and widest available substrate. The antenna exhibits
compact size with outstanding read range and complete coverage of UHF RFID band (860-960 MHz).
The results show extreme immunity of proposed antenna against paper dielectric constant variation.
Copyright © 2010 IFSA.

Keywords: Bowtie antenna, Inkjet printing, UHF-RFID, Paper substrate, Dielectric variation

1. Introduction

UHF systems generally use far-field coupling, when the antennas of the reader and tag operate in a
more conventional way: the forward and reverse link limited read range can be obtained by using Friis
equation as [1].UHF far-field systems typically have greater range than LF and HF systems. Thus they
are often used in systems where higher than normal levels of performance are required.

ﬂ« PTX G reader Gtag
R oward — | s _ T & 1
f ‘ (4” j Pmin,tag ( )

/P T.G2....G.
Rreverse — (41}‘ X I;D reader " tag , (2)
T min,rdr
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where A is the wavelength, Prx is the reader transmitted power, Gyeager 1S the gain of the reader antenna,
Guag the gain of the tag antenna, Ppin tae 1S the minimum threshold power required to turn on the tag chip
and Ty, is the backscatter transmission loss respectively. From equation (1) & (2) it is deduced that the
changeable parameter is only the gain of the tag antenna when the reader measurements and tag IC are
fixed.

Systems with carrier frequencies above 100 MHz generally operate by transferring power in the far
field. The most commonly used frequency bands are in the region of 900 MHz, although the ISM band
centered at 2.45 GHz is also used ( this band is sometimes termed microwave rather than UHF) [2].

The emerging trend towards low cost, flexible and high performance electronics for automated
identification of objects is leading to complex integration techniques. Three major challenges exist in
today’s RFID technologies. One is the design of small-size tag antennas with very high efficiency and
effective impedance matching for IC chips with typically high capacitive reactance. In RFID system it
is essential to optimize the antenna for power performance, especially for passive or semi-active
configurations, where the only energy source is the incoming reader energy. Another major challenge
is the existence of various different UHF frequency bands ranging from 860 to 960 MHz for Europe
(866-868 MHz), Asia (864-954 MHz) and US (902-928 MHz). The universal operation of the RFID
necessitates the use of wideband antennas covering all three bands. The third obstacle is the realization
of ultra-low-cost RFID tags, with a cost requirement for individual tags below one cent [3]. This is
only possible by using ultra low cost substrate and small sized antenna structures so that less amount
of ink is used for their inkjet printing.

Antenna as shown in Fig. 1 is Inkjet printed on paper substrate of 270 um thickness using printer from
Fujifilm Dimatix, Inc. [4]. In this inkjet process the thickness of printed structures is less than 1-2 pm
and significant higher thickness cannot be possible even by printing multiple layers. The fine sized
inkjet nozzle cannot work with micrometer sized particle inks used in flexographic and screen printing
processes so nano particle based inks from Sun Chemicals and Cabot are used in this printing process,
conductivity of the ink-resultant film 12.5x10° S/m and 4-25x10° S/m respectively, which are lower
than that of bulk silver conductivity.

Fig. 1. UHF RFID tag antenna with T-matching stubs.
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2. Tag Design Challenges

A key consideration for RFID is the frequency of operation. RFID systems use different bands for
communication, the choice of frequency affects several characteristics of any RFID system, the
frequency band of interest for presented tag is 860-960 MHz and the choice criteria along with design
challenges is discussed below [5].

2.1. Read Range

In the lower frequency bands, the read ranges of passive tags are no more than a couple feet, due to
primarily poor antenna gain. (At low frequencies, electromagnetic wavelengths are very high, on the
order of several miles sometimes, and much longer than the dimensions of the antennas integrated into
RFID tags. Antenna gain is directly proportional to antenna size relative to wavelength. Hence,
antenna gain at these frequencies is very low.) At higher frequencies, the read range typically
increases. However, because the high frequency bands pose some health concerns to humans, most
regulating bodies, such as the FCC, have posed power limits on UHF and microwave systems and this
has reduced the read range of these high frequency systems to 10 to 30 feet on average in the case of
passive tag which is realized in this project while maintaining the minimum size.

— =0

— $=90°

Fig. 2. Printed UHF RFID tag antenna with measurements. Fig. 3. 2D Radiation pattern.

2.2. Liquids and Metals

The performance of RFID systems will be adversely affected by water or wet surfaces. Signals in the
high frequency bands are more likely to be absorbed in liquid. Metal is an electromagnetic reflector
and radio signals cannot penetrate it. As a result, metal will not only obstruct communication if placed
between a tag and an interrogator, but just the near presence of metal can have adverse affects on the
operation of a system; when metal is placed near any antenna the characteristics of that antenna are
changed and a deleterious effect called de-tuning can occur. The high frequency bands are affected by
metal more so than the lower frequency bands. In order to tag objects made of metal, liquid bearing
containers, or materials with high dielectric permittivity, special precautions have to be taken, which
ultimately drives up costs. In the presented work the requirement is low cost with integrated
capabilities to with stand against these adverse effects to some extent.
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2.3. Data Rate

RFID systems operating in the LF band have relatively low data rates, on the order of Kbits/s. Data
rates increase with frequency of operation, reaching the Mbit/s range at microwave frequencies [5].
RFID tags in UHF band see the widest use due to their higher data transfer rate (currently 640 kbps for
Gen 2 RFID Standard).

2.4. Antenna Size and Type

Due to the long wavelengths of low frequency radio signals, the antennas of LF and HF systems have
to be made much larger than UHF and microwave antennas in order to achieve comparable signal gain.
This conflicts with the goal of making RFID tags small and cheap. Frequency of operation also
dictates the type of antenna used in an RF system. At LF and HF, inductive coupling and inductive
antennas are used, which are usually loop-type antennas. At UHF and microwave frequencies,
capacitive coupling is used and the antennas are of the dipole type which leads to the selection of
proposed rounded corner bowtie antenna (shown in Fig. 2) in our design.

2.5. Size and Price of Tags

Early RFID systems used primarily the LF band, due to the fact that LF tags are the easiest to
manufacture. They have many drawbacks, however, such as a large size, as mentioned previously,
which translates into a higher price at volume. The HF band is currently the most prevalent worldwide,
because HF tags are typically less expensive to produce than LF tags. The UHF band represents the
present state of the art. Recent advances in chip technology have brought prices for UHF tags down.
The largest barrier to RFID growth is tag cost. Production costs for RFID tags can be broken down as
follows

e Silicon die production (1/3)

¢ Die placement on printed circuit board (1/3)

e Antenna/adhesive packaging (1/3)

This indicates antenna cost plays vital role in production expenses. More complex RFID tags can cost
tens of dollars. By the selection of cheapest substrate and printing area reduction by implementing
innovative techniques in antenna design, low cost tag is realized here.

2.6. Reliability

RFID tag must be a reliable device that can sustain variations due to temperature, humidity, stress, and
survive such processes as label insertion, printing and lamination.

3. Design Process

RFID tag antenna performance strongly depends on the frequency dependent complex impedance
presented by the chip. Tag read range must be closely monitored in the design process in order to
satisfy design requirements. Since antenna size and frequency of operation impose limitations on
maximum attainable gain and bandwidth compromises have to be made to obtain optimum tag
performance to satisfy design requirements [6].
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RFID tag antenna design process is illustrated on a flow chart shown in Fig. 4. At first the RFID
application is selected then system requirements can be translated into tag/antenna design criteria.
After these requirements selection of ink for inkjet printing is carried out. The impedance value across
the frequency band of interest (860 - 960 MHz) of the selected ASIC (NXP UCODE G2XM) in a
chosen RF package (flip chip) to which antenna will be matched can be measured with a network
analyzer and verified with datasheet provided by the manufacturer. Antenna parametric study and
optimization is performed until design requirements are met in simulation. Like most antennas, RFID
tag antennas (derivatives of dipole antenna) tend to be too complicated for analytical solution as they
can be used in complex environment. Tag antennas are usually analyzed with electromagnetic
modeling and simulation tools, typically with method of moments (MoM) for planar designs (e.g. thin
flexible tags) and with finite-element method (FEM) or finite-difference time-domain method (FDTD)
for more complicated three-dimensional designs (e.g. thick metal mounted tags). Fast EM analysis
tools are crucial for efficient tag design, state of the art CAD tool Ansoft® HFSS is used in this design.

‘ Selection of RFID application and substrate ‘

v

‘ Tag/antenna design criteria and ASIC selection ‘

‘ Selection of ink for antenna Inkjet printing ‘

| Determine/Verify RF Impedance of packaged ASIC |

‘ Make out the type of antenna and its parameters ‘

—ﬁ Perform parametric study and optimization

L]

Inkjet printing of prototype antennas

Check for print errors

‘ Build and measure prototype tags

Design criteria satisfied

Fig. 4. Inkjet printed RFID tag antenna design process.

Design ready

In a typical design process, modeling and simulation tools can be benchmarked against measurements.
Read range calculation can be implemented directly in EM software by the aid of equations. Tag
antenna is first modeled, simulated, and optimized on a computer by monitoring the tag range, antenna
gain, return loss and impedance which give to a designer a better understanding of the antenna
behavior. In the final two step of the design process, prototype antennas are first Inkjet printed and
checked for printing errors and after passing this stage prototype tags are built and their performance is
measured extensively. If design requirements are satisfied, the antenna design is ready. If not, the
design is further modified and optimized until requirements are met [6].

3. Results and Analysis

The matching with ASIC is achieved by T-matching using stubs as shown in Fig. 2. Good antennas
maintain -15 to -20 dB return loss across the entire band of interest [7]. The return loss variation due to
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change in paper dielectric constant of proposed antenna is shown in Fig. 5 which shows good
agreement with already published results. As required in RFID applications the proposed antenna
exhibits a uniform quasi-omnidirectional radiation pattern as shown in Fig. 3 which is mostly the
requirement in most of RFID applications. The radiation pattern is in good agreement with the
literature [8, 9, 10]. The designed antenna structure is well resistant to variation in paper dielectric
constant. Fig. 6 shows the stability of the antenna realized gain against variations, which validates an
absolute surpassing performance of this proposed structure cross over the band of interest.

The tag antenna gain is an important parameter for the reading distance. The range is largest in the
direction of maximum gain which is fundamentally limited by the size, radiation patterns of the
antenna, and the frequency of operation. For a small dipole-like omnidirectional antenna, the gain is
about 0-2 dBi [11]. The proposed antenna has demonstrated high gain across the complete UHF RFID
band even under critical constrains of size reduction and paper dielectric variations which is in close
relation with published results [8, 10]. Fig. 7 shows the simulated impedance variation plots of the
antenna, indicating good matching conditions across the frequency band of interest regardless of the
variation in paper dielectric constant.

Return Loss (dB)

Frequency (MHz)

Fig. 5. Return Loss variation (Cabot Ink).

Both lossy and metallic objects may considerably degrade the performance of far-field tag antennas.
These objects primarily lower the radiation efficiency of the antenna, and also distort the impedance
matching when the tag is placed very close to the objects. In the presented design this effect is also
minimized as much possible to a certain extent. The other way is to adopt antennas which have their
own ground plane. However, such antennas are usually bulky in size and their multilayer structures are
not cost-effective for mass production [11]. The proposed antenna is quite compact in size as well and
it occupies only 10 cm x 5 cm. This size is smaller than previously published results [9].

Note that for worldwide operation in the region of 900 MHz, a wide frequency range — approximately
860 to 960 MHz —is required. This means that the antenna must be relatively wideband, with a
fractional bandwidth of approximately 11 %. Because of this, the antenna Q is limited, leading to a
limited voltage at the tag IC. Importantly, this indicates that there is a trade-off between bandwidth of
operation and range [2].
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5. Conclusions

The development of low cost directly printable RFID tag antennas is essential in order to enable item
level RFID tracking. The proposed antenna readable across the world due to its coverage of complete
UHF RFID band (860-960 MHz) and has significant prospective to be used in small, extremely cheap
solutions where read range and/or high data transfer rate is essential. In this paper we have presented
extremely versatile antenna with outstanding reading distance of 3.8 meter. We discussed design
criteria, challenges outlined generic design process with focus on Inkjet printing and analyzed the
results due to variation in paper dielectric constant. The antenna has a wider bandwidth for catering the
fabrication disparity. The versatility of this design of the RFID tag is most useful for applications
where durability in read range is required, even in the presence of environment which can change the
dielectric constant of the substrate. The proposed antenna allows a simple integration directly on e.g.
paperboard in a roll-to-roll production line.
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