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ABSTRACT

A bibliometric analysis was conducted to examine research on in-body communication. This
study aimed to assess the research growth in different countries, identify influential authors
for potential international collaboration, investigate research challenges, and explore future
prospects for in-body communication. A total of 148 articles written in English from journals
and conference proceedings were gathered from the Scopus database. These articles cover the
period from 2006 until August 2023. VOS Viewer 1.6.19 and Tableau Cloud were used to ana-
lyze the data. The analysis reveals that research on in-body communication has shown fluctua-
tions but overall tends to increase. The United States, Finland, and Japan were identified as the
leading countries (top three) in terms of publication quantity, while researchers from Norway;,
Finland, and Morocco received the highest number of citations. The University of Oulu in
Finland has emerged as a productive institution in this field. Collaborative research opportuni-
ties exist with the countries mentioned above or with authors who have expertise in this topic.
The dominant research topic within this field pertains to ultra-wideband (UWB) technology.
One of the future challenges in this field is the exploration of optical wireless communication
(OWCQ) as a potential communication medium for in-body devices, such as electronic devices
implanted in the human body. This includes improving performance to meet the requirements
for in-body communication devices. Additionally, this paper provides further insights into the
progress of research on OWC for in-body communication conducted in our laboratory.

KEYWORDS
bibliometric analysis, VOS viewer, in-body communication, optical wireless communication,
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1  INTRODUCTION

Wireless communication has made significant advancements in the healthcare
industry [1], [2], providing numerous benefits to patients, doctors, and nursing staff [3].
This includes the ability to remotely monitor chronic diseases. In-body communica-
tion emerges as a promising wireless technology, enabling data transmission to and
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from in-body devices (e.g., implants, sensors, energy harvester devices, smart pills,
etc.) [4]. Pacemakers, cardiac defibrillators, cochelar implants, insulin pumps, brain
implants, and retinal implants are examples of implants that have pivotal applications
in the healthcare field, specifically in wireless sensing networks. These devices capture
bio-signals, convert them into signals, and wirelessly transmit them to external units
for monitoring and identifying biological processes [5]. Additionally, in-body devices
typically need to be controlled remotely, for instance to change settings, to install a
new user profile, to request for sensor measurements, etc. Further exploration in this
field is essential for advancing this technology. Given the profound implications of
this technology, it is imperative to conduct a rigorous examination of existing research
trends in order to identify and address any gaps in the current state of the art. This
state-of-the-art study will cover various aspects, such as the feasibility of communi-
cation networks, the confidentiality of patient privacy data, the provision of power
supplies for implants, and more.

Numerous methodologies exist for identifying current research trends, includ-
ing classical and systematic literature reviews, meta-analyses, mapping analyses,
and bibliometric studies [6]. Among these approaches, bibliometric analysis stands
out for its unique capabilities, such as the rapid identification of research gaps and
potential collaboration avenues [7]. As a quantitative technique, bibliometric analy-
sis serves as a powerful tool for mapping the evolving landscape of specific research
domains [8]. It aggregates data from various sources and presents it in a visual for-
mat, thereby facilitating data-driven conclusions and decision-making processes [9].
In recent years, bibliometrics has emerged as a preferred method for conducting lit-
erature reviews in various research fields. Some examples include corrosion in med-
ical implants [10], e-health initiatives [11], future-oriented green communication
[12], blockchain applications [13], smart healthcare systems [14], and the Internet of
Things (IoT) in healthcare settings [15].

Moreover, in addition to its practicality in identifying emerging trends, bibliomet-
ric analysis also enables the evaluation of other factors, such as the performance of
academic journals and the examination of the intellectual structure of a specific field
based on existing scholarly literature. This analysis helps clarify the patterns that
emerge during the process of field modernization. The data used in bibliometric analy-
sis are typically objective and extensive, including various measurements such as pub-
lication count, subject matter, keywords, and citations. However, interpreting this data
may involve objective assessment and subjective analysis using informed methodol-
ogies and techniques. When conducted correctly, bibliometric research can provide
a solid foundation for advancing a field in innovative and impactful ways. It enables
researchers to comprehensively understand the field, identify gaps in knowledge,
explore new avenues for investigation, and position their expected contributions [16].

Remarkably, despite its growing relevance, no bibliometric studies have been
undertaken to explore the landscape of in-body communication research. This study
aims to address the research gap by conducting a comprehensive bibliometric analysis
focused on in-body communication. The primary objective of this work is to provide
readers with a comprehensive understanding of the growth of research on in-body
communication. It aims to identify the leading country in this field, highlight poten-
tial collaborative opportunities, pinpoint forthcoming challenges, and offer unique
insights from our own institutional research on this emerging subject. This research
will utilize VOS Viewer, a meta-analysis tool that has the capability to examine the
relationship between research articles in terms of specific themes and subjects [17].
Furthermore, this tool has the capability to present data on patterns in in-body com-
munication and visually represent them through easily interpretable graphs.
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2  METHODS

In this study, we conducted four stages (Figure 1) to perform a bibliometric analysis of
in-body communications: data collection, visualization, analysis, and additional insights.

(" 2.DataVisualization ) 4 3. Analysis ) (" 4. Additional Insights
* Research Growth Analysis University of Oulu’s
) + In-Body Communication Contributions
* VosViewer 1.6.19 I@D Studies in Various Countries @D Regarding In-Body
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Fig. 1. Research phases of bibliometric analysis

The first phase of the study involved gathering academic articles from various
sources. Nevertheless, for the purposes of this analysis, we exclusively focused
on the Scopus database. This choice was made due to Scopus’s established repu-
tation for providing high-quality scholarly publications and its widespread usage
in bibliometric studies [18-21]. Scopus is also commonly used by researchers for
bibliometric analysis. Access to the Scopus Explorer was graciously facilitated by
the University of Oulu through the campus intranet network. The data acquisition
phase spanned from 2006 to the end of 2023. Our search strategy utilized the key-
words “In Body Communication” and “In Body Wireless Communication,” with
the following search parameters: TITLE-ABS-KEY (“In Body Communication” OR
“In Body Wireless Communication”) AND (LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO
(DOCTYPE, “cp”)) AND (LIMIT-TO (LANGUAGE, “English”)). This search yielded a cor-
pus of 148 articles, which included 52 journal articles (35.1%) and 96 conference
papers (64.9%). All of the articles were sourced exclusively from English-language
publications. Subsequent to meeting the search criteria, the data gathered, which
includes key metadata such as authorship, citation counts, institutional affiliations,
keywords, and abstracts, was exported in CSV format for further analysis.

Visualization tools are essential for conducting a thorough bibliometric analy-
sis, and there are numerous software options available for this purpose. For this
study, we selected VOS Viewer (version 1.6.19, released on January 23, 2023) [22]
and the cloud-based version of Tableau, which can be accessed at https://www.
tableau.com/products/cloud-bi. These platforms offer a wide range of data visual-
ization techniques, allowing us to effectively present key findings and fulfill our
research objectives. These include generating graphs that depict the temporal tra-
jectory of in-body communication research from its inception to 2023, producing
a geographical heatmap that quantifies the volume of research by country, and
establishing interrelations between keywords extracted from the selected articles.
To ensure methodological integrity and minimize potential bias caused by frequent
database updates, all search procedures were performed on a single day, specifi-
cally on August 25, 2023 (match with the important date of author in [74]). As this
research is limited to the analysis of secondary data and does not involve human
subjects, informed consent was deemed unnecessary.

Through the analysis of this visual data, our objective is to gain an understand-
ing of the research advancements in the field of in-body communication as well
as to obtain valuable insights into future ideas and challenges within this domain.
Additionally, we will provide a detailed description of the research progress on
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in-body communication conducted at the University of Oulu, specifically within the
Centre for Wireless Communications. Our aim is to offer further insight into the con-
tributions made by our institution to this field. It is important to acknowledge that
our university is globally recognized as one of the leading authorities on this topic.

Our objective in analyzing this visual data is twofold: firstly, to gain a compre-
hensive understanding of the progress and innovations in the field of in-body
communication; and secondly, to extract practical insights into potential chal-
lenges and research opportunities within this specialized domain. In addition to
the broader analysis, this study will clarify the research contributions originating
from the University of Oulu, specifically within the scope of the Centre for Wireless
Communications. This focused analysis aims to shed light on the influential role
played by our institution in this area of research, highlighting the global recognition
of the University of Oulu as a leading authority on the subject.

3 RESULTS AND ANALYSIS
3.1 Analysis of research growth

Based on the information from Scopus, a total of 148 scholarly articles have been
compiled on the topic of in-body communication since its inception until August 2023
(Figure 2). The initial research on this subject was published in 2006 in the Proceedings
of the 4th Asia-Pacific Conference on Environmental Electromagnetics (CEEM 2006) by
Wang and Su [23]. Wang was affiliated with the Nagoya Institute of Technology in
Japan, while Su was affiliated with BeiHang University in China. This article has been
indexed by Scopus and has been referenced 23 times. According to the Google Scholar
database, it has been cited 36 times. Their study focused on a modeling approach to
assess the feasibility of using ultra-wideband (UWB) systems for biomedical applica-
tions, particularly for wireless communication within the human body. The results
obtained by conducting mathematical calculations on the UWB signal propagation
channel and the proposed modulation indicate that the UWB system satisfies the nec-
essary criteria for viability. It can be employed for wireless communication inside the
body, as demonstrated by the observed bit error rate (BER) performance.

In the following year (2007), the proceedings featured four articles. One author,
Higgins, affiliated with the United Kingdom, made the most significant contribution
by authoring three of the articles [24-26]. Notably, these articles discuss the possi-
bilities of wireless communication for electronic implants within the human body,
a method referred to as “in-body communication,” which relies on radio frequency
(RF) technology.

In 2008, there was a dearth of scholarly publications addressing this specific
subject matter. However, the following year saw a notable increase in the num-
ber of published articles, with the simultaneous release of five articles. “Path
loss model for inhomogeneous human muscle tissue in the context of in-body
communication,” authored by Kurup et al. from Ghent University in Belgium and
published in the electronics letter [27], was pioneering among them. The authors
successfully developed a model to quantify the attenuation of signal strength within
the muscle tissue of the human body, specifically for implants operating at a fre-
quency of 2.4 GHz. This groundbreaking model serves as a valuable reference for
designing and implementing in-body communication systems. The significance of
this paper is evidenced by its recognition, with 37 citations in the Scopus database
and 55 in the Google Scholar database.
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Fig. 2. Growth of in-body communication research as reflected in Scopus

During the period from 2010 to 2022, the number of publications relating to
in-body communication varied but showed an overall upward trend. The highest
number of publications occurred in 2022, totaling 18. These publications consisted
of six journal articles and 12 proceedings articles. From 2019 to 2022, research on
in-body communications primarily focused on the characteristics of UWB channels
in RF communication, antenna design, and ultrasound. Furthermore, some authors
have started to investigate near infrared (NIR) as a communication technology, as
evidenced by [28-31]. As of now, in 2023, only four publications have been recorded.
However, it is important to note that this data was collected up until August 2023,
and there is still a possibility of an increase by the end of the year.

In Table 1 we have examined the top three authors in the field of in-body communi-
cation. The Scopus H-index, number of citations, total publications, current affiliation,
country, and Scopus author ID of the individuals have been recorded. Balasingham
and Iinatti were found to be the highest-ranked authors, with 11 and 10 publications,
respectively. Kissi and Sarestoniemi followed in second and third place, with nine and
eight publications, respectively. The ranking based on the number of citations reflects
the impact of the authors in the research area. Balasingham, with the highest number
of citations and Scopus H-index, is regarded as the most prolific author. He currently
holds the position of professor of medical signal processing and communications at
the department of electronic systems, faculty of information technology and electri-
cal engineering, Oslo University Hospital, and Norwegian University of Science and
Technology. His research interests include robust short-range communications, wire-
less body area sensor networks (WBANSs), microwave short-range sensing, localiza-
tion and tracking of mobile sensors, and nanoscale communication networks.

Table 1. Top authors with the number of citations (counted on August 25, 2023)

Rank Author Citations Total Publication Scopus H-Index Affiliation Country  Scopus ID
[ | Balasingham, I (10) 4271 308 33 Oslo University Hospital Norway 6602773063
[ | linatti, J. (10) 2,981 230 24 University of Oulu Finland 3560731930
II | Kissi C. (9) 158 22 8 Ibn Tofail University Morocco 57207348180
[II | Sérestoniemi, M. (8) 286 53 9 University of Oulu Finland 8394130300
IV | Bauch, G. 3,879 244 31 TU Hamburg Germany 6701608210
IV | Hamalainen, M. 2,167 167 22 University of Oulu Finland 7102722291
IV | Saito, K. 2,040 201 20 Chiba University Japan 55576600100
(Continued)

132 International Journal of Online and Biomedical Engineering (iJOE) iJOE [ Vol. 20 No. 1(2024)


https://online-journals.org/index.php/i-joe

Global Growth and Trends of In-Body Communication Research—Insight From Bibliometric Analysis

Table 1. Top authors with the number of citations (counted on August 25, 2023) (Continued)

Rank Author Citations Total Publication Scopus H-Index Affiliation Country Scopus ID
IV | Cardona, N. 1,629 188 22 ; S ] 6701536191
- Valencia Polytechnic University | Spain —
IV | Garcia-Pardo, C. 611 63 15 56644889700
IV | Leelatien, P. 41 13 3 Thammasat University Thailand | 36195806000
IV | Brumm, ].C. 32 8 B TU Hamburg Germany | 57195568647

3.2 Mapping in-body communication research in various countries

This section provides a summary of the top five institutions that have demonstrated
high productivity in the field of in-body communication, as indicated in Table 2. Our
findings reveal that the University of Oulu in Finland, Oslo University Hospital in
Norway, and the National School of Applied Sciences Kenitra in Morocco have emerged
as the most productive institutions, with 16, 11, and 10 publications, respectively. The
University of Ouly, in collaboration with the Centre for Wireless Communications, is one
of the leading research centers and receives significant financial support from organiza-
tions such as the Academy of Finland (recently is named as Research Council of Finland),
the Horizon 2020 framework program, and the European Regional Development Fund.

The rankings for the field of in-body communication in Finland and Norway, as
displayed in Table 2, are influenced by the contributions of academics Balasingham,
linatti, and Hamalainen, as listed in Table 1. Notably, the United States holds the top
ranking in terms of the geographical distribution of scientific articles, as indicated in
Table 3. This accomplishment has been achieved through numerous research partner-
ships with both domestic and international universities (as visualized in Figure 3), con-
solidating the United States’ leading position. The figure demonstrates a strong research
collaboration on the topic of in-body communication between Finland, Morocco, and
the United States. Figure 3 was generated using the VOS Viewer software for co-author
analysis (by country), with a minimum threshold of 10 country documents. Out of the
37 countries examined, only nine met this threshold requirement. Among those nine
countries, only six displayed interconnections. Norway, Spain, and Belgium were not
involved in collaborations with these six countries; therefore, they were not included in
the visualization. The United States demonstrated connections with Morocco, Finland,
Germany, and the United Kingdom, with respective link strengths of 10, 13, 1, and 1,
resulting in a total link strength of 25. The link strengths between keywords indicate
the frequency of co-occurrence in publications [32], [33]. While the overall link strength
of the United States exceeds that of Morocco (n = 20), it is lower than Finland’s (n = 27)
due to Finland’s higher number of research papers co-authored with other countries.

The top five countries in terms of productivity are the United States, Finland, and
Japan, with 21, 18, and 17 publications, respectively. This implies that the topic of
in-body communication is extensively investigated and widely recognized across
three continents: North America, Europe, and Asia. This is evidenced by the pres-
ence of these countries in the list of the top ten publishing countries. Table 3 also
shows the distribution of contributors from various institutions, categorized as uni-
versity-based or non-based, in each country. For instance, Germany benefits from
the contributions of university-based institutions such as the Technical University
(TU) Hamburg, the University of Erlangen-Nuremberg, TU Berlin, TU Dresden, and
TU Kaiserslautern, as well as non-university-based institutions like Nokia Bell Labs
Germany and Advico Microelectronics GmbH. In Finland, the University of Oulu
stands out as a significant influence in the research field of in-body communications.
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Table 2. The top-five most productive institutions

Rank Institution Country  Number of Publications

[ | University of Oulu Finland 16

II | Oslo University hospital Norway 11
III | The National School of Applied Sciences Kenitra Morocco 10
IV | Centre for Wireless Communications, University of Oulu | Finland 9
IV | Ibn Tofail University Morocco 9
IV | Norwegian University of Science and Technology Norway 9
V| Chiba University Japan 8
Valencia Polytechnic University Spain 8

Purdue University United States 8

Table 3. The top-five leading countries

Number of Contributors

Publications

Rank

Country
University-based Institution

Non-University-based Institution

I United States 21 Purdue University, University of Illinois, MIT, San Diego Nokia Bell Labs United States, NEVA
State University, Worcester Polytechnic Institute, Harvard Electromagnetics, Massachusetts
University, Oregon State University, Texas A&M University, | General Hospital
Virginia Polytechnic Institute and State University
I
II Finland 18 University of Oulu Nokia Bell Labs Finland,

.I.

VTT Technical Research Centre
of Finland

111 Japan 17 Nippon Institute of Technology, University of Tsukuba,
Chiba University, Tohoku University, Nagoya Institute

of Technology, Keio University

National Institute of Information
and Communications Technology

IV | United Kingdom 14 Aston University, Queen Mary University of London, Toshiba Research Europe,
~ University of Warwick, Queen’s University Belfast, Zarlink Semiconductor
e Newcastle University
] | SO
\Y Germany 13 TU Hamburg, University of Erlangen—Nuremberg, TU Berlin, | Nokia Bell Labs Germany,
TU Dresden, TU Kaiserslautern Advico Microelectronics
mofcco unite@states firllgnd gerfpany © Jjapan

Fig. 3. Network visualization among country containing Morocco, United States, Finland, Germany,

United Kingdom, and Japan
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Fig. 4. Map showcasing the research publications in the field of in-body communication across different countries
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In summary, our research findings suggest that the United States, Finland, and
Japan offer the greatest opportunities for research collaboration in the field of in-body
communication design and development. This is supported by the number of publi-
cations, as shown in Table 3. Regarding WBAN, or medical ICT, specifically in-body
communication, there is potential for collaboration with Balasingham’s research
group at Oslo University Hospital and the Norwegian University of Science and
Technology, as well as Iinati’s research group at the University of Oulu (see Table 2).
Both teams possess extensive expertise in this field, as demonstrated by the signifi-
cant number of citations their articles have received (see Table 1). Subsequently, the
data extracted from Table 3 is used to generate Figure 4, which visually depicts the
global distribution of research studies conducted on in-body communication across
different countries. This visual representation is constructed using the Tableau
Cloud platform and presents the data on a geographic map. The map is shaded using
a 15-level gradient, where a darker hue indicates a higher count of studies, while a
lighter shade indicates a lower count. For instance, the United States is prominently
displayed in a vibrant red color due to its significant number of publications, whereas
Russia is represented in yellow owing to its low number of publications. It is note-
worthy to mention that Finland holds a prominent position among countries con-
ducting extensive research in the field of in-body communication on a global scale.

3.3 Mapping in-body communication research challenges and open topics

The examination of current research trends enables the analysis of research
challenges. These trends can be identified by evaluating the frequency and rele-
vance of keywords commonly used by researchers. Figure 5 displays the data on
the relationship between keywords in in-body communication research from
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2006 to the present. The data is presented in overlay mode [34], allowing us to ana-
lyze the most recent research by observing the color changes over the years. This
data has been analyzed for the past 17 years to gain insights into the current research
in this field. The creation of the keyword linkage map was made possible by the VOS
Viewer 1.6.19 software, which utilized data from Scopus. This map, also known as
a co-occurrence analysis of keywords, was used to investigate the most significant
keywords and themes in the selected documents. In this study, a threshold of one
occurrence was set to select keywords. This means that only keywords that appeared
at least once in the selected documents were considered. As a result, 1258 keywords
met this threshold. The size of the circle represents the number of keywords used,
with larger circles indicating a higher number of keywords (see Figure 5).
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Fig. 5. Keywords in the field of in-body communication research

Through this analysis, it was discovered that several keywords were frequently
used in the literature on in-body communication, such as: 1) UWB; 2) in-body com-
munication; 3) WBAN; 4) wearable antenna; and 5) microwave antenna. This finding
highlights the extensive amount of research that has been conducted and continues
to be conducted in these specific areas. UWB technology has gained recognition as a
promising choice for implant communication systems due to its numerous advan-
tages, such as high data rates and simple transceivers [35]. This technology has been
successfully employed in various medical monitoring applications [36], including
tumor detection, heart rate and respiration monitoring, and glucose level monitoring.
However, there are limitations to UWB technology, such as increased signal loss in
biological tissues and vulnerability to temperature variations in biological tissues [31].
Nevertheless, the use of implantable antennas based on UWB technology for medical
purposes is growing. This is because they have the ability to penetrate the human body
and provide valuable health-related data using the parameters mentioned above [37].
The design of UWB antennas for implantable devices presents three primary chal-
lenges: limited antenna dimensions for implantation, the need for bio-compatibility,
and the requirement for electrical isolation from the human body [38].
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Additionally, we have identified the keywords that are least commonly found in the
existing literature. This suggests that these specific areas deserve the attention of future
researchers and require further investigation to bridge the gap. The keywords in ques-
tion are: 1) medium access control; 2) optical communication or optical wireless com-
munication (OWC); 3) wideband antenna; 4) 6G; 5) mobile antennas; 6) patch antennas;
7) algorithm; 8) neural networks; 9) implanted antenna; 10) low power; 11) anatom-
ical model; 12) energy efficiency; 13) channel coding; and 14) orthogonal frequency
division signify the absence of sufficient research in these domains, emphasizing the
need for additional scholarly exploration. When examined on an annual basis, the red
keywords represent the most recent research topics. OWC, also known as optical com-
munications, stands out as a particularly recent research interest among these topics.

The inclusion of OWC as a communication core in the in-body communication
system provides notable advantages compared to RF-based communication, which is
commonly used in current implants [39]. OWC offers a reliable and energy-efficient
solution, addressing concerns related to radio radiation in RF-based communica-
tions [39]. It also provides additional benefits such as wide bandwidth availability,
absence of interference, improved data transmission rates, and enhanced data secu-
rity and privacy for patients. The design and development of OWC-based in-body
communication systems for biomedical applications necessitate further exploration
to meet the requirements of medical systems that demand high-speed and secure
data transfer, especially when communicating with implanted devices [39]. In
researching in-body communication, various metrics such as reliability, security,
throughput, energy, and latency should be considered as primary areas of focus [28].
Achieving low-latency communications on in-body devices for telemonitoring is
crucial because there is a need for real-time data to enable immediate diagnostic
and therapeutic interventions. Considering the critical role of in-body devices in
supporting and saving lives, the importance of low-latency communication cannot
be overstated. It is crucial to ensuring timely treatment. It should be acknowledged
that compromises may need to be made regarding the latency of the communication
link for data offloading as it becomes feasible to schedule diagnostic procedures.

Over the next decade and beyond, the implementation of OWC in implantable
communication technology is expected to have a significant impact on key tech-
nological developments in the field of biomedical applications [5]. In conjunction
with advancements in OWC and various complementary technologies, numerous
research findings have emerged to address various obstacles. One of these endeav-
ors is to enhance communication efficiency by reducing the BER [40].

3.4 University of Oulu’s contributions to in-body communications
research topics

The implementation of technology in the healthcare sector is crucial for enhancing
the well-being of individuals and saving lives during critical health circumstances.
The utilization of implantable electronic devices in the human body has become a
prominent area of interest in biomedical and telecommunication engineering. It plays
a crucial role in remotely monitoring specific bodily functions, providing appropriate
interventions for health conditions such as cardiac issues, and serving as a diagnos-
tic tool to promptly address various health concerns. Several technologies currently
available in the medical field include pacemakers, brain stimulators, defibrilla-
tors, smart pills, insulin pumps, cochlear implants, and others. These devices can
be externally controlled, allowing medical staff to wirelessly change their settings.
Ultrasound [41], or RF technology, can be used to facilitate this communication link.

International Journal of Online and Biomedical Engineering (iJOE) 137


https://online-journals.org/index.php/i-joe

Fuada et al.

4 )

Optical wireless data transfer
through biotissues: practical
evidence and initial results

However, communicating with electronic devices implanted in the human body
presents various challenges due to the unique characteristics of the human body as
a medium [31]. Unlike indoor, outdoor, or underwater channels, the human body,
as a channel in this context, contains a complex arrangement of tissues such as skin,
fat, blood, melanin, bones, and water. Each of these various tissues possesses unique
dielectric properties [42], as well as distinct absorption and scattering coefficients [43].
Developing an in-body communication system will enable the integration of these
devices with other wireless devices, ultimately leading to the realization of the smart
hospital concept in the future [44]. In the future, it is expected that crucial medical
ICT functions, such as diagnostics, treatment, wireless communication, activation,
inhibition, and monitoring of cellular activity, among others, will be performed by
utilizing a thorough understanding of bio-tissues as a medium for transmission [45].

The Centre for Wireless Communications, under the University of Oulu, has made
significant contributions to the field of in-body communications research. Professor Jari
linati’s work, as reflected in the Scopus database, primarily focuses on the RF spectrum,
specifically antenna design, channel characteristics, and propagation [46], [47]. In addi-
tion to RF research, Professor Marcos Katz and his team have also explored the optical
spectrum [45]. The experiments conducted on pork ex-vivo samples demonstrate that,
compared to UWB, optical-based communication through biological networks expe-
riences less power loss [31]. Professor Katz’s team has investigated OWC at short dis-
tances to establish highly secure links within the body or between the body and external
devices. The use of optical technology in in-body communication applications is believed
to ensure secure data exchange, particularly due to the confidential nature of patient
health data [48]. The optical channel in biological tissues also presents challenges, such
as scattering, attenuation, and complex media composed of different tissues. Therefore,
the selection of an appropriate wavelength is crucial. Figure 6 depicts the progress in cut-
ting-edge research on in-body communication using light as a communication medium.
All experiments were conducted using an artificial phantom, actual bones, and fresh
porcine samples. The artificial phantom used in the study was created at the University
of Oulu [49], [50]. The research was conducted in two phases: the initial investigation
phase (2019-2021) and the optimization phase (2022 onward).

¢~ Providing Connectivity to "\
Implanted Electronics Devices:
Experimental Results on Optical
Communications Over Biological
Tissues with Comparisons
Against UWB

(Wireless data transfer through\

biological tissues using near-
infrared light: testing skull and
skin phantoms

-~

In-body communications
exploiting light: A proof-of-
concept study using ex vivo

tissue samples

~
A proof of concept for in-body
implants for longevity and
selfcare

Initial investigation phase

N ————

Optimization phase

Fig. 6. The research timeline focuses on the exploration of in-body communication exploiting light as a medium at the Centre for Wireless
Communications, University of Oulu, Finland

138 International Journal of Online and Biomedical Engineering (iJOE)

1J0F | Vol. 20 No. 1 (2024)


https://online-journals.org/index.php/i-joe

1J0E | Vol. 20 No. 1 (2024)

Global Growth and Trends of In-Body Communication Research—Insight From Bibliometric Analysis

The utilization of RF techniques poses challenges related to frequency interfer-
ence, patient privacy concerns, and security. On the other hand, ultrasound technol-
ogy, such as that used in ultrasound sonography (USG), is considered safe because it
has a limited interaction distance with implants. However, its data transmission rate
is lower compared to RF and optical approaches. Beginning in 2019, Professor Katz’s
team conducted experiments utilizing NIR light and a straightforward communica-
tion link [29]. The propagation of the NIR spectrum (around 800-1000 nm) in biolog-
ical tissue is relatively efficient due to its radiation being less influenced by the main
obstacles: absorption and scattering characteristics [51]. The findings are promising,
demonstrating the ability to transmit data through a bio-tissue-mimicking phantom
at close distances. This was achieved by considering parameters such as tissue depth
and LED input current. The thickness of different tissue types in relation to optical den-
sity and transmitted power were clearly observed. Subsequent experiments adhered
to the optical transmission power outlined in the ANSL.Z136.1-2007 standard, which
governs laser safety (2W/cm? for a 1-second exposure at a wavelength of 830 nm).
Exceeding the maximum limits of received power and electrical current can easily
harm biotissue. Therefore, preserving tissue health is a concern that should be given
careful consideration during the experiment. The study successfully demonstrated
the reception of data at a rate of tens of kilobits per second (kbps) [30]. This rate is
considered adequate for the majority of electronic medical implants currently in use.
It offers additional benefits, such as improved security, privacy, and safety, which
may not always be found in conventional RF communication. Additionally, the team
conducted extensive research considering various factors such as the power delivery
standard, the amount of current in the LED transmitter, the temperature of the tissue
sample, the test scenarios (from outside to inside the body or vice versa), and mod-
ulation. The results of the measurements indicate that effective communication can
be achieved on a pork tissue sample that is four centimeters thick, with a minimum
data rate of 100 kbps [28], using Gaussian Minimum Shift-Keying (GMSK) modula-
tion. The NI USRP-2920 was used for digital signal processing (DSP).

Ongoing studies are being conducted to meet the increasing demands of tele-
communication advancements, which require higher data rates. The current
state-of-the-art (e.g., 100 kbps) is suitable for many implant communication appli-
cations nowadays, including telemonitoring, medical imaging transmission, and
uploading or downloading medical profiles or statistics, as evidenced by previous
work [28]. But maybe not for cases involving high-bandwidth data, such as the trans-
mission of high-quality images and videos in real-time. At least 1 Mbps will be con-
sidered satisfactory for facilitating future implant communications. Achieving a high
level of throughput is crucial in the in-body communication system. Accordingly,
techniques to achieve higher data rates for numerous future scenarios are essen-
tial. One potential solution could be the use of smart pills or other in-body sensors
that transmit live streaming video. To achieve this, various potential approaches
can be explored to improve throughput and coverage. These include using suit-
able modulation schemes (such as On-Off Keying, Pulse-Position Modulation, Pulse
Width Modulation, Binary Shift Phase Keying, Quadrature Phase Shift Keying, and
Quadrature Amplitude Modulation, beyond GMSK), OFDM technique, energy and
spectral efficient transmission strategies, advanced modulation schemes, employing
multibeam transmission with multiple-input multiple-output (MIMO) techniques,
implementing pre-equalizers and post-equalizers, optimizing LED bias-point, and
utilizing other methods. It is important to note that all efforts to enhance system per-
formance must also adhere to safety limits, such as the maximum allowable received
power and electrical current on the LED. Surpassing these limits may potentially
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damage biological tissue. To this end, preserving tissue health is an additional con-
cern that should be carefully considered. Additionally, energy harvesting is also a
crucial consideration in this context.

The implementation of in-body communication, especially in implanted devices,
faces a significant obstacle due to its dependence on battery power. Currently, most
implants use batteries that have a limited lifespan, which necessitates replace-
ment surgery when they reach the end of their life [52], [53]. This process imposes
physical, psychological, and financial burdens on patients [54]. To address these
challenges and prolong the lifespan of implanted devices, it is essential to have a
continuous supply of energy. Energy harvesting methods offer a promising solution
for powering devices within the body [52], [55]. By significantly extending battery
life, these methods have the potential to enhance user comfort. Energy harvesting
has emerged as a prominent subject of investigation within the field of in-body com-
munication. This line of research focuses on converting various available energy
sources, such as human motion, body heat, and external sources such as visible light
or near-infrared, into usable energy for implanted devices [56].

When designing an in-body communication system, it is crucial to prioritize data
security issues. Then, incorporate high-capacity power banks and utilize energy-
harvesting mechanisms. OWC can effectively enhance data security by reducing
vulnerability to remote hacking. Furthermore, photovoltaic cells can be an excel-
lent energy-harvesting device to power in-body devices [54], [57]. In 2021, Prof.
Katz’s research team investigated simultaneous optical wireless transmission and
energy harvesting through tissue using a single beam of the NIR spectrum for the
first time [58]. This concept enables both wireless connectivity and power supply for
in-body devices simultaneously. The experiment involved transmitting image files to
a tissue-mimicking phantom, which lasted for 28 minutes. Energy harvested from
photovoltaic cells was subsequently stored in coin batteries using a single beam of
NIR light. Within this 28-minute timeframe, the battery received sufficient charging
to sustain the in-body device for up to four hours. Although it is feasible to demon-
strate data transmission and energy harvesting for in-body devices using a NIR-based
single-beam approach, there are challenges to energy harvesting because commer-
cially available photovoltaic cells are not designed to harvest energy from narrow-band
NIR light. Instead, their utilization is primarily optimized for the visible light spectrum
(wideband), such as sunlight or artificial illumination sources (e.g., flashlights, white
LEDs, etc.). Consequently, only a small amount of energy can be harvested.

Further studies are required to optimize the harvested energy. One approach is to
increase the transmission power. However, it is essential to comply with regulations,
including the maximum limits for transmitter LED current and optical received
power. This is because high-power simultaneous data transmission could poten-
tially harm the tissues. Exploring pulse-based transmission techniques is particularly
interesting because they enable transmission at a high power level for a very short
duration, thereby reducing the potential risk of tissue damage. Ensuring privacy and
security in the wireless connection of in-body devices, for instance Pacemakers, is
of utmost importance due to their vulnerability to hacking [75]. Hackers can exploit
this vulnerability such as manipulating the Pacemaker’s operations, creating severe
threats to patients [76]. Using sophisticated cryptographic techniques becomes nec-
essary to ensure the security and privacy of these devices and safe to the patients.
However, implementing such techniques consumes considerable energy, which is
limited within these devices. Energy harvesting techniques can mitigate this con-
cern by providing sufficient power for additional functions, specifically encryption
and decryption mechanisms during data transmission. In summary, using energy

International Journal of Online and Biomedical Engineering (iJOF) iJOE | Vol. 20 No. 1(2024)


https://online-journals.org/index.php/i-joe

1J0E | Vol. 20 No. 1 (2024)

Global Growth and Trends of In-Body Communication Research—Insight From Bibliometric Analysis

harvesting will enhance the daily operational cycles with multiple benefits for
in-body devices.

The enhancement of optical links is also essential. Previous research has indicated
that data transmission is restricted to a depth of 3 cm [28]. The minimum optical
distance should be extended to a depth of at least 5 cm. The skin comprises several
layers, including the epidermis, dermis, and hypodermis. It has been observed that
wavelengths ranging from 600 to 950 nm are more favorable because they experi-
ence minimal absorption across all layers of the skin, unlike other wavelengths [59].
Investigating different wavelengths within the range of 750-950 nm is necessary
to determine the most suitable option for optical wireless data transmission. This is
because the light data needs to penetrate a depth of at least 5 cm.

4  DISCUSSION (STRENGTH AND LIMITATION OF THE STUDY)

To the best of our understanding, this study represents the first investigation of
bibliometric analysis conducted on peer-reviewed literature concerning “in body
communications” or “in body wireless communications.” In order to assess the cur-
rent state of research in this domain, two widely utilized visualization tools, namely
Tableau Cloud and VOS Viewer, were employed to analyze recent advancements
and identify areas of focus within this field. Furthermore, we provide a comprehen-
sive overview of the research advancements conducted within our institution, the
Centre for Wireless Communications at the University of Ouly, to provide additional
contextual understanding of the study of in-body communications.

Nevertheless, it is important to acknowledge certain limitations in our study.
Firstly, our data was solely obtained from the Scopus database, excluding other
prominent databases such as Web of Science, Dimensions, PubMed, and others.
Additionally, we exclusively considered articles published in journals and conference
proceedings. However, we contend that the quantity of collected data was sufficient
to provide an accurate representation of the current state of research on in-body
communication. This is because the Scopus database is widely utilized for bibliomet-
ric analysis, as demonstrated by various authors in different fields [60-66]. While the
Scopus database is used to search for relevant research, it is important to note that
there are numerous journals that are not included in this database. Consequently,
publications originating from these unindexed journals may have been missed [15].

It is important to note that our study only included articles in English, potentially
overlooking relevant articles published in other languages. Additionally, due to the
continuous updating of the database, our study may have overlooked some recent
influential papers. Moreover, our study solely focuses on the trend of in-body com-
munication research and does not provide a comprehensive bibliometric analysis.
This analysis would include examining the most prolific journals and proceedings,
identifying highly cited articles on the topic, and analyzing co-authorship by authors
and countries. The ranking of established academic journals holds great importance
as it facilitates the dissemination of research findings among researchers and schol-
ars within their respective fields of specialization [67].

Furthermore, our search in Scopus was limited to only two keywords, “in-body
communications” and “in-body wireless communications,” resulting in a restricted
number of articles. We counted a total of 148 articles. To gather a more extensive data-
set, it would be beneficial to include other relevant keywords [68], as they are highly
essential, such as “implant,” “implantable biomedical device,” “implantable medical
device,” “implantable medical electronic,” “implantable device,” and “implantable
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electronic device” in our literature search. By using relevant keywords, Scopus can
offer a more precise count and retrieve articles that may not explicitly mention
“in body communication.” This helps to increase the pool of articles available for anal-
ysis. A bibliometric review is a valuable method for summarizing large amounts of
data and gaining insights into the intellectual structure and emerging trends within a
specific research topic or field. This method is particularly useful when conducting a
review with a large dataset that would be impractical to review manually. However,
in cases where the focus of the review is narrow and the dataset can be managed
through manual review, the systematic review method may be more appropriate [7].
In our study, we obtained a dataset of 148 articles from Scopus. Although this data-
set is relatively small, it can still be effectively analyzed using bibliometrics. The
decision to utilize bibliometrics in this study was driven by the aim of identifying
collaboration opportunities and trends within the acquired dataset [69]. Visualizing
bibliometric analysis results offers valuable insights for fostering academic collabo-
ration, particularly in research activities, by highlighting active countries, institutions,
and researchers. Previous studies on various topics have also utilized datasets of a
similar size, consisting of 148 data points, after implementing a rigorous filtering pro-
cess based on specific criteria. For instance, references [70-72] utilized this dataset size
to analyze Halal Destination research, investigate the impact of corruption on foreign
direct investment attractiveness, and perform a Board Capital analysis, respectively.
Therefore, the utilization of bibliometric methodology in our ongoing study on in-body
communication research is in accordance with established practices in the field.

In subsequent studies, it is crucial to utilize appropriate tools, such as Open Refine
software, for processing data obtained from Scopus before analyzing it using VOS
Viewer. This will facilitate the clustering of keywords with similar meanings, thereby
eliminating any potential bias in the selection of keywords [69], [73]. In addition to Open
Refine, there are various alternative options available, including Cloudingo, Datameer,
Talend Data Fabric, Dataloader.io, Alteryx, Compare, and Demand Tools, among others.

5 CONCLUSION

The analysis of research on in-body communication, spanning from its inception
in 2006 until 2023, was conducted using a bibliometric approach. Currently, we are
in the initial stage of exploration and have solely relied on data from the Scopus data-
base. The findings indicate that research on in-body communication has experienced
fluctuations, with an overall upward trend from the early years to 2023, despite
a decline in 2008. The leading countries conducting research on this topic are the
United States, Finland, and Japan. Meanwhile, the University of Oulu in Finland, Oslo
University Hospital in Norway, and the National School of Applied Sciences Kenitra
in Morocco have been identified as institutions with a significant number of publica-
tions in this field. Opportunities for research collaborations could be pursued at the
University of Oulu or by collaborating with the author who has the highest number
of citations and expertise in this field. The University of Oulu has made significant
contributions through its research and efforts in the field of in-body communication.
Among all the articles on in-body communication, the dominant theme found was
UWRB. The future of in-body communication research presents a clear challenge in
the need to investigate OWC as the primary method of communication for implant-
able electronic devices. Additionally, it is crucial to develop optimization techniques
to enhance the performance of optical communication links and improve the inde-
pendent functioning of systems by implementing energy harvesting techniques.

International Journal of Online and Biomedical Engineering (iJOF) iJOE | Vol. 20 No. 1(2024)


https://online-journals.org/index.php/i-joe

1J0E | Vol. 20 No. 1 (2024)

6

Global Growth and Trends of In-Body Communication Research—Insight From Bibliometric Analysis

ACKNOWLEDGMENT

The author expresses gratitude to Infotech (Number CWC-NS 2406124) at
the University of Oulu for providing financial support to the first author to com-
plete his doctoral study, which lasted for a duration of four years. Additionally,
we express our gratitude to the University of Oulu for providing us with access to
the Scopus Database.

7

(1]

(3]

(10]

(11]

(12]

REFERENCES

S. M. R. Islam, D. Kwak, Md. H. Kabir, M. Hossain, and K-S. Kwak, “The internet of things
for health care: A comprehensive survey,” IEEE Access, vol. 3, pp. 678-708, 2015. https://
doi.org/10.1109/ACCESS.2015.2437951

Moh. K. Hasan, Md. Shahjalal, M. Z. Chowdhury, and Y. M. Jang, “Access point selec-
tion in hybrid OCC/RF eHealth architecture for real-time remote patient monitor-
ing,” in 2018 International Conference on Information and Communication Technology
Convergence (ICTC), Jeju, South Korea: IEEE, 2018, pp. 716-719. https://doi.org/10.1109/
ICTC.2018.8539582

A. Sawand, S. Djahel, Z. Zhang, and F. Nait-Abdesselam, “Toward energy-efficient
and trustworthy eHealth monitoring system,” China Communications, vol. 12, no. 1,
pp. 46-65, 2015. https://doi.org/10.1109/CC.2015.7084383

K. Aligab, I. Nadeem, and S. R. Khan, “A comprehensive review of in-body biomedical
antennas: Design, challenges and applications,” Micromachines, vol. 14, no. 7, p. 1472,
2023. https://doi.org/10.3390/mi14071472

S. E. Trevlakis, A--A. A. Boulogeorgos, P. C. Sofotasios, S. Muhaidat, and George K
Karagiannidis, “Optical wireless cochlear implants,” Biomedical Optics Express, vol. 10,
no. 2, pp. 707-730, 2019. https://doi.org/10.1364/BOE.10.000707

H. Snyder, “Literature review as a research methodology: An overview and guide-
lines,” Journal of Business Research, vol. 104, pp. 333-339, 2019. https://doi.org/10.1016/
j.jbusres.2019.07.039

N. Donthu, S. Kumar, D. Mukherjee, N. Pandey, and W. M. Lim, “How to conduct a bib-
liometric analysis: An overview and guidelines,” Journal of Business Research, vol. 133,
pp. 285-296, 2021. https://doi.org/10.1016/j.jbusres.2021.04.070

A. R. Mathankar, “Bibliometrics: An overview,” International Journal of Library &
Information Science, vol.7,no. 3, pp. 9-15,2018. https://doi.org/10.34218/1J11S.7.3.2018.002
Y.-Y. Wu and W.-H. Chou, “A bibliometric analysis to identify research trends in interven-
tion programs for smartphone addiction,” International Journal of Environmental Research
and Public Health, vol. 20, no. 5, p. 3840, 2023. https://doi.org/10.3390/ijerph20053840

J. Singh, “A bibliometric analysis and visualisation of research trends in corro-
sion of implants,” Annals of the Romanian Society for Cell Biology, vol. 25, no. 1,
pp. 3512-3520, 2021.

H. N. N. Lwin, P. Punnakitikashem, and T. Thananusak, “E-Health research in Southeast
Asia: A bibliometric review,” Sustainability, vol. 15, no. 3, p. 2559, 2023. https://doi.org/
10.3390/su15032559

F. Mukhlif, K. Maswadi, K. A. bin Noordin, and N. ale Ebrahim, “Research direction
based green communications for next era: A bibliometric analysis,” in 2019 IEEE Student
Conference on Research and Development (SCOReD), Bandar Seri Iskandar, Malaysia:
IEEE, 2019, pp. 21-26. https://doi.org/10.1109/SCORED.2019.8896309

International Journal of Online and Biomedical Engineering (iJOE) 143


https://online-journals.org/index.php/i-joe
https://doi.org/10.1109/ACCESS.2015.2437951
https://doi.org/10.1109/ACCESS.2015.2437951
https://doi.org/10.1109/ICTC.2018.8539582
https://doi.org/10.1109/ICTC.2018.8539582
https://doi.org/10.1109/CC.2015.7084383
https://doi.org/10.3390/mi14071472
https://doi.org/10.1364/BOE.10.000707
https://doi.org/10.1016/j.jbusres.2019.07.039
https://doi.org/10.1016/j.jbusres.2019.07.039
https://doi.org/10.1016/j.jbusres.2021.04.070
https://doi.org/10.34218/IJLIS.7.3.2018.002
https://doi.org/10.3390/ijerph20053840
https://doi.org/10.3390/su15032559
https://doi.org/10.3390/su15032559
https://doi.org/10.1109/SCORED.2019.8896309

Fuada et al.

(13]

(14]

[15]

(16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

A. Rejeb, H. Treiblmaier, K. Rejeb, and S. Zailani, “Blockchain research in healthcare:
A bibliometric review and current research trends,” Journal of Data, Information and
Management, vol. 3, no. 2, pp. 109-124, 2021. https://doi.org/10.1007/s42488-021-00046-2
A. Kaur, M. Bhatia, and T. A. Ahanger, “Bibliometric analysis of smart healthcare,”
in IEEE Systems Journal, vol. 17, no. 3, pp. 3993-4001, 2023. https://doi.org/10.1109/
JSYST.2022.3231292

R. Ullah, L. Asghar, and M. G. Griffiths, “An integrated methodology for bibliometric
Analysis: A case study of internet of things in healthcare applications,” Sensors, vol. 23,
no. 1, p. 67, 2023. https://doi.org/10.3390/s23010067

T. Kushartadi et al., “Theme mapping and bibliometric analysis of two decades of smart
farming,” Information, vol. 14, no. 7, p. 396, 2023. https://doi.org/10.3390/info14070396
M. Gupta, Shagun, B. Choudhary, and M. Rani, “Transforming business through digita-
lization: A bibliometric analysis using VOS viewer,” in 2022 8th International Conference
on Advanced Computing and Communication Systems (ICACCS), Coimbatore, India: IEEE,
2022, pp. 1773-1777. https://doi.org/10.1109/ICACCS54159.2022.9785187

S. A. S. AlRyalat, L. W. Malkawi, and S. M. Momani, “Comparing bibliometric analysis
using PubMed, Scopus, and web of science databases,” Journal of Visualized Experiments
(JoVE), no. 152, p. e58494, 2019. https://doi.org/10.3791/58494

J. Baas, M. Schotten, A. Plume, G. Coté, and R. Karimi, “Scopus as a curated, high-quality
bibliometric data source for academic research in quantitative science studies,”
Quantitative Science Studies, vol. 1, no. 1, pp. 377-386, 2020. https://doi.org/10.1162/
gss_a_00019

R. Pranckuté, “Web of science (WoS) and Scopus: The titans of bibliographic information
in today’s academic world,” Publications, vol. 9, no. 1, p. 12, 2021. https://doi.org/10.3390/
publications9010012

V. K. Singh, P. Singh, M. Karmakar, J. Leta, and P. Mayr, “The journal coverage of web of
science, Scopus and dimensions: A comparative analysis,” Scientometrics, vol. 126, no. 6,
pp. 5113-5142, 2021. https://doi.org/10.1007/s11192-021-03948-5

N. J. van Eck and L. Waltman, “Citation-based clustering of publications using
CitNetExplorer and VOSviewer,” Scientometrics, vol. 111, no. 2, pp. 1053-1070, 2017.
https://doi.org/10.1007/s11192-017-2300-7

J. Wang and D. Su, “Design of an ultra wideband system for in-body wireless communi-
cations,” in 4th Asia-Pacific Conference on Environmental Electromagnetics, Dalian, China:
IEEE, 2006, pp. 565-568. https://doi.org/10.1109/CEEM.2006.258019

H. Higgins, “Body implant communication-making it possible,” in The Second European
Conference on Antennas and Propagation, EuCAP 2007, Edinburgh, UK, 2007, pp. 1-4.
https://doi.org/10.1049/ic.2007.1114

H. Higgins, “Body implant conmmunication — Is it a reality?” in 2007 IET Seminar on
Antennas and Propagation for Body-Centric Wireless Communications, London, UK: IEEE,
2007, pp. 33-36. https://doi.org/10.1049/ic:20070542

H. Higgins, “In-body wireless communication made real,” in 4th International Workshop
on Wearable and Implantable Body Sensor Networks (BSN 2007), S. Leonhardt, T. Falck,
and P. Mahonen, Eds. Berlin, Heidelberg: Springer, 2007, pp. 49-52. https://doi.
org/10.1007/978-3-540-70994-7_8

D. Kurup, W. Joseph, G. Vermeeren, and L. Martens, “Path loss model for in-body com-
munication in homogeneous human muscle tissue,” Electronics Letters, vol. 45, no. 9,
pp. 453-454, 2009. https://doi.org/10.1049/el.2009.3484

I. Ahmed, S. Halder, A. Bykov, A. Popov, I. V. Meglinski, and M. Katz, “In-body commu-
nications exploiting light: A proof-of-concept study using Ex Vivo tissue samples,” IEEE
Access, vol. 8, pp. 190378-190389, 2020. https://doi.org/10.1109/ACCESS.2020.3031574

144 International Journal of Online and Biomedical Engineering (iJOF) iJOE | Vol. 20 No. 1(2024)


https://online-journals.org/index.php/i-joe
https://doi.org/10.1007/s42488-021-00046-2
https://doi.org/10.1109/JSYST.2022.3231292
https://doi.org/10.1109/JSYST.2022.3231292
https://doi.org/10.3390/s23010067
https://doi.org/10.3390/info14070396
https://doi.org/10.1109/ICACCS54159.2022.9785187
https://doi.org/10.3791/58494
https://doi.org/10.1162/qss_a_00019
https://doi.org/10.1162/qss_a_00019
https://doi.org/10.3390/publications9010012
https://doi.org/10.3390/publications9010012
https://doi.org/10.1007/s11192-021-03948-5
https://doi.org/10.1007/s11192-017-2300-7
https://doi.org/10.1109/CEEM.2006.258019
https://doi.org/10.1049/ic.2007.1114
https://doi.org/10.1049/ic:20070542
https://doi.org/10.1007/978-3-540-70994-7_8
https://doi.org/10.1007/978-3-540-70994-7_8
https://doi.org/10.1049/el.2009.3484
https://doi.org/10.1109/ACCESS.2020.3031574

iJOE | Vol. 20 No. 1(2024)

(29]

(30]

[31]

(32]

[33]

(34]

[35]

(36]

(37]

(38]

[39]

[40]

[41]

[42]

Global Growth and Trends of In-Body Communication Research—Insight From Bibliometric Analysis

I. Ahmed, A. Bykov, A. Popov, I. Meglinski, and M. Katz, “Optical wireless data trans-
fer through biotissues: Practical evidence and initial results,” in Body Area Networks:
Smart IoT and Big Data for Intelligent Health Management, L. Mucchi, M. Hamaéladinen,
S. Jayousi, and S. Morosi, Eds., in Lecture Notes of the Institute for Computer Sciences,
Social Informatics and Telecommunications Engineering. Cham: Springer International
Publishing, 2019, pp. 191-205. https://doi.org/10.1007/978-3-030-34833-5_16

I. Ahmed, A. Bykov, A. Popov, I. Meglinski, and M. Katz, “Wireless data transfer through
biological tissues using near-infrared light: Testing skull and skin phantoms,” in Neural
Imaging and Sensing 2020, San Francisco, California, United States: SPIE, 2020, pp. 50-54.
https://dol.org/10.1117/12.2545221

S. Halder, M. Sérestoniemi, I. Ahmed, and M. Katz, “Providing connectivity to implanted
electronics devices: Experimental results on optical communications over biological tis-
sues with comparisons against UWB,” in Body Area Networks. Smart IoT and Big Data for
Intelligent Health, M. M. Alam, M. Hamaldinen, L. Mucchi, I. K. Niazi, and Y. Le Moullec,
Eds., in Lecture Notes of the Institute for Computer Sciences, Social Informatics and
Telecommunications Engineering. Cham: Springer International Publishing, 2020,
pp. 3-17. https://doi.org/10.1007/978-3-030-64991-3_1

S. Salam and A. A. Senin, “A bibliometric study on innovative behavior literature
(1961-2019),” SAGE Open, vol. 12, no. 3, p. 21582440221109589, 2022. https://doi.
org/10.1177/21582440221109589

Y-M. Guo, Z.-L. Huang, J. Guo, H. Li, X.-R. Guo, and M. J. NKkeli, “Bibliometric analysis on
smart cities research,” Sustainability, vol. 11, no. 13, p. 3606, 2019. https://doi.org/10.3390/
sul11133606

B. Yolandini, C. Suabuana, I. Muhammad, and F. A. Triansyah, “Analysis bibliometric:
Character education research in elementary schools on one decades,” JIIP — Jurnal Ilmiah
Ilmu Pendidikan, vol. 6, no. 7, pp. 5485-5492, 2023. https://doi.org/10.54371/jiip.v6i7.2582
S. Movassaghi, M. Abolhasan, J. Lipman, D. Smith, and A. Jamalipour, “Wireless body
area networks: A Survey,” [EEE Communications Surveys & Tutorials, vol. 16, no. 3,
pp. 1658-1686, 2014. https://doi.org/10.1109/SURV.2013.121313.00064

L. Culj ak, 7. Lucéev Vasié, H. Mihaldinec, and H. Dzapo, “Wireless body sensor communica-
tion systems based on UWB and IBC technologies: State-of-the-Art and open Challenges,”
Sensors, vol. 20, no. 12, p. 3587, 2020. https://doi.org/10.3390/s20123587

A. Khaleghi, S. Dumanli, and I. Balasingham, “An overview of medical implant anten-
nas,” in 2023 17th European Conference on Antennas and Propagation (EuCAP), Florence,
Italy: IEEE, 2023, pp. 1-5. https://doi.org/10.23919/EuCAP57121.2023.10133195

M. Abu, N. R. Mohamad, A. Othman, N. A. M. Aris, . D. S, and N. H. Izahar, “Propagation
characterization of implantable antenna 530 at UWB frequency-A review,” Jurnal
Teknologi (Sciences Engineering), vol. 77, no. 7, pp. 85-89, 2015. https://doi.org/10.11113/
jtv77.6253

G. K. Varotsos, H. E. Nistazakis, K. Aidinis, F. Jaber, and K. K. Mujeeb Rahman, “Signal
intensity estimation in transdermal optical wireless links with Stochastic pointing errors
effect,” Technologies, vol. 8, no. 4, p. 60, 2020. https://doi.org/10.3390/technologies8040060
N. Biton, J. Kupferman, and S. Arnon, “OAM light propagation through tissue,” Scientific
Reports, vol. 11, no. 1, p. 2407, 2021. https://doi.org/10.1038/s41598-021-82033-6

Z. Kou, R. J. Miller, A. C. Singer, and M. L. Oelze, “High data rate communications in
Vivo using ultrasound,” IEEE Transactions on Biomedical Engineering, vol. 68, no. 11,
pp- 3308-3316, 2021. https://doi.org/10.1109/TBME.2021.3070477

S. Ahmad et al, “A wideband bear-shaped compact size implantable antenna for in-body
communications,” Applied Sciences, vol. 12, no. 6, p. 2859, 2022. https://doi.org/10.3390/
app12062859

International Journal of Online and Biomedical Engineering (iJOE) 145


https://online-journals.org/index.php/i-joe
https://doi.org/10.1007/978-3-030-34833-5_16
https://doi.org/10.1117/12.2545221
https://doi.org/10.1007/978-3-030-64991-3_1
https://doi.org/10.1177/21582440221109589
https://doi.org/10.1177/21582440221109589
https://doi.org/10.3390/su11133606
https://doi.org/10.3390/su11133606
https://doi.org/10.54371/jiip.v6i7.2582
https://doi.org/10.1109/SURV.2013.121313.00064
https://doi.org/10.3390/s20123587
https://doi.org/10.23919/EuCAP57121.2023.10133195
https://doi.org/10.11113/jt.v77.6253
https://doi.org/10.11113/jt.v77.6253
https://doi.org/10.3390/technologies8040060
https://doi.org/10.1038/s41598-021-82033-6
https://doi.org/10.1109/TBME.2021.3070477
https://doi.org/10.3390/app12062859
https://doi.org/10.3390/app12062859

Fuada et al.

[43]

[44]

[45]

(46]

[47]

(48]

[49]

(501

(51]

(52]

[53]

(54]

[55]

(56]

[57]

S. E. Trevlakis, A--A. A. Boulogeorgos, N. D. Chatzidiamantis, and G. K. Karagiannidis,
“Channel modeling for in-body optical wireless communications,” Telecom, vol. 3, no. 1,
pp. 136-149, 2022. https://doi.org/10.3390/telecom3010009

I. Ahmed, H. Karvonen, T. Kumpuniemi, and M. Katz, “Wireless communications for
the hospital of the future: Requirements, challenges and solutions,” International Journal
of Wireless Information Networks, vol. 27, no. 1, pp. 4-17, 2020. https://doi.org/10.1007/
$10776-019-00468-1

O. Yliopisto, “Secure light-based communication through biological tissues,” 6G Flagship.
Accessed: Aug. 27, 2023. [Online]. Available: https://www.6gflagship.com/news/
secure-light-based-communication-through-biological-tissues/

M. Sarestoniemi, M. Sonkki, S. Myllyméki, and C. Pomalaza-Raez, “Wearable flex-
ible antenna for UWB on-body and implant communications,” Telecom, vol. 2, no. 3,
pp. 285-301, 2021. https://doi.org/10.3390/telecom2030019

M. Sarestoniemi, C. Pomalaza-Raez, C. Kissi, M. Berg, M. Hamaéldinen, and ]. Iinatti,
“WBAN channel characteristics between capsule endoscope and receiving direc-
tive UWB on-body antennas,” IEEE Access, vol. 8, pp. 55953-55968, 2020. https://doi.
org/10.1109/ACCESS.2020.2982247

M. Katz and I. Ahmed, “Opportunities and challenges for visible light communications
in 6G,” in 2020 2nd 6G Wireless Summit (6G SUMMIT), Levi, Finland: IEEE, 2020, pp. 1-5.
https://doi.org/10.1109/6 GSUMMIT49458.2020.9083805

M. S. Wrdbel, A. P. Popov, A. V. Bykov, M. Kinnunen, M. Jedrzejewska-Szczerska, and
V. V. Tuchin, “Measurements of fundamental properties of homogeneous tissue phan-
toms,” JBO, vol. 20, no. 4, p. 045004, 2015. https://doi.org/10.1117/1.JB0.20.4.045004

M. S. Wrdbel, A. P. Popov, A. V. Bykov, M. Kinnunen, M. Jedrzejewska-Szczerska, and
V. V. Tuchin, “Multi-layered tissue head phantoms for noninvasive optical diagnostics,”
Journal of Innovative Optical Health Sciences, vol. 08, no. 03, p. 1541005, 2015. https://doi.
org/10.1142/51793545815410059

S. Stolik, J. A. Delgado, A. Pérez, and L. Anasagasti, “Measurement of the penetra-
tion depths of red and near infrared light in human ‘ex vivo’ tissues,” Journal of
Photochemistry and Photobiology B: Biology, vol. 57, no. 2, pp. 90-93, 2000. https://doi.
0rg/10.1016/S1011-1344(00)00082-8

M. M. H. Shuvo, T. Titirsha, N. Amin, and S. K. Islam, “Energy harvesting in implant-
able and wearable medical devices for enduring precision healthcare,” Energies, vol. 15,
no. 20, p. 7495, 2022. https://doi.org/10.3390/en15207495

D. Newaskar and B. P. Patil, “Rechargeable active implantable medical devices (AIMDs),”
International Journal of Online and Biomedical Engineering (iJOE), vol. 19, no. 13,
pp. 108-119, 2023. https://doi.org/10.3991/ijjoev19i13.41197

T. Wu, J.-M. Redouté, and M. R. Yuce, “A wireless implantable sensor design with sub-
cutaneous energy harvesting for long-term IoT healthcare applications,” IEEE Access,
vol. 6, pp. 35801-35808, 2018. https://doi.org/10.1109/ACCESS.2018.2851940

]J. Zhao et al, “Self-Powered implantable medical devices: Photovoltaic energy harvest-
ing review,” Advanced Healthcare Materials, vol. 9, no. 17, p. 2000779, 2020. https://doi.
org/10.1002/adhm.202000779

D. Jiang et al, “A 25-year bibliometric study of implantable energy harvesters and
self-powered implantable medical electronics researches,” Materials Today Energy,
vol. 16, p. 100386, 2020. https://doi.org/10.1016/j.mtener.2020.100386

]J. Seo et al, “Wireless electrical power delivery using light through soft skin tissues
under misalignment and deformation,” Advanced Materials Interfaces, vol. 9, no. 15,
p- 2102586, 2022. https://doi.org/10.1002/admi.202102586

146 International Journal of Online and Biomedical Engineering (iJOF) iJOE | Vol. 20 No. 1(2024)


https://online-journals.org/index.php/i-joe
https://doi.org/10.3390/telecom3010009
https://doi.org/10.1007/s10776-019-00468-1
https://doi.org/10.1007/s10776-019-00468-1
https://www.6gflagship.com/news/secure-light-based-communication-through-biological-tissues/
https://www.6gflagship.com/news/secure-light-based-communication-through-biological-tissues/
https://doi.org/10.3390/telecom2030019
https://doi.org/10.1109/ACCESS.2020.2982247
https://doi.org/10.1109/ACCESS.2020.2982247
https://doi.org/10.1109/6GSUMMIT49458.2020.9083805
https://doi.org/10.1117/1.JBO.20.4.045004
https://doi.org/10.1142/S1793545815410059
https://doi.org/10.1142/S1793545815410059
https://doi.org/10.1016/S1011-1344(00)00082-8
https://doi.org/10.1016/S1011-1344(00)00082-8
https://doi.org/10.3390/en15207495
https://doi.org/10.3991/ijoe.v19i13.41197
https://doi.org/10.1109/ACCESS.2018.2851940
https://doi.org/10.1002/adhm.202000779
https://doi.org/10.1002/adhm.202000779
https://doi.org/10.1016/j.mtener.2020.100386
https://doi.org/10.1002/admi.202102586

iJOE | Vol. 20 No. 1(2024)

(58]

[59]

(601

(61]

(62]

(63]

(64]

(65]

[66]

(67]

(68]

[69]

[70]

(71]

Global Growth and Trends of In-Body Communication Research—Insight From Bibliometric Analysis

M. Kayani, I. Ahmed, Amila Perera, A. Bykov, and M. Katz, “A proof of concept for
in-body implants for longevity and selfcare,” in The 26th Finnish National Conference
on Telemedicine and eHealth, E. Mejias, P. Kouri, O. Ahonen, and J. Reponen, Eds., Oulu
Finland: Finnish Society of Telemedicine and eHealth, 2021, p. 57.

L. Sohn, Y. H. Jang, and S. H. Lee, “Ultra-low-power implantable medical devices: Optical
wireless communication approach,” IEEE Communications Magazine, vol. 58, no. 5,
pp. 77-83, 2020. https://doi.org/10.1109/MCOM.001.1900609

Y.-M. de-la-Fuente-Robles, A.-]. Ricoy-Cano, A.-P. Albin-Rodriguez, J. L. Lépez-Ruiz, and
M. Espinilla-Estévez, “Past, present and future of research on wearable technologies for
healthcare: A bibliometric analysis using Scopus,” Sensors, vol. 22, no. 22, p. 8599, 2022.
https://doi.org/10.3390/s22228599

F. Fatehi and R. Wootton, “Telemedicine, telehealth or e-health? A bibliometric analysis
of the trends in the use of these terms,” Journal of Telemedicine and Telecare, vol. 18,
no. 8, pp. 460-464, 2012. https://doi.org/10.1258/jtt.2012.gth108

I. Hamidah, S. Sriyono, and M. N. Hudha, “A bibliometric analysis of Covid-19 research
using VOSviewer,” Indonesian Journal of Science and Technology, vol. 5, no. 2, pp. 209-216,
2020. https://doi.org/10.17509/ijostv5i2.24522

. Hamidah, R. E. Pawinanto, B. Mulyanti, and J. Yunas, “A bibliometric analysis of micro
electro mechanical system energy harvester research,” Heliyon, vol. 7, no. 3, p. e06406,
2021. https://doi.org/10.1016/j.heliyon.2021.e06406

C. T Ha, T. T. P. Thao, N. T. Trung, L. T. T. Huong, N. V. Dinh, and T. Trung, “A biblio-
metric review of research on STEM education in ASEAN: Science mapping the litera-
ture in Scopus database, 2000 to 2019,” EURASIA |. Math. Sci. Tech. Ed., vol. 16, no. 10,
p. em1889, 2020. https://doi.org/10.29333/ejmste/8500

N. T. Dinh, L. Dinh Hai, and H.-H. Pham, “A bibliometric review of research on
employability: Dataset from Scopus between 1972 and 2019,” Higher Education,
Skills and Work-Based Learning, vol. 13, no. 1, pp. 1-21, 2022. https://doi.org/10.1108/
HESWBL-02-2022-0031

T. T. Phan et al, “A bibliometric review on realistic Mathematics education in Scopus
database between 1972-2019,” A Bibliometric Review on Realistic Mathematics Education
in Scopus Database Between 1972-2019, vol. 11, no. 2, pp. 1133-1149, 2022. https://doi.
org/10.12973/eu-jer.11.2.1133

H. Sikandar, Y. Vaicondam, S. Parveen, N. Khan, and M. I. Qureshi, “Bibliometric
analysis of telemedicine and e-health literature,” International Journal of Online and
Biomedical Engineering (iJOE), vol. 17, no. 12, pp. 52-69, 2021. https://doi.org/10.3991/
ijoev17i12.25483

L. Sillero, W. G. Sganzerla, T. Forster-Carneiro, R. Solera, and M. Perez, “A bibliomet-
ric analysis of the hydrogen production from dark fermentation,” International Journal
of Hydrogen Energy, vol. 47, no. 64, pp. 27397-27420, 2022. https://doi.org/10.1016/
j.ijhydene.2022.06.083

E. N. Irawan et al, “Analyzing the growth and trends of vertical axis wind turbine
research: Insight from a bibliometric study,” Journal of Mechatronics, Electrical Power,
and Vehicular Technology, vol. 14, no. 1, pp. 55-61, 2023. https://doi.org/10.14203/
jmev.2023v14.55-61

A. G. Sofian, L. R. Sanjaya, and T. J. Setyanto, “A bibliometric study on Halal destination
researches from 2012 to 2022,” International Journal of Advanced Contemporary Islamic
Studies, vol. 1, no. 1, 2023. Accessed: Aug. 27, 2023. [Online]. Available: http://amcs-press.
com/index.php/ijacis/article/view/1375

R. Patel, D. R. Mohapatra, and S. K. Yadav, “A bibliometric analysis on the impact of
corruption on foreign direct investment attractiveness,” Vision, p. 09722629231172053,
2023. https://doi.org/10.1177/09722629231172053

International Journal of Online and Biomedical Engineering (iJOE) 147


https://online-journals.org/index.php/i-joe
https://doi.org/10.1109/MCOM.001.1900609
https://doi.org/10.3390/s22228599
https://doi.org/10.1258/jtt.2012.gth108
https://doi.org/10.17509/ijost.v5i2.24522
https://doi.org/10.1016/j.heliyon.2021.e06406
https://doi.org/10.29333/ejmste/8500
https://doi.org/10.1108/HESWBL-02-2022-0031
https://doi.org/10.1108/HESWBL-02-2022-0031
https://doi.org/10.12973/eu-jer.11.2.1133
https://doi.org/10.12973/eu-jer.11.2.1133
https://doi.org/10.3991/ijoe.v17i12.25483
https://doi.org/10.3991/ijoe.v17i12.25483
https://doi.org/10.1016/j.ijhydene.2022.06.083
https://doi.org/10.1016/j.ijhydene.2022.06.083
https://doi.org/10.14203/j.mev.2023.v14.55-61
https://doi.org/10.14203/j.mev.2023.v14.55-61
http://amcs-press.com/index.php/ijacis/article/view/1375
http://amcs-press.com/index.php/ijacis/article/view/1375
https://doi.org/10.1177/09722629231172053

Fuada et al.

148

[72] S. A.S. Anuar, N. Hamzah, M. M. Rahmat, and N. L. A. Ghani, “Global trends in board
capital: A bibliometric analysis,” Journal of Hunan University Natural Sciences, vol. 49,
no. 8, 2022. https://doi.org/10.55463/issn.1674-2974.49.8.16

[73] T. Rastuti and L. R. Maruf, “The development of conventional to contemporary port pol-
icy: The bibliometric analysis,” Tec. Empresarial., vol. 18, no. 1, pp. 125-146, 2023.

[74] R.S.Larasati, “Pengaruh Sosial Media Marketing dan Electronic Word of Mouth (EWOM)
Terhadap Minat Beli Mie Kober Bromo Malang,” Thesis, Politeknik Negeri Malang,
Malang, 2021.

[75] S. Pinisetty, P. S. Roop, V. Sawant, and G. Schneider, “Security of pacemakers using run-
time verification,” in 2018 16th ACM/IEEE International Conference on Formal Methods
and Models for System Design (MEMOCODE), Beijing, China: IEEE, 2018, pp. 1-11. https://
doi.org/10.1109/MEMCOD.2018.8556922

[76] G. Bour, A. W. Lie, J. S. Kok, B. Markussen, M. E. G. Moe, and R. Borgaonkar, “Security
analysis of the internet of medical things (IoMT): Case study of the pacemaker ecosys-
tem,” in Biomedical Engineering Systems and Technologies, A. C. A. Roque, D. Gracanin,
R. Lorenz, A. Tsanas, N. Bier, A. Fred, and H. Gamboa, Eds., in Communications
in Computer and Information Science. Cham: Springer Nature Switzerland, 2023,
pp. 73-96. https://doi.org/10.1007/978-3-031-38854-5_5

8 AUTHORS

Syifaul Fuada received a B.A. in Electrical Engineering Education from
Universitas Negeri Malang (UM), Indonesia, and an M.Sc. in Electrical Engineering
option Microelectronics from the School of Electrical Engineering and Informatics,
Institut Teknologi Bandung (ITB), Indonesia. He was with the University Center of
Excellence at Microelectronics (PUI-PT Mikroelektronika) ITB from 2016-2018 as
a main researcher. He is a lecturer at the Program Studi Sistem Telekomunikasi
Universitas Pendidikan Indonesia (UPI). Heis pursuing a doctoral degree at the Faculty
of Information Technology and Electrical Engineering (FITEE), Centre for Wireless
Communications (CWC), University of Oulu, Oulu, Finland. His research interests
include Optical Wireless Communications and medical ICT (E-mail: syifaulfuada
@upi.edu or syifaul.fuada@oulu.fi).

Guanghui Ma earned his Bachelor’s degree in Electrical Engineering from
XP’an Jiaotong University, China, in 2016. He then achieved a Master’s degree in
Engineering with first-class honours from the University of Melbourne in 2018.
Dr. Ma completed his PhD at Monash University, Australia. Currently, Dr. Ma is con-
ducting research at the Centre for Wireless Communications in the University of
Ouly, Finland. His work predominantly centres around the evolution of 6G network
architecture, Internet of Things (IoT), visible light communications, and the integra-
tion of heterogeneous optical and RF networks (E-mail: guanghui.ma@oulu.fi).

Marcos Katz received the B.S. degree in electrical engineering from the
Universidad Nacional de Tucumaén, Argentina, in 1987, and the M.S. and Ph.D.
degrees in electrical engineering from the University of Oulu, Finland, in 1995 and
2002, respectively. He has worked in different positions at Nokia, Finland, from 1987
to 2001. From 2001 to 2002, he was a Research Scientist with the Centre for Wireless
Communications, University of Oulu. From 2003 to 2005, he was a Principal Engineer
with the Advanced Research Laboratory, Telecommunications Research and
Development Center, Samsung Electronics, Suwon, South Korea. From 2006 to 2009,
he has worked as a Chief Research Scientist with VTT, the Technical Research Centre
of Finland. He has been a Professor with the Centre for Wireless Communications,

International Journal of Online and Biomedical Engineering (iJOF) iJOE | Vol. 20 No. 1(2024)


https://online-journals.org/index.php/i-joe
https://doi.org/10.55463/issn.1674-2974.49.8.16
https://doi.org/10.1109/MEMCOD.2018.8556922
https://doi.org/10.1109/MEMCOD.2018.8556922
https://doi.org/10.1007/978-3-031-38854-5_5
mailto:syifaulfuada@upi.edu
mailto:syifaulfuada@upi.edu
mailto:syifaul.fuada@oulu.fi
mailto:guanghui.ma@oulu.fi

iJOE | Vol. 20 No. 1(2024)

Global Growth and Trends of In-Body Communication Research—Insight From Bibliometric Analysis

University of Ouluy, since December 2009. He has written and edited six books in dif-
ferent areas of mobile and wireless communications. He has written more than 200
publications and holds more than 50 patents. He has served as the Chair of Working
Group 5 (on short-range communications) for the Wireless World Research Forum
(WWREF), from 2008 to 2012 (E-mail: marcos.katz@oulu.fi).

International Journal of Online and Biomedical Engineering (iJOE) 149


https://online-journals.org/index.php/i-joe
mailto:marcos.katz@oulu.fi

