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Abstract: A definition, terminology, conceptual model, and standard metrics for ad hoc network
communication at the nanoscale are provided. Human-engineered networking is extended by the
physical properties of nanoscale communication in ways beyond that defined in existing
communication standards. These include in vivo, sub-cellular medical communication, smart
materials and sensing at the molecular level, and the ability to operate in environments that would
be too harsh for macroscale communication mechanisms to operate. Collaboration among a
highly diverse set of disciplines with differing definitions and connotations for some terms is
required by nanoscale communication, thus a common terminology is necessary in order to aid
inter-discipline collaboration. A common framework for thinking abstractly about nanoscale
communication can aid in defining and relating research and development effort. Components of
the framework are independent enough to allow them to be developed in relative isolation, yet the
components are also interoperable. To illustrate the recommended practice, example mappings
between specific nanoscale communication use-cases and the common framework are included.
Simulation code implementing the common framework for both wireless and molecular nanoscale
communication is an embodiment of the common framework demonstrating precisely how the
framework is applied.
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE documents are made available for use subject to important notices and legal disclaimers. These
notices and disclaimers, or a reference to this page, appear in all standards and may be found under the
heading “Important Notice” or “Important Notices and Disclaimers Concerning IEEE Standards
Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents
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developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards
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process, IEEE does not independently evaluate, test, or verify the accuracy of any of the information or the
soundness of any judgments contained in its standards.
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expressly disclaims all warranties (express, implied and statutory) not included in this or any other
document relating to the standard, including, but not limited to, the warranties of: merchantability; fitness
for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness
of material. In addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort.
IEEE standards documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related
to the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved
and issued is subject to change brought about through developments in the state of the art and comments
received from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity nor is [IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his
or her own independent judgment in the exercise of reasonable care in any given circumstances or, as
appropriate, seek the advice of a competent professional in determining the appropriateness of a given
IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO:
PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.

Translations

The IEEE consensus development process involves the review of documents in English only. In the event
that an IEEE standard is translated, only the English version published by IEEE should be considered the
approved IEEE standard.



Official statements

A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board
Operations Manual shall not be considered or inferred to be the official position of IEEE or any of its
committees and shall not be considered to be, or be relied upon as, a formal position of IEEE. At lectures,
symposia, seminars, or educational courses, an individual presenting information on IEEE standards shall
make it clear that his or her views should be considered the personal views of that individual rather than the
formal position of IEEE.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE. However, IEEE does not provide consulting information or advice
pertaining to IEEE Standards documents. Suggestions for changes in documents should be in the form of a
proposed change of text, together with appropriate supporting comments. Since IEEE standards represent a
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the concurrence of a balance of interests. For this reason, IEEE and the members of its societies and
Standards Coordinating Committees are not able to provide an instant response to comments or questions
except in those cases where the matter has previously been addressed. For the same reason, IEEE does not
respond to interpretation requests. Any person who would like to participate in revisions to an IEEE
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Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
Piscataway, NJ 08854 USA

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document does not imply compliance to any applicable regulatory
requirements. Implementers of the standard are responsible for observing or referring to the applicable
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not
in compliance with applicable laws, and these documents may not be construed as doing so.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under U.S. and international copyright laws.
They are made available by IEEE and are adopted for a wide variety of both public and private uses. These
include both use, by reference, in laws and regulations, and use in private self-regulation, standardization,
and the promotion of engineering practices and methods. By making these documents available for use and
adoption by public authorities and private users, IEEE does not waive any rights in copyright to the
documents.

Photocopies

Subject to payment of the appropriate fee, IEEE will grant users a limited, non-exclusive license to
photocopy portions of any individual standard for company or organizational internal use or individual,
non-commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance
Center, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission
to photocopy portions of any individual standard for educational classroom use can also be obtained
through the Copyright Clearance Center.



Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every ten years. When a document is more than ten
years old and has not undergone a revision process, it is reasonable to conclude that its contents, although
still of some value, do not wholly reflect the present state of the art. Users are cautioned to check to
determine that they have the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended
through the issuance of amendments, corrigenda, or errata, visit the IEEE-SA Website at
http://ieeexplore.ieee.org/xpl/standards.jsp or contact IEEE at the address listed previously. For more
information about the IEEE-SA or IEEE’s standards development process, visit the IEEE-SA Website at
http://standards.ieee.org.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL:
http://standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata
periodically.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to
the existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant
has filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the
IEEE-SA Website at http://standards.icee.org/about/sasb/patcom/patents.html. Letters of Assurance may
indicate whether the Submitter is willing or unwilling to grant licenses under patent rights without
compensation or under reasonable rates, with reasonable terms and conditions that are demonstrably free of
any unfair discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting
inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or
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Introduction

This introduction is not part of IEEE Std 1906.1-2015, IEEE Recommended Practice for Nanoscale and Molecular
Communication Framework.

Nanoscale communication is expected to offer unprecedented benefits. For progress in the development of
this technology to accelerate, clear, common definitions and a conceptual framework are needed to solidify
and guide research toward practical systems. A conceptual framework is used to make conceptual
distinctions and organize ideas. The word framework is a shortened form of conceptual framework. A
conceptual framework provides the organization and structure required to develop conceptual models of
nanoscale communication. Indeed, the lack of precise definitions and a general framework for nanoscale
communication has resulted in limited impact and dissipated effort. The IEEE Std 1906.1 Recommended
Practice for Nanoscale and Molecular Communication Framework provides this precise, common
definition of nanoscale communication and a general framework that balances definitional precision with
broad applicability. This includes metrics, use-cases, and a reference model implemented in a simulation
environment. This effort is expected to facilitate research and development in nanoscale communication in
a coherent manner that will enable collaboration and more rapid advancement.

The reference model is implemented in the form of Network Simulator-3 (ns-3) code that implements the
IEEE 1906.1 framework. The code simulates the standard in several embodiments, one simulating molecular
nanoscale communication, and another simulating electromagnetic (EM) nanoscale communication. In the
EM nanoscale communication embodiment, the propagation model provides path loss and molecular
absorption noise experienced in human tissue because medical applications are a promising application for
nanoscale communication. These phenomena can be used to evaluate 1) the signal-to-interference ratio as a
function of the power transmission and the distance between sender and receiver and 2) an upper bound on the
channel capacity computed. In the molecular nanoscale communication embodiment, it is assumed that
molecules move into the medium following the omnidirectional Fick’s law. Knowing the number of
molecules released for each pulse and the diffusion coefficient (assumed constant), the model computes the
molecular concentration as a function of distance and time, evaluates the propagation delay, and estimates the
maximum channel capacity when a concentration-based receiver is used. In both cases, it is possible to
execute simulations aimed at investigating the channel capacity experienced by a nanoscale communication
link established between two devices, by changing physical detail (i.e., power transmission for the EM
embodiment, diffusion coefficient and number of molecules for the molecular nanoscale communication
embodiment). The simulator offers scripts to execute and process simulations as well as to generate graphs
(e.g., channel capacity versus distance) via MATLAB®.? The ns-3 IEEE 1906.1 reference code is available
from http://standards.ieee.org/downloads/1906/1906.1/P1906.1/.

* MATLAB is a registered trademark of The MathWorks, Inc.
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IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, security, health,
or environmental protection, or ensure against interference with or from other devices or networks.
Implementers of IEEE Standards documents are responsible for determining and complying with all
appropriate safety, security, environmental, health, and interference protection practices and all
applicable laws and regulations.

This IEEE document is made available for use subject to important notices and legal disclaimers.
These notices and disclaimers appear in all publications containing this document and may
be found under the heading “Important Notice” or “Important Notices and Disclaimers
Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at
http://standards.ieee.org/IPR/disclaimers. html.

1. Overview

This recommended practice provides a definition, common framework, and common parameters for
nanoscale communication networks. There is currently no standard or recommended practice that defines
precisely what a nanoscale communication network is, nor how its components should be viewed in a
conceptual framework, nor precise definitions of standardized parameters and components for interoperable
simulation modules. The lack of a standard in these areas has hindered research and development of this
technology. The goal of this recommended practice is to provide a general framework that partitions the
problem in such a way as to allow research and development to focus on specific, individual components
that interoperate with one another. It also allows researchers to focus on specific components while being
able to make assumptions about the environment in which those components will reside.

To date, few academic papers claiming to contribute to nanoscale communication networking attempt to
precisely define nanoscale communication. The lack of a well-defined problem prevents coherent advances
in the technology. In effect, each researcher is chasing a different and often unrelated goal and the lack of a
common framework and definition prevents progress from taking place by building upon previous results.
One reason reaching a common definition for nanoscale communication is difficult is due in part to the
need for researchers from diverse fields to reach a common understanding of the topic, ranging from
information theorists and physicists to biologists; a common terminology and definition are required in
order to avoid miscommunication of ideas. Researchers can be separated by the same terminology, for
example communication might mean one thing to a biologist (entities in direct contact with one another)
and something different to an information theorist (transmission of information measured via information
entropy). These diverse fields also often have different overarching goals; for example, information
theorists focus on information entropy, biologists focus on mechanism, that is, understanding and
manipulating systems of causally interacting phenomena and processes that produce measurable effects,
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