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Abstract

Radio Frequency Identification (RFID) is one of the most influential technologies of the twenty-first century. Today,
RFID technology is being applied in a wide array of disciplines in science research and industrial projects. The
significant impact of RFID is clearly visible by the rate of academic publications in the last few years. This article
surveys the literature to evaluate the trend of RFID technology development based on academic publications from
2001 to 2014. Both bibliometric and content analyses are applied to examine this topic in SCI-Index and SSCI-Index
documents. Based on the bibliometric technique, all 5,159 existing RFID documents are investigated and several
important factors are reviewed, including contributions by country, organizations, funding agencies, journal title,
authors, research area and Web of Science Category. Moreover, content analysis is applied to the top 100 most cited
documents and based on their contents, these top 100 documents are classified into four different categories with
each category divided in several sub-categories. This research aims to identify the best source of the most cited
RFID papers and to provide a comprehensive road map for the future research and development in the field of RFID
technology in both academic and industrial settings. Six key findings from this review are (1) the experimental
method is the most popular research methodology, (2) RFID research has been a hot area of investigation but will
branch out into related subset areas, (3) South East Asia is positioned to dominate this research space, (4) the focus
of research up to now has been on technical issues rather than business and management issues, (5) research on
RFID application domains will spread beyond supply chain and health care to a number of different areas, and (6)

more research will be related to policy issues such as security and privacy.

Keywords: RFID; radio frequency identification; historical literature review; bibliometric analysis; classification

framework.
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1 Introduction

Radio frequency identification (RFID) is a technology that identifies tagged objects via radiated RF signals.
Today, RFID is widely used in tracking objects, such as for automated identification and data capture, supply
chain management, tracking, access control, and asset management (Shakiba, Singh, Sundararajan, Zavvari, &
Islam, 2014). Compared to barcode technology, RFID has the ability to read and write data, most RFID tags
have a greater memory capacity, provides for a faster identification procedure, has greater read distance, and
supports concurrent identification of multiple tags. In addition, it does not need human mediation or line-of-sight

(Shakiba, Sundararajan, Zavvari, & Islam, 2013; Symonds, Ayoade, & Parry, 2009).

Curtin, Kauffman, and Riggins (2007) proposed a comprehensive research agenda for the study of the
adoption, usage and impact of RFID nearly a decade ago. In that paper, the authors outlined a number of
important organizational and management related research questions pertaining to RFID. They predicted that the
technical issues related to RFID would be examined in great detail by the engineering and computing academy,
but if the non-technical business issues were not investigated then adoption of the technology would lag.
Considerable literature pertaining to RFID was published between the decade-plus period from 2001 to 2014 and
the aim of this study is to broadly evaluate and categorize the RFID literature during this time in order to support
the base and knowledge development within this domain. In particular, in order to investigate the overall trend of

RFID research, the targets of this study include:

1. Provide a classification framework that is based on theory and informed by existing RFID publications

on the SCI-Index and SSCI-Index databases.

2. Apply this organizational structure to summarize the significant aspects of the voluminous RFID
literature.
3. Perform quantitative and qualitative evaluation and exploration of the RFID literature with respect to

both the accomplished milestones and noteworthy matters respectively, which would benefit both
research scholars and professionals.

4. Identify key researchers and gaps in the RFID literature in order to stimulate future studies.

The structure of the paper is as follows: Section 2 considers the research methodology and materials
used in this paper. Section 3 presents the bibliometric analysis of RFID publications, followed by a content
analysis of the top 100 RFID papers based on citation count in Section 4. In Section 5 we note limitations of our
study, followed by Section 6 where we summarize our findings, offer concluding remarks, and suggest directions

for future research.

2 Research Methodology and Material

The main objectives of this study are to assess the academic trends of RFID technology development based on
high quality published manuscripts and provide a roadmap for future research. In this regards, the Science
Citation Index Expanded (SCI) and Social Science Citation Index (SSCI) databases were selected as the sources
for the high quality manuscript documents. SCI and SSCI were obtained by a subscription from ISI, Web of
Science (WoS), with access provided by the library of Universiti Kebangsaan Malaysia (The National University
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of Malaysia). The other indexing categories of the WoS such as Art & Humanities Citation Index (A&HCI) and
conference proceedings were excluded from the investigation process. As mentioned, all analysis and
perceptions are only based on academic publications (SCI and SSCI databases) and other information and
publications such as published documents in other databases, industrial reports, commercial news, general

information resources, and white papers and so on were not involved in this study.

To achieve the above objectives, two different strategies were applied in this research: bibliometric
analysis and content analysis. In this order, the SCI and SSCI databases were systematically searched for RFID-
related materials published from 01 January, 2001 to 31 December, 2014, with an update from the databases on
31 March, 2015. All documents which included “RFID” or “radio frequency identification” in the title, abstract
or keywords were captured as presented at the attached file (Attachmentl RFID RawData.xlsx). The
bibliometric analyses quantitatively investigate all document characteristics such as country of origin,
organization affiliation, funding agency, journal, year published, research area, WoS category, author, and
number of times cited. The first strategy of gathering documents related to “RFID” or “radio frequency
identification” provides comprehensive historical information related to RFID technology. Based on the number
of published documents, we quantitatively ranked the different characteristics of the documents, but to provide a
clear view of RFID academic trends we also considered qualitative parameters of the documents including

citation, Avg citation, self-citation and h-index as defined below:

. Citation: A citation is a reference to a published document. We used only the SCI and SSCI databases
such that to count as a citation, both cited and citing documents must be documented in these databases,
and other citations are not considered.

. Avg. citation: The average number of citations, which is the total citations of all documents in a
category, divided by the number of documents in that same category.

. Self-citation: a citation where the cited and citing documents share at least a same author, a same
journal, or a same category (Couto, Grego, Pesquita, & Verissimo, 2009).

. h-index: The h-index “gives an estimate of the importance, significance, and broad impact of a
scientist’s cumulative research contributions”. The h-index is defined as the number of papers, h, with
citations greater than or equal to h. For example, an h-index of 25 indicates that the author has at least

25 papers with at least 25 citations each (Hirsch, 2005).

To give the right picture of academic trends in this area, in addition to the two main terms (RFID and
radio frequency identification) several other RFID-related keywords were also investigated and analyzed
including Internet of Things (IoT), wireless sensor networks, ubiquitous computing, automatic identification,
wireless communication, Near Field Communication (NFC), Global Positioning System (GPS), Electronic

Product Code (EPC), and Ultra High Frequency (UHF).

The second strategy we used was to analyze the contexts of the 100 most-cited documents. To find the
top 100 documents, we ranked all 5,159 captured documents from most to least cited (An excel file is attached as
a supplementary data to show the all 5,159 documents’ information, under the file name:
Attachment]l RFID RawData.xlsx). Citation analysis was based primarily on the impact factor as defined by the

Journal Citation Reports (JCR) and on Citation per Publication (CPP), which are used to assess the impact of
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journals. In this paper, we sort the documents based on average citations per year, which is defined as the ratio of
the number of citations the publication has received to the length of time since publication (Chao, Yang, & Jen,
2007). The full text of the top 100 most-cited articles were carefully reviewed, not only using bibliometric
analysis, but each article was classified using a single category for any diversity characteristic. To help frame a
series of research agenda items related to RFID, we will briefly consider the top 100 cited papers in four
different categories: RFID Technology, RFID Applications, Policy Issues, and Others. For each category, we
further assign articles to a sub-category. These four categories and sub-categories are defined based on the
contexts of the investigated documents. To minimize the errors, two of the four researchers in the team
independently classified each of the articles. If there was a difference in the selection of the two researchers, then
the article in question was discussed until an agreement was reached as to whether it should be included in the

final set (E. Ngai, Moon, Riggins, & Yi, 2008).

3 Bibliometric Analysis of RFID Publications

As mentioned before, the keywords “RFID” and “radio frequency identification” were used to search in the SCI
and SSCI databases in the range of years 2001 to 2014. A total of 5,159 documents were found which in total
have 45,568 citations. In this section, we present the bibliometric analyses we applied to provide future
researchers and investigators a general road map of RFID academic trends. In this case, we analyzed all 5,159
discovered documents and the top 100 most-cited documents using a trend analysis for the distribution status

(Attachmentll RFID AnalysisData.xIsx).

3.1 Distribution by country

Based on analyzing the attached excel file (Attachment]l RFID RawData.xlsx), and as shown in the
“Attachment II, Table I _Countries”, all RFID documents were published by 75 different countries, where the top
10 countries based on the number of publications are listed in the attached table (see Fig 1 for a shaded-coded
map). The number of publications in different countries is extracted based on the authors’ affiliations. For
documents with authors from different countries we multiple count the document. For example if there is a
document with two authors, from two different countries (we assume US and UK) as their affiliations; then we
count the document twice and add both US and UK publication number by one. As presented in the attached
table, the United States (USA) was the most prolific country publishing RFID-related documents with more than
23.5 percent of all the publications or 1,215 total published documents, as well as 48 percent of the most-cited
documents. Further, with 18,440 total citations, the USA accounts for more than 41 percent of all citations of
RFID documents in this data set. The USA h-index is 60 which double’s China’s h-index of 30. Based on the
number of publications the USA, China and South Korea are the first three countries, but based on the average
citations per document, USA, Italy and Germany with 15.18, 13.56, and 11.71 respectively are the counties
producing the most cited papers. It is interesting that the top ten countries produce nearly 85 percent of the
documents and 95.8 percent of the total citations. Based on attached data sheet (Attachment I and Attachment
IT), USA with 1,215 publications, 18,440 total citations, 15.18 average citation per document, 60 as an h-index,
and 48 documents in the top 100 cited documents is the country with the most contribution toward RFID
publications both in terms of quantitative impact (number of publications) and qualitative impact (high quality

publications). The next notable finding is the rate of self-citation. From this perspective, China, Taiwan and
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South Korea with respectively 15.73, 15.21 and 11.75 percent demonstrate the higher rate of the self-citation;

and the Germany with only 2.25 percent self-citation shows the lower rate.

Fig 1. RFID Map: contribution of different countries with RFID technology, based on number of publications.

3.2 Distribution by organization

All documents in this study are published by 2,927 different universities, institutes or organizations. “Attachment
II, Table II_Organizations” shows the top 20 organizations based on the number of RFID publications in the SCI
and SSCI databases. In terms of total publications, Hong Kong Polytechnic University of China, Electronics and
Telecommunications Research Institute from Korea and Tampere University of Technology from Finland with
77, 65, and 64 RFID publications respectively are the top three RFID research institutes. Based on the quality of
publications (average citation per document), Hong Kong University of Science and Technology from China,
University of Washington and Georgia Institute of Technology from USA, with 49, 37, and 61 published
documents, but 20.63, 19.62, and 18.92 average citations per document, are the top three pivotal institutes in the
field of RFID research. Based on the self-citation ratio, the University of Florida from USA, University of Hong
Kong from China, and the Tampere University of Technology from Finland with the 14.79, 12.84 and 10.24 self-
citation percentage are the organization with the most self-citation, in the other hand, the National Taiwan
University with only 0.81 percent of self-citation is the best organization from this point of view. As presented at
the “Attachment II, Table II Organizations”, among the top 20 organizations in the field of RFID, 16
organizations are from the South East Asia, and only 3 institute from USA, and just a single university from the

Europe, which is need to be considered.

3.3 Distribution by funding agency

The next important subject matter that we can extract form the raw data (Attachment I) is the top organizations
that financially supported RFID research projects based on the number of publications. Funding agencies are the
government or non-government organizations that provide research and academic funding in the form of
research grant or scholarships. These data were extracted based on the acknowledgement parts of the documents
and only agencies acknowledged are noted. As illustrated in the “Attachment II, Table III FundingAgencies”
National Natural Science Foundation of China with 311 publications is ranked as a top funding agency which is
followed by National Science Council, Taiwan with 168 publications and European Commission with 164

publications in the second and third rank.

3.4 Distribution by source title

All published RFID documents existing in the SCI and SSCI databases are published in 1,104 different journals.
As illustrated at the “Attachment II, Table IV_SourceTitles”, the Microwave and Optical Technology Letters
with 175 published documents is the highest ranked journal in RFID based on number of publications. In this
table, IF represent the journal impact factor which is the total number of citations of the journal divided by all

published documents during last two years (REUTERS, 2010):
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total citations in last two years
Impact factor =

total published documents in last two years

Publications such as lecture notes or conference proceedings do not have impact factors and are
therefore listed as being indexed in the mentioned databases. Based on impact factor, journals are categorized in
four different quartiles, with Q1 being the top 25% and so on. Based on the impact factor, the top journal in
contribution with RFID is Nature with 42.351 impact factor. It is interesting that the highest impact journal
published the highest cited paper entitled “Ultralow-power organic complementary circuits” by Hagen Klauk,
Ute Zschieschang, Jens Pflaum, and Marcus Halik from Germany in 2007. That paper has received 700 citations
making it the most cited paper in the RFID literature. However, that is the only RFID-related paper Nature

published during that time due to Nature’s wide topical scope.

3.5 Distribution by publication year

Fig 2 shows the distribution by year for all published documents and the top 100 most-cited papers. Based on Fig
2, there has been a sharp increase in RFID research, insofar as it shows just under 54 times growth in number of
publication from 2001 with 13 documents to 2014 with 699 published documents. On the other hand, the top 100
cited documents follows a different trend, where the major numbers of top cited documents were published in
2006, 2007, and 2008 respectively. Since the top 100 cited papers were selected based on the average number of

citations per year during the investigated time period we need to consider two important facts:

i The cited half-life of the investigated journals is approximately 6 to 7 years. In other words, the highest
citation of papers is expected to be achieved 6 to 7 years after the time of publication. Based on this,
older papers during the investigated time period would present a lower average.

il. The citation procedure is a time consuming process, approximately between 1 to 2 years. Based on this

point newly published documents achieve less citation.

Based on these two points we expect the highest average citation for documents published 6 to 7 years
prior to the gathering of data. Since this study investigate the documents through 2014, this explains why there
are more highly cited papers in 2006 to 2008 as presented at Fig 2.

Fig 2. Distribution by publication year from 2001 to 2014

Fig 3 illustrates the top 10 countries for publications through the studied period. It is observable that
there is a strong interest in RFID in South East Asian countries during the last few years. We can see that China
surpassed the USA in 2013 and 2014 based on the number of published documents. Furthermore, South Korea

and Taiwan are located at the next positions after the USA.

Fig 3. Distribution by publication year from 2001 to 2014 for top 10 countries

3.6 Distribution by author
Top 10 authors who publish papers related to RFID with their publication number, citations, average citations

per document, self-citation and h-index is extracted from the raw data and is available at the “Attachment II,
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Table V_Authors”. As shown, Leena Ukkonen, professor at Tampere University Technology from Finland is the
top author in the field of RFID based on the number of publications with 49 RFID papers. Of the 5,159
published documents in the SCI and SSCI databases, there are 142 documents by anonymous authors. In total,
there are 17,907 authors who have published within these database listings. The maximum number of authors for
one paper is 24 authors and on average there are 3.44 authors for a single paper. Attached “Attachment II, Table
V_Authors” ranks the authors based on the number of publications (quantitatively investigate the authors). But
based on the quality of documents, form the attached table, only Manos M. Tentzeris with 3 high cited paper and
Gaetano Marrocco with 1 high cited paper have papers in top 100 cited documents — and other authors in
attached “Table V_Authors” do not have any papers in the top 100 cited documents. On the other hand, there are
authors who focus more on quality than quantity. For example, K. V. Seshagiri Rao from Intermec Technology
Corp, USA has published only 10 documents but with an average citation 78.2 and with 3 papers in the top 100
cited documents or Ari Juels from Cornell University, USA has published 12 RFID documents and an average
citation 73.58, with 3 papers in the top 100 cited documents. It is also notable, where the Juels and Rao have
only 1% and 1.7% self-citation respectively, the authors listed at attached “Table V_Authors”, such as
Piramuthu, Smail, and Zheng have a high rate of self-citation on average per document with 21.32%, 18.64%

and 18.08% respectively.

3.7 Distribution by research area

There are some research areas defined by Thomson Reuters based on the topics and the scopes of the journals.
Journals publish documents in different research areas, where some journals publish in more than one research
area. Top 20 research areas in contribution to the RFID literature where there are 103 different research areas
with contributions to RFID are extracted from the raw data and illustrated at the “Attachment II, Table
VI _ResearchAreas”. As presented in attached table, Engineering (2,881), Computer Science (1,538),
Telecommunication (1,279), Physics (327), and Operations Research & Management Science (306) are the five
top research areas with contributions toward the RFID literature. The five areas at the top of the 100 most cited
papers are the same and in the same order, but the Materials Science also included — Engineering (51), Computer
Science (26), Material Science (15), Telecommunication (14), Physics (14) and Operation Research &
Management Science (13). Based on the attached “Table VI_ResearchAreas”, the Science Technology Other
Topics, Operation Research Management Science and Construction Building Technology by 14.85, 14.31, and

13.78 average citation per document are the most cited documents.

3.8 Distribution by Web of Science category

Based on subjects, journals are categorized in different Web of Science subject categories by Thomson Reuters.
Based on these categories, all RFID documents are published in 178 different subjects, where some journals
belong to more than one subject category. Based on WoS Subject category, as presented in “Attachment II,
Table VII. WoS”, Engineering Electrical Electronic (2,178), Telecommunications (1,279), Computer Science
Information System (744), Computer Science Theory Methods (319), and Computer Science Artificial
Intelligence (318) represent the top five subjects in RFID research. In the top 100 most-cited papers, Engineering
Electrical & Electronic with 33 documents is the top category, where Telecommunications and Material Science

with 14 and Operations Research & Management Science with 13 documents are in the second and third rank.
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Based on the average citation per document the Operation research & Management Science with 14.31 cite per

document, published highest cited documents.

3.9 Number of times cited

As we already mentioned there are 5,159 published documents in the SCI and SSCI databases with contributions
to RFID. These documents are cited 45,568 times. On average a paper is cited 8.83 times, where the h-index of
RFID documents is 80; that is, there are 80 documents that have 80 or more citations. It is interesting to note that
more than 8.8 percent of all the citations belong to the top 10 most cited papers. The top 100 papers account for
about 30 percent of all citations and around 63 percent of all citations belong to the first 10 percent most cited
papers. Not all RFID published documents have citations. Our count shows that 1,654 of the documents or 32%
have no citations. Fig 4 illustrates the distribution of RFID documents by citation per year, from 2001 to 2014.
As shown in Fig 4, the trend of citation is increasing sharply during the mentioned period, which indicates an

increase in interest in this area from academics.

Fig 4. Distribution by citation per year from 2001 to 2014

In section 3, several characteristics of the RFID published documents were analyzed, and all the discussed
characteristics information as a raw data (Attachment I) and as analysis data (Attachment II) are available.

Attachment II involve some additional information, which analyzed some other characteristics of the documents.

4 Content Analysis and Classification of the Top 100 Most-Cited RFID Papers

Our framework includes a content-oriented classification of the RFID literature. First, we classified the top 100
most cited papers within nine different research methodologies as follows: Experimental, Review, Simulation,
Case Study, Theoretical Analysis, Propose a Model, Introduction, Framework Extension and Software
Development. Next, we classified each of the 100 papers based on the content and the subject of the study into
four different categories: RFID Technology, RFID Applications, Policy Issues, and Others. Then each category
is divided into several subcategories. The details of our classification scheme based on research methodology

and subject categories are given in the following section.

4.1 Classification based on research methodology
We categorize the top 100 most-cited papers into nine different categories based on the research methodologies
applied in the articles. Here, we describe all nine methodologies used to prepare the articles. The methods are

sorted based on the frequency used across the 100 papers.

i) Experimental: Experiments are an essential part of the scientific method in the physical
sciences such as engineering. In experimental method, the proposed idea or
theory are physically implemented and tested under particular considerations

and environmental effects.
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ii) Review: Summarize, analyze, and criticize previously published articles.

iii) Simulation: Imitation of real world operation, normally based on some assumptions and

done with software simulators.

iv) Case Study: Investigate and analyze an event, project or system in a real life situation to

explore the causation regarding discovery of fundamental principles.

v)  Theoretical Analysis: An idea is analyzed theoretically based on the mathematics, physics, or

electronic principles and is not implemented or simulated.

vi) Propose a Model: Proposal of a new idea and creation of a model based on the idea; there is no
experimental result, but includes a discussion about the theoretical model

results.

vii) Introduction: General information regarding the topic, but does not review any methods

and previous ideas.

viii) Framework Extension: Authors provide a framework on a special topic to explain, understand and

predict a topic and to challenge existing knowledge.

ix) Software Development: Based on an existing idea a new interface, middleware, or software artifact is

developed.

As illustrated in Fig 5, papers based on Experimental results tend to be cited most often with 42
publications, followed by Review papers with 32 papers and Simulation papers with only 9 papers. An
interesting finding shown in the Table 1 is that while there are 42 Experimental papers, the research
methodology with the highest average number of citations per document are the two papers that propose a model
with 188 citations per document. Followed by this are Review papers, Experimental papers, and Theoretical

Analysis with about 141, 131 and 109 average citations per document respectively.

Fig 5. Frequency of nine research methodologies across the top most cited 100 papers in RFID

Table 1. Times cited for nine different research methodologies

4.2 Classification based on the subject of study

The 100 most-cited papers were investigated in detail based on the subject of the studies. In this regard, we
classified the articles within the four different major subject groups. Table 2 presents these four major groups
and the number of publications in each group. Based on the results, RFID Technology with 36 publications is the

most frequent subject with 5,590 total citations. However, the Policy Issues group with only eight articles has the
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highest average citations with 184.63 citations per paper. The four major subject categories and their sub-

categories are presented in the Fig 6.

Table 7 gives a summary of all 100 top cited articles in the classification scheme. For each paper, we
list the total number of citations followed by the average citations per year. This should be a helpful resource for

those researching RFID papers.

Table 2. Times cited for four different subject categories

Fig 6. Classification of top 100 RFID papers based on the subject of study

4.2.1  RFID Technology
Readers, tags, antennas, software, middleware, and computing software are included in RFID based systems.

Based on the reviewed papers, RFID Technology has been divided into the following three sub-categories:

i. Tag design and fabrication

RFID systems are integrated with tags. RFID tags are divided into active, passive and semi-passive tags. Active
tags having an on-board power battery and can transmit their IDs without require to the external power supplier.
On the other hand, passive tags have not an on-board energy source, therefore they response back the readers’
signals, where the signals supply the energy of the ID transmission process and any further communications.
Moreover, semi-passive tags that can act as active or passive tags, where they have their own on-board power
supplier, but in the interrogation zone of the reader, they can use the readers’ signals to support the energy.
Diverse RFID tags are available in the market, however, memory based integrated circuits are typically
incorporated in the RFID circuits. All testing sessions, design plans, production processes, power vendors or

material for RFID tags are included in this sub-classification.

ii. Communication infrastructure

The wired and wireless networks collectively form the communication infrastructure over which a series of
information transfer actions take place that deliver the data stored on a tag to the reader. Research articles that
include protocols and communication criteria, network connectivity matters and anti-collision algorithms are all

incorporated into this particular category.

iii. Antenna design

The antenna is a key element in any RFID system. The readers and tags require the antenna to facilitate
communication. Between the tag and the reader, data sharing is carried out by the antennae communication
channel. Moreover, an antenna configuration holds a significant role in evaluating the coverage area and
precision of a tag link. On the other hand, in passive tags’ communication structure, the antenna draws power
from the reader’s signal to both power the tag and send data. As a result, articles focusing on RFID antennae are

included in this category.
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Table 3 shows the number of papers belonging to the RFID Technology group. Of the 36 paper in this
group, about 58 percent (21 papers) are related to tag design and fabrication, where the other two sub-categories

are represented by about 22 percent and 19 percent of the publications by the technology category.
Table 3. Publications in the RFID Technology sub-categories

4.2.2  RFID Applications

Production, supply chain management, and logistics systems frequently employ RFID. However, the vision and
range of applications that are using RFID is much broader than these systems. RFID is being pilot tested and
deployed in many more dynamic and robust types of applications. RFID technology is a fundamental key
element for implementing electronic commerce, maintaining efficient supply chain management, employing
logistics tracking systems, and having effective resource management. To have successful enterprises today, it is
essential to monitor all resources, products, employees, and have efficient electronic relationships with suppliers
and customers. Heinrich indicates that RFID is becoming the hi-tech and thrilling next generation business tool
with respect to a diversity of applications (Heinrich, 2005). The RFID Applications category is therefore further

divided into a number of sub-categories based on the articles investigated here to include:

. Food Industry & Agriculture

. Supply Chain Management

. Retailing & E-commerce

. Health Care

. Tracking System & Localization
. Resource Management

. Social Science & Education

. Gas Detection

. Intelligent Products

Table 4 illustrates these sub-categories of RFID applications and their number of publications. Based on
the table, of the 33 papers in the RFID Applications group, Food Industry & Agriculture, Supply Chain
Management (SCM), and Retail Business & E-commerce are the most frequent applications with more than 21,
18, and 15 percent of publications within this group respectively, followed by Health Care with 12 percent and
Tracking System & Localization, Resource Management, and Social Science & Education with about 9 percent

of the published documents in this category.

Table 4. RFID Applications sub-categories publication number

4.2.3  Policy Issues
These issue can be divided into sub-categories of security and privacy as shown in Table 5. Of the eight articles

six (75 percent) pertain to the security sector and 2 documents (25 percent) pertain to the privacy area.
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i. Security

Security of confidential data and protection from illegal access and operation are the key matters pertaining to
security (Bhuptani & Moradpour, 2005). Being a wireless technology, RFID systems are subject to many
security threats with illegal tracking of the RFID tags being the most significant one. Other major security
hazards such as integrity, privacy, confirmation, authority, non-censure, and ambiguity can only be defeated by

implementing robust and enhanced security into the system (Knospe & Pohl, 2004).

ii. Privacy

RFID related privacy issues include likely misuse of data by allowed users resulting in incursion and
infringement of individual or company secrecy (Bhuptani & Moradpour, 2005). Consumer advocates are calling
for greater regulation and codes of practice, especially for tags that are readable worldwide because of the risk
that they pose to personal location privacy. Since everyone is concerned about privacy, RFID advocators have
acknowledged that procedures such as “‘kill”’ functionality and confining the chip range can be incorporated into
a system to avoid private data from being used illegally. Hence, a number of issues are captured in this sub-

category, including RFID/human interaction, legal security, RFID protection issues, and records safety laws.

Table 5. Policy issues sub-categories publication number

4.2.4  Others

There are many other issues covering important aspects of RFID technology like fabrication of electronic
devices, Internet of Things, general introduction of RFID systems, bibliometric studies, review papers, and
research on sensor networks. As shown in the Table 6, there are 23 documents in this category, with fabrication
of electronic devices being the most frequent representing more than 43 percent of the papers (10 documents), to

sensor networks with only one document located at the end of this group.

Table 6. Others subjects sub-categories publication number

As previously mentioned, Table 7 presents the summary of the top 100 papers by categories and sub-
categories, where we list the authors, publication year, total citations, and average citations per year respectively
for each paper (see the Reference section for full reference citation). We believe this table will be a useful source

for those researching RFID papers.

Table 7. Classification of the reviewed literature

5 Limitations

The applied methodology in this research has the following limitations:

. The study is only based on academic publications, where we do not investigate industry and market

information regarding RFID technology.
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To collect the academic publications, only the SCI and SSCI indexed documents were selected. Hence
we lose the opportunity to consider high quality papers in other databases and indexes. However, while
this means that the review is not exhaustive, we believe that it is comprehensive.

The quality of the papers evaluated is based on the number of citations of the paper. The citation count
is also limited to the SCI and SSCI indexed documents and citations from other documents are not
included. Further, in our study citation presents the quality of the paper; other criteria of the publication
such as scope of study, methodology, transfer to industry and so on are not investigated when

evaluating the top papers.

Discussion and Conclusion

In this review paper, we applied the bibliometric method to investigate all RFID documents in the SCI Index and

SSCI Index from 2001 to the end of 2014. All 5,159 existing documents are categorized based on several

different elements to show the trends in RFID research during this period of time. The most influential countries,

journals, organizations and researchers are presented. Furthermore, the 100 most-cited RFID documents are

investigated in detail based on their content and classified into nine different groups based on the applied

research methodologies, followed by a categorization based on topic into four categories and sub-categories.

il.

We believe the key findings of this research can be listed as follows:

Our review classifies the top 100 most-cited RFID articles into nine different research methodologies as
shown in Table 1 and Fig 5. Our findings illustrate that by far the most popular approach is to apply the
experimental method accounting for 42 percent of the top articles. Since papers that applied the
experimental methodology are based on real observed data using a controlled experiment, their results
are highly reliable and replicable to other settings which helps account for their citation noteworthiness
and high quality. Hence it is apparent that experimental studies are very attractive for researchers and
receive more citations. In addition, the technical nature of RFID lends itself to a research mindset of
experimentation to solve technical problems as the technology matures. We expect the experimental
methodology will continue to dominate this area for the next decade. However, as these technical
problems are addressed we also expect to see other methodologies employed more frequently to address
the non-technical such as incentives to encourage adoption, best practices for usage, and approaches to
achieve value maximization. To this end we expect to see more case studies, theoretical analysis, and

proposed models to address these issues.

According to the rates of publication in the investigation period from 2001 thru 2014, RFID had only 13
published documents in 2001 but then exhibited a sharp increase in publication activity during the study
period resulting in an increase of more than a factor of 53 to reach a total of 699 published documents
in 2014. An even sharper increase occurred in the citation numbers for these papers. RFID documents
were cited seven times in 2002, but demonstrated more than a thousand times increase citations in 2012
and after. Therefore, we believe we can state that RFID has become a hot research area during the past

ten years. Based on the publication and citation trends, we anticipate that research on RFID topics will
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1il.

iv.

continue to increase and evolve over the next decade, but shift toward RFID-related subset arcas. We
expect to see a relative decline in RFID-specific research but an increase in topics related to RFID as
the field matures and broadens to other areas. RFID related topics in which we expect to see increased
publication activity include the Internet of Things (IoT), wireless sensor networks, ubiquitous
computing, automatic identification and more application-based studies. The papers noted here,
especially the most highly cited papers, should provide a strong foundation on which to build a growing

body of literature in these related areas.

In our review, we find that in total 75 different countries have contributed to the growing publication
stream of RFID research papers. Industrialized countries have had more contributions in this regards,
with the USA accounting for about a quarter of the activity due to 1,215 published documents, and 48
percent of the 100 most-cited articles. While the USA has more publications up to this time, based on
“Attachment II, Table II Organizations”, there are 16 institutes and universities in South East Asia
among the top 20 world organizations advancing research in this area. At the same time, as shown in
“Attachment 11, Table III_FundingAgencies”, it is observable that South East Asia is taking RFID very
seriously where six of the top 10 funding agencies are located. This focus is easily demonstrated by a
quick check of recent patterns of RFID search terms by regional interest on Google Trends.
Consequently, we expect the ratio of RFID-related publications originating from South East Asia
countries will increase sharply over the next decade. The recent trends shown in Fig 3 help justify this
expectation. From this study, we conclude that due to its commitment to advancing RFID knowledge
South East Asia is positioned to overtake North America and Europe in this area and dominate this field
in the coming years. Combining this point with the previous point, we believe South East Asia may be

poised to dominate the emerging RFID-related subset fields as well.

As shown in “Attachment II, Table IV_SourceTitle”, this study highlights that the majority of research
has been published in technical journals such as IEEE publications and other engineering outlets, and
according to “Attachment II, Table VI_ResearchAreas” tends to focus on technical research areas such
as engineering, computer science and telecommunication. This is understandable since our framework
category with the most highly-cited publications was for RFID Technology with a focus on tag design,
antennae design and development of the communication infrastructure. While the SSCI database and
publication outlets related to management, business and economics are investigated in this study, the
ratio of publications on technical issues is much higher than non-technical issues such as business and
management issues in the existing literature stream. This is evidenced by the fact that the SCI database
produced ten times more RFID-related papers than the SSCI database. The scant number of business
and management related publications is surprising considering that one of the papers on the most-cited
list specifically calls for, and suggests research directions for, research in this area (Curtin et al., 2007).
For example, standards development naturally lends itself to technical papers, however the role of
standards is also critical for adoption by numerous parties which then allows externality benefits to
occur. It is clear that if organizations are to take full advantage of RFID and related technologies these

“soft” issues related to adoption, incentives, and value allocation must be examined. Some progress has
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V.

been made in this area where outlets such as Expert Systems with Applications (62 documents) and
International Journal of Production Economics (54 documents) illustrate this trend. We are eager to see
which other journals, particularly those in operations management and information systems, take up the
mantle for advancing research on RFID and related emerging technologies. We also hope to see a
modification of the perspective taken by funding agencies on this issues. Much funding is currently
being funneled to the STEM fields of science, technology, engineering and math. While funding
agencies such as the US National Science Foundation have funded some technical studies related to
RFID, in general business and management issues, even when related to specific technologies such as
RFID, are not considered a STEM-related area. Until information technology management is
considered a STEM-related area research funding of these issues is likely to be sparse. Ultimately,
though we expect to see a shift to more investigation of the management and business issues in the
coming decade. Based on this discussion, the trend of RFID research has tended to stay in the technical
area and we echo that suggestions made by Curtin, et al. (2007) about the need for more well-rounded

RFID research agenda.

Our literature survey shows that about a third of the 100 most-cited articles concentrate on topics in the
RFID Applications category of our framework. There are 9 different application areas shown in Fig 6
which are investigated in these documents, where Food Industry & Agriculture, Supply Chain
Management, and Retailing & E-commerce are the most popular sub-categories with 7, 6, and 5 papers
respectively. In the future, RFID is expected to be used in more applications in various locations and
environments. In addition to supply chain management and health care, over the next 10 years we
expect to see more investigation and publications on RFID applications where the technology is applied
in many other business contexts including asset tracking, traffic and logistics systems, agricultural
settings, electronic commerce, and smart products, just to mention a few. Researchers in the social
sciences of management, information systems, and operations management should focus on these areas
in the coming decade. In addition to the experimental methodology, this is where we expect to see more
case studies, simulations, theoretical analysis, and proposed models to address adoption, usage and
value in these environments. In particular, within different domains and contexts the correct business
model must be examined to account for value maximization as well as control of costs of implementing

the technology.

Finally, we expect to see more work within our third category of Policy Issues. Management policies
regarding internal adoption and usage, as well as those related to external trading partner agreements
making use of RFID must be examined. How will value be allocated across the value chain? What
incentives need to be provided to encourage trading partners to adopt the technology? How do network
externalities impact adoption and value across the value chain? Also, for all businesses and applications
security is clearly an essential issue. During the last decade, deficiencies in the technology have led to
relatively low security levels in many RFID applications. Consequently, there have been fewer
application studies and a large number of technical publications in this area. More recently, however,

security problems have been lessened due to advances in RFID technology. The impact of a perception
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of lingering security problems is a social science issue that impacts adoption. On a related issue, RFID
and related wireless sensor networks have the potential to threaten individual privacy which would
hamper adoption in public settings. These privacy issues need to be examined from the perspective of
personal information as a private good which can be exchanged given proper incentives. All of these
issues must be given more attention by researchers and we hope will result in more publications in these

areas in the coming decade.

It is hoped that this examination of the existing literature stream of research related to RFID technology
based on current academic publications will provide a roadmap and support the future direction of research in
this area. In addition, it provides a foundation on which to build new literature streams in related areas such as

the internet of things, wireless sensor networks, ubiquitous computing, and automatic identification systems.
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Table 1. Times cited for nine different research methodologies

Methodology NP TC Avg. TC
Experimental 42 5503 131.02
Review 32 4543 141.97
Simulation 9 939 104.33
Case Study 6 512 85.33
Theoretical Analysis 3 329 109.67
Introduction 3 293 97.67
Propose a Model 2 376 188
Framework Extension 2 146 73
Software Development 1 93 93
Grand Total 100 12734 127.34
NP: Number of Publication TC: Time Cited

Avg. TC: Average Time Cited per Document
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Table 2. Times cited for four different subject categories

Category NP TC Avg. TC
RFID Technology 36 5,590 155.28
RFID Applications 33 2,822 85.52
Policy Issues 8 1,477 184.63
Others 23 2,845 123.7
Sum 100 10,803 108.03
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Fig 6. Classification of top 100 RFID papers based on the subject of study

Table 3. Publications in the RFID Technology sub-categories

RFID Technology Sub-Categories NP % by Category TC Avg. TC
Tags Design and Fabrication 21 58.33 3780 180
Communication infrastructure 8 22.22 934 116.75
Antenna Design 7 19.45 876 125.14
Sum 36 100 5590 155.28
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Table 4. RFID Applications sub-categories publication number

RFID App Sub-Categories NP % by Category TC Avg. TC
Food Industry & Agriculture 7 21.21 876 125.14
Supply Chain Management 6 18.19 628 104.67
Retail Business & E-commerce 5 15.15 360 72
Health Care 4 12.12 252 63
Tracking System & Localization 3 9.09 106 3533
Resource Management 3 9.09 275 91.67
Social Science & Education 3 9.09 198 66
Gas Detection 1 3.03 61 61
Intelligent Products 1 3.03 66 66
Sum 33 100 2822 85.52

Table 5. Policy issues sub-categories publication number

Policy Issues Sub-Categories NP % at Category TC Avg. TC
Security 6 75 955 159.17
Privacy 2 25 522 261
Sum 8 100 1477 184.63

Table 6. Others subjects sub-categories publication number

Others Sub-Categories NP % at Category TC Avg. TC
Fabrication of Electronic Devices 10 43.49 781 78.1
Internet of Things 3 13.04 673 224.33
General Introduction 3 13.04 586 195.33
Bibliometric Study 3 13.04 357 119
Review 3 13.04 343 114.33
Sensor Networks 1 4.35 105 105
Sum 23 100 2845 123.7
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Table 7. Classification of the reviewed literature
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