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Abstract: Requirements and guidelines for the design of radiofrequency (RF) brain imaging
systems, to help protect subjects/users/patients from adverse effects from overexposure to RF
electromagnetic energy, and from other electrical, mechanical, chemical, and biological hazards
are specified by this standard. This standard is limited to brain imaging devices using a brain
machine interface (BMI) that intentionally couples low-level RF electromagnetic energy, in the
frequency range between 10 MHz and 20 GHz, into the human head using antennas or probes in
direct contact with, or close proximity to, the human head.

Keywords: BMI, brain imager, brain machine interface, dosimetric reference limits, DRL,
electromagnetic fields, IEEE 2725.1™  microwave, microwave imager safety, RF exposure, SAR,
tissue heating
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Important Notices and Disclaimers Concerning IEEE Standards Documents

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

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents are developed within IEEE Societies and subcommittees of IEEE Standards
Association (IEEE SA) Board of Governors. IEEE develops its standards through an accredited consensus
development process, which brings together volunteers representing varied viewpoints and interests to
achieve the final product. IEEE standards are documents developed by volunteers with scientific, academic,
and industry-based expertise in technical working groups. Volunteers involved in technical working groups
are not necessarily members of IEEE or IEEE SA and participate without compensation from IEEE. While
IEEE administers the process and establishes rules to promote fairness in the consensus development
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.

IEEE makes no warranties or representations concerning its standards, and expressly disclaims all
warranties, express or implied, concerning all standards, including but not limited to the warranties of
merchantability, fitness for a particular purpose and non-infringement IEEE Standards documents do not
guarantee safety, security, health, or environmental protection, or compliance with law, or guarantee
against interference with or from other devices or networks. In addition, IEEE does not warrant or represent
that the use of the material contained in its standards is free from patent infringement. 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
their 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: THE
NEED TO PROCURE 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.
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Translations

The IEEE consensus balloting process involves the review of documents in English only. In the event that
an [EEE standard is translated, only the English language version published by IEEE is the approved IEEE
standard.

Use by artificial intelligence systems

In no event shall material in any IEEE Standards documents be used for the purpose of creating, training,
enhancing, developing, maintaining, or contributing to any artificial intelligence systems without the
express, written consent of IEEE SA in advance. “Artificial intelligence” refers to any software,
application, or other system that uses artificial intelligence, machine learning, or similar technologies, to
analyze, train, process, or generate content. Requests for consent can be submitted using the Contact Us
form.

Official statements

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board
Operations Manual is not, and 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 or IEEE
SA. At lectures, symposia, seminars, or educational courses, an individual presenting information on IEEE
standards shall make it clear that the presenter’s views should be considered the personal views of that
individual rather than the formal position of IEEE, IEEE SA, the Standards Committee, or the Working
Group. Statements made by volunteers may not represent the formal position of their employer(s) or
affiliation(s). News releases about IEEE standards issued by entities other than IEEE SA should be
considered the view of the entity issuing the release rather than the formal position of IEEE or IEEE SA.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations,
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 consensus of concerned interests, it is
important that any responses to comments and questions also receive the concurrence of a balance of
interests. For this reason, IEEE and the members of its Societies and subcommittees of the IEEE SA Board
of Governors 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 evaluating comments or revisions to an
IEEE standard is welcome to join the relevant IEEE SA working group. You can indicate interest in a
working group using the Interests tab in the Manage Profile & Interests area of the IEEE SA myProject
system.! An IEEE Account is needed to access the application.

Comments on standards should be submitted using the Contact Us form.?

! Available at: https://development.standards.ieee.org/myproject-web/public/view.html#landing.
2 Available at: https://standards.ieee.org/about/contact/.
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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 constitute 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.

Data privacy

Users of IEEE Standards documents should evaluate the standards for considerations of data privacy and
data ownership in the context of assessing and using the standards in compliance with applicable laws and
regulations.

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, neither IEEE nor its licensors waive any rights in
copyright to the documents.

Photocopies

Subject to payment of the appropriate licensing fees, 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;
https://www.copyright.com/. 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 10 years. When a document is more than 10 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.
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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 IEEE Xplore or contact IEEE.? For more
information about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website.* Search for standard
number and year of approval to access the web page of the published standard. Errata links are located
under the Additional Resources Details section. Errata are also available in IEEE Xplore. Users are
encouraged to periodically check for errata.

Patents

IEEE standards are developed in compliance with the IEEE SA Patent Policy.’

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 https://standards.iece.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
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that
determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely
their own responsibility. Further information may be obtained from the IEEE Standards Association.

IMPORTANT NOTICE

Technologies, application of technologies, and recommended procedures in various industries evolve over
time. The IEEE standards development process allows participants to review developments in industries,
technologies, and practices, and to determine what, if any, updates should be made to the IEEE standard.
During this evolution, the technologies and recommendations in IEEE standards may be implemented in
ways not foreseen during the standard’s development. IEEE standards development activities consider
research and information presented to the standards development group in developing any safety
recommendations. Other information about safety practices, changes in technology or technology
implementation, or impact by peripheral systems also may be pertinent to safety considerations during
implementation of the standard. Implementers and users of IEEE Standards documents are responsible for
determining and complying with all appropriate safety, security, environmental, health, data privacy, and
interference protection practices and all applicable laws and regulations.

3 Available at: https://ieeexplore.icee.org/browse/standards/collection/ieee.

4 Available at: https:/standards.ieee.org/standard/index.html.
> Available at: https://standards.ieee.org/about/sasb/patcom/materials.html.
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Introduction

This introduction is not part of IEEE Std 2725.1-2024, IEEE Standard for Microwave Structural, Vascular, or
Functional Brain Imaging Device Safety.

The standard has been developed by the P2725.1 Working Group under the Standards Committee of the
IEEE Engineering in Medicine and Biology Society.

This standard addresses safety aspects for brain machine interface (BMI) devices using radiofrequency
(RF) electromagnetic energy (EME) to probe the human head—as primarily, but not exclusively, used in
clinical brain imaging applications. Minimum requirements are specified to limit human exposure to RF
EME based on existing international standards and guidelines while acknowledging the requirement to
comply with any relevant jurisdictional regulations. Methods are presented for assessing compliance with
the RF exposure requirements including some worked examples.

Requirements and guidelines are also included for the design of BMI devices to help protect
operators/users/patients from adverse effects from other electrical, mechanical, chemical, and biological
hazards.
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IEEE Standard for Microwave
Structural, Vascular, or Functional
Brain Imaging Device Safety

1. Overview

1.1 Scope

This standard pertains to brain imaging and brain machine interface (BMI) devices that intentionally couple
low-level radiofrequency (RF) electromagnetic energy (EME), in the frequency range between 10 MHz and
20 GHz, into the human head using antennas or probes in direct contact with, or in close proximity to, the
human head.

This standard specifies requirements and guidelines for the design of such devices to help protect operators,
users, and patients from adverse effects from overexposure to RF EME and from other electrical,
mechanical, chemical, and biological hazards.

This standard does not cover requirements on Electromagnetic Compatibility (EMC), but it contains safety
provisions that assist in preventing the device from producing excessive transmit power as could, for
example, occur in the event the device’s operation is compromised due to external RF interference. The
safety provisions include the requirement for an independent watchdog circuit on every antenna channel to
cause it to safely shut down in the case excessive transmit power is detected during operation.

1.2 Purpose
The purpose of this standard is as follows:

— To specify the maximum allowable exposure of RF EME to which the device may expose the
human head, and how to evaluate compliance with the relevant exposure limits.

— To specify the required means within the device to continually monitor the device energy emission,
to automatically deactivate the device, and alert the operator and the user in the event the exposure
limits might be exceeded.

— To specify electrical safety requirements to help ensure that, during normal operation, or in the
event of any single-point hardware, firmware, or software failure, the device does not expose the
user to RF EME or leakage currents exceeding relevant exposure or safety limits.
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— To specify mechanical, chemical, and biohazard safety requirements.

1.3 Microwave brain imaging technology

Microwave brain imaging provides a non-invasive means to observe and monitor the brain structures,
potentially over an extended period of time. BMI devices include active sensors that use low levels of RF
energy but still require careful design and operational controls to comply with safety regulations.

The potential for use in wearable BMI devices creates the requirement that said apparatus be worn for
hours at a time without exposing the user to excessive RF energy, dc and low frequency leakage currents,
and mechanically and chemically induced irritation.

Microwave brain imaging is typically implemented using a helmet or cap placed over the scalp. The helmet
contains one or more transmitting elements, each feeding an antenna that is placed in direct contact with, or
in close proximity to, the scalp. Additionally, the imaging helmet contains an array of receiving elements,
each with an antenna placed over an area of the scalp. In many devices, each antenna is connected to both
transmitting and receiving circuitry where it serves the purposes of both emitting radiofrequency (RF)
signals and receiving RF signals that are either reflections of its own transmitted waveform or,
alternatively, transmissions that traveled through multiple paths inside the head after being transmitted by a
different antenna.

Microwave imaging systems typically use either electromagnetic pulse trains or frequency-swept
continuous wave (CW) sine waves.

— Pulsed imaging systems generally transmit strings of ultra-wideband (UWB) pulses that tend to be
Gaussian in shape, have widths ranging from 20 ps to 300 ps, and repetition rates ranging from
10 million pulses per second (MPPS) to 100 MPPS (i.e., pulse-to-pulse intervals of 100 ns to
10 ns).

— CW imaging systems typically transmit sine waves that are swept in frequency, usually in bursts,
sometimes referred to as chirps.

In both pulsed and CW brain imaging systems, the signals used tend to have spectral content ranging from
approximately 10 MHz to 20 GHz, with the most useful portion of the spectrum for imaging typically
residing in the 400 MHz to 10 GHz range. Frequencies below 400 MHz have corresponding wavelengths
that are generally too long to provide useful spatial resolution, and frequencies above approximately
10 GHz have limited ability to propagate through head tissues and thereby suffer a high degree of
attenuation, generally resulting in insufficient signal amplitude seen at the receiving antennas.

1.4 How to use this standard

Clause 2 provides the normative references that give critical information and/or requirements needed to
claim compliance with this standard.

Clause 3 provides the definitions, acronyms and abbreviations used in this standard.

Clause 4 specifies the requirements with respect to human exposure to RF EME by reference to, and
interpretation of, the relevant normative references. The relevant exposure limits are clarified with respect
to the device application. Methods for assessing compliance with these exposure limits are defined in
Clause 4 with additional information on the methodology in Annex A, Annex B, and Annex C. Worked
examples are given in Annex E showing how the RF EME exposure assessment methodology in this
standard can be applied. Additional design requirements for the management of the RF transmissions are
presented in 4.4.
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Clause 5 specifies the requirements with respect to electrical, mechanical, chemical, and biohazard safety
mainly by reference to specified normative references. Additional design requirements are specified with
examples in Annex D.

1.5 Word usage

The word shall indicates mandatory requirements strictly to be followed in order to conform to the standard
and from which no deviation is permitted (shall equals is required to).%’

The word should indicates that among several possibilities one is recommended as particularly suitable,
without mentioning or excluding others; or that a certain course of action is preferred but not necessarily
required (should equals is recommended that).

The word may is used to indicate a course of action permissible within the limits of the standard (may
equals is permitted to).

The word can is used for statements of possibility and capability, whether material, physical, or causal (can
equals is able to).

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must
be understood and used, so each referenced document is cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of
the referenced document (including any amendments or corrigenda) applies.

ICNIRP, Guidelines for Limiting Exposure to Electromagnetic Fields (100 kHz to 300 GHz), Health
Physics, vol. 118, no. 5, May 2020.

IEC 60601-1:2005+A1:2012+A2:2020, Medical electrical equipment—Part 1: General requirements for
basic safety and essential performance.®

IEEE Std C95.1™, IEEE Standard for Safety Levels with Respect to Human Exposure to Electric,
Magnetic, and Electromagnetic Fields, 0 Hz to 300 GHz.>'°

IEEE Std C95.7™ [EEE Standard for Electromagnetic Energy Safety Programs, 0 Hz to 300 GHz.

¢ The use of the word must is deprecated and cannot be used when stating mandatory requirements; must is used only to describe
unavoidable situations.

7 The use of will is deprecated and cannot be used when stating mandatory requirements; will is only used in statements of fact.

8 IEC publications are available from the International Electrotechnical Commission (https://www.iec.ch) and the American National
Standards Institute (https://www.ansi.org/).

° The IEEE standards or products referred to in Clause 2 are trademarks owned by The Institute of Electrical and Electronics
Engineers, Incorporated.

! IEEE publications are available from The Institute of Electrical and Electronics Engineers (https://standards.ieee.org/).
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3. Definitions, acronyms, and abbreviations

3.1 Definitions

For the purposes of this document, the following terms and definitions apply. The [EEE Standards
Dictionary Online should be consulted for terms not defined in this clause. !

absorbed power density: See: epithelial power density.
absorbed power: The part of the accepted power that is absorbed by the body. See also: accepted power.

accepted power: The part of the power incident to the antenna port that is not reflected by mismatch load
impedance.

available power (Pun): The power in the pulse or chirp train generated by the pulse or chirp generator
terminated in a matched load.

BALUN: A signal transformer that matches balanced to unbalanced transmission lines or devices.

brain machine interface (BMI): Device for delivering radiofrequency (RF) energy to, and receiving
reflected RF energy from, the human head.

NOTE 1—Radiofrequency part of a device intended to image the structure of the head and brain.?

NOTE 2—Radiofrequency part of a direct brain-to-machine communications device that could potentially bypass the
need for, or exceed the capabilities of, conventional methods of communications such as speech and writing.

NOTE 3—A BMI potentially could be used in a neuroprosthetic device, to bypass the spinal cord and enable direct
brain control of an exoskeleton or robotic device or to control a device that would externally stimulate muscles.

chirp: A swept frequency pulse of short time duration.

NOTE—Typically, for brain machine interface (BMI) chirps, the amplitude is substantially constant as the frequency is
swept between a few hundred megahertz (MHz) and a few gigahertz (GHz) in under 100 ms with a short time between
chirps.

clinical application: Application of a brain machine interface (BMI) brain imaging device in the context of
supervision of its use for a patient under the direct care of a physician or other medical care professional for
diagnostic, therapeutic, and/or research purposes. See also: brain machine interface (BMI).

NOTE—Patients using BMI brain imaging devices are required to be made aware of their potential exposure to
radiofrequency (RF) fields and how to turn off the device to eliminate exposure if they desire.

consumer application: Application of a brain machine interface (BMI) brain imaging device in the context
of use by members of the general population not under the supervision of a physician or other medical
professional and who are unaware of their exposure to radiofrequency (RF) fields. See also: brain
machine interface (BMI).

NOTE—REF exposures associated with consumer applications of BMI brain imaging devices may occur for unlimited
periods of time.

WIEEE Standards Dictionary Online is available at: http:/dictionary.icee.org. An IEEE account is required for access to the
dictionary, and one can be created at no charge on the dictionary sign-in page.

12 Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement
this standard.
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cortical gyri: The distinctive pattern of folds or bumps on the surface of the brain (singular: gyrus).
creepage distance: (A) The shortest distance between two conductive paths measured along the surface of
a solid insulator/isolation barrier or (B) a spacing requirement between metallic or conductive contacts that
are external to the isolation material/device.

NOTE—The creepage distance is a factor related to potential for electrical arcing caused by high operating voltages.
dBm: A measure of power, decibels with respect to a milliwatt.

NOTE—For example, 20 dBm is equal to 100 mW.

epithelial power density (Sepa): The power flow through the epithelium per unit area directly under the
body surface (i.e., in stratum corneum of the skin or corneal epithelium of eyes). Syn: absorbed power
density.

NOTE 1—The SI unit for epithelial power density is watt per square meter (W/m?).

NOTE 2—In this standard, the epithelial power density just inside the body surface is employed to define local
dosimetric reference limits at frequencies greater than 6 GHz.

exposure: The state of being in the presence of electric, magnetic, or electromagnetic fields, or in contact
with a current or voltage source.

exposure limit: A threshold such as a dosimetric reference limit (DRL) or exposure reference limit (ERL)
including, when applicable, frequency dependency and spatial and temporal aspects (e.g., averaging).

NOTE—ELy is the numerical value of the exposure limit at frequency f.

exposure ratio: The ratio of the exposure value to the corresponding dosimetric reference limit (DRL) or
exposure reference limit (ERL) at the frequency of interest. See also: total exposure ratio.

NOTE—When multiple exposure ratios are summed, the frequency dependency of the applicable DRL or ERL is
preserved.

FWHM: Full width half maximum, a measurement of pulse duration.
motor prosthesis: A device that supports the function of the autonomous nervous system.

NOTE—In the context of this standard, an example of a motor prosthesis could be a device that monitors brain activity
and uses this information to either actuate an external mechanical device or to externally provide direct muscle
stimulation.

neuroprosthetics: A scientific discipline related to neuroscience and biomedical engineering concerned
with developing neural prostheses. Contrast: brain machine interface (BMI).

operator: The person who supervises the use of the brain machine interface (BMI). See also: brain
machine interface (BMI).

single point of failure: A part of a system that, if it fails, can stop the entire system from working.
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specific absorption rate (SAR): The time derivative of the incremental energy (dW) absorbed by

(dissipated in) an incremental mass (dm) contained in a volume element (dV) of given mass density (p).

SAR = i{d_W
dt\ dm

_d|dw
dt\ pdV
NOTE 1—The SI unit of SAR is watt per kilogram (W/kg).

NOTE 2—SAR can be related to the electric field at a point in the body by:

EP
sap=21EL
yo,
where
o is the conductivity of the tissue (S/m)
P is the density of the tissue (kg/m?)
E is the root-mean-square (rms) electric field strength in tissue (V/m)

NOTE 3—SAR can be related to the initial rate of rise in temperature at a point by

SAR:CAT

=0
where

AT is the change in temperature (°C)
At is the duration of exposure (s)
c is the specific heat capacity [J/(kg-°C)]

This assumes that measurements are made under “ideal” non-thermodynamic circumstances, that is, no heat loss by
thermal diffusion, radiation, or thermoregulation (blood flow, sweating, etc.).

specific absorption rate—peak spatial-average (psSAR): The maximum local specific absorption rate
(SAR) averaged over a specified volume or mass (e.g., any 10 g of tissue in the shape of a cube).

NOTE—The ST unit of psSAR is watt per kilogram (W/kg).

specific absorption rate—whole-body-average (WBA SAR): The specific absorption rate (SAR)
averaged over the entire mass of the body.

NOTE—The SI unit of WBA SAR is watt per kilogram (W/kg).

stack: The vertical configuration of tissues (as in tissue stack comprised of skin, skull, dura, cerebrospinal
fluid (CSF), white and gray matter) found in the head that are relevant to determining penetration of
radiofrequency (RF) energy during brain imaging.

total exposure ratio: The sum of a set of exposure ratios employed to characterize a total (potential)
electromagnetic field (EMF) exposure in relation to a corresponding exposure limit considering that the
total exposure ratio incorporates all relevant frequency, temporal, and spatial components necessary to
maintain consistency with the corresponding exposure metric.

NOTE—If the total exposure ratio exceeds unity, then the evaluated exposure condition exceeds the corresponding
exposure limit.
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user: The person who is wearing the brain machine interface (BMI) apparatus on their head. See also:
brain machine interface (BMI); operator.

NOTE—Depending on the function of the BMI, this might be a subject of a study, a patient, a person using the BMI

commercially, or a member of the public in a domestic application.

vector network analyzer (VNA): A type of test equipment that measures electrical network parameters,
such as, for example, acceptance of radiofrequency (RF) energy, as a function of frequency, by an antenna
or other electrical device.

3.2 Acronyms and abbreviations

BMI

DRL

EEG

EMC

EME

ERL

FWHM

SAR

TDR

Tx

UWB

brain machine interface
dosimetric reference limit
electroencephalography
electromagnetic compatibility
electromagnetic energy
exposure reference level
full width half maximum
radiofrequency

receive

specific absorption rate
time domain reflectometer
transmit

ultra-wideband

vector network analyzer
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4. Human exposure to RF EME

4.1 Requirements for restricting human exposure to RF EME
The BMI apparatus shall be designed and operated as follows:

a) It complies with exposure limits in IEEE Std C95.1 and ICNIRP 2020 except where local
regulations stipulate more restrictive exposure limits, in which case those more restrictive limits
shall apply. '3 14

b) It does not transmit appreciable energy below 10 MHz.

c¢) The RF exposure cannot exceed the applicable RF exposure limits even in the event of any single-
point failure, including the disconnection of any input port to a transmit element.

d) No transmitting antennas shall be placed in contact with, or in a location where they could directly
couple RF energy to, the eyes or eyelids as follows:

1) No transmit antenna shall be placed such that any of its active radiating area encroaches
inferior to (below) the supraorbital process nor anywhere within the orbit.

2)  Receive-only antennas or probes at locations directly over the eyelid shall not be driven from
a transmitter of any type.

Instructions shall be provided to operators with respect to BMI users that have electronic implants in RF-
exposed areas of their body. The operator instruction shall be to check if the user has received guidance
from their physician on electromagnetic energy (EME) safety actions and to check if there are any special
considerations advised by the electronic implant manufacturer or relevant regulator.

4.2 Relevant RF exposure limits

4.2.1 Applicable exposure metrics

Limits for human exposure to electric, magnetic, and electromagnetic fields are defined in IEEE Std C95.1
and ICNIRP 2020. These limits are based on an evaluation of scientific data to determine the lowest
exposure levels above which the most vulnerable persons might start to experience adverse health effects—
the threshold for harm. Then, for the populations and uses within their scope, IEEE Std C95.1 and
ICNIRP 2020 include a risk assessment and apply factors to account for scientific uncertainties thereby
determining significantly lower exposure levels that become the exposure limits—the unrestricted/general
public limits and the restricted environment/occupational limits.

Over the frequency range of interest, there are several exposure metrics for which limits are defined. This
standard identifies the following exposure limit metrics to be applicable:

a) Local SAR: The specific absorption rate—peak spatial-average (psSAR) metric limits the
maximum time-averaged power, at frequencies up to 6 GHz, absorbed in a small mass of body
tissue.

13 For example, non-clinical use devices that are operated in some jurisdictions might be required to comply with more restrictive local
SAR levels that apply to 1 g tissue mass (e.g., FCC, 47 CFR 1.1310 [B2], see Table A.1).
14 Information on references can be found in Clause 2.
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b)  Epithelial power density: The epithelial power density (also termed absorbed power density) (Sepa)
metric limits the maximum time-averaged power, at frequencies above 6 GHz, absorbed in a small
surface area of the body skin.

c)  Whole body averaged SAR: The specific absorption rate—whole-body-average (WBA SAR) metric
limits the maximum time-averaged power, over the frequency range 100 kHz to 300 GHz, absorbed
in the whole body.

d) In addition, the local SAR and epithelial power density for short-duration exposures under the local
exposure limit averaging time are further limited by peak energy density and peak power density
constraints.

For these exposure limit metrics, Table 1 shows the applicable limit values for IEEE Std C95.1,

ICNIRP 2020.
Table 1—Applicable exposure limits
Extract from IEEE Std C95.1-2019 and ICNIRP 2020 Restricted Unrestricted
(occupational) (general public)

psSARiim Local SAR limit, frequency <6 GHz 10 W/kg 2 Wikg

WBASARIim WBA SAR limit 0.4 W/kg 0.08 W/kg

Stim Epithelial power density (absorbed power 100 W/m? 20 W/m?
density), frequency > 6 GHz

ng Local SAR averaging mass 10g

Alim Area over which Siim is averaged 4 cm?

Averaging time WBA The time window over which power is 30 min
averaged—WBA limits

Averaging time Local The time window over which power is 6 min
averaged—Local limits

Note that where a broad band RF exposure includes frequencies above and below 6 GHz, the total exposure
ratio (TER) shall be less than or equal to 1 considering both the local SAR and epithelial power density
exposures and their respective limits according to Equation (1).

SSAR S
R=L20 S oy ()
PsSARy,, Sy,
where
TER is the total exposure ratio
PsSAR,, is the local SAR in averaging mass ng for the device configuration under test (W/kg)

PSSAR,,, is the local SAR limit (W/kg)
S is the epithelial power density (absorbed power density) for the device configuration
under test (W/m?)

S is the epithelial power density (absorbed power density) limit (W/m?)

lim
Exposures to bystanders (such as attending medical personnel) shall comply with unrestricted/general

public limits except when operating under an RF safety program (IEEE Std C95.7) where higher exposures
up to the restricted environment/occupational limit may be specified.
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4.2.2 RF exposure requirements applicable to specific BMI applications

4.2.2.1 Clinical applications
These are devices used under clinical supervision for medical treatment or clinical research purposes.

Physicians have a duty of care to their patients and routinely have to assess the potential benefits to their
patients against known harm and potential side effects and agree the course of treatment with an informed
patient, therefore:

— For medical applications, patient RF exposure should be in compliance with the
unrestricted/general public exposure limits (4.2.1) wherever feasible and shall be in compliance
with restricted environment/occupational limits under routine medical supervision.

—  Subject to case-by-case evaluation by the physician, considering the benefit to the patient and risks
for patient RF exposures at or above the threshold for adverse health effects, specific treatments or
investigations may involve RF exposure above the restricted environment/occupational limits
subject to appropriate ongoing medical supervision under appropriate ethical controls documented
in an RF safety program (IEEE Std C95.7).

Researchers, operating within an appropriate ethical framework, have a duty of care to themselves and to
the people they expose; therefore, for research applications, user RF exposure should be in compliance with
the unrestricted/general public exposure limits wherever feasible. RF exposure may be increased up to the
restricted environment/occupational limits under appropriate ethical controls and documented in an RF
safety program (IEEE Std C95.7).

4.2.2.2 Consumer applications

Consumer microwave imagers and BMI devices are used by the general public without supervision or
special training. Use of microwave imagers as BMIs entails the potential for these systems to be worn for
hours at a time, and possibly on a daily basis, comparable to the usage time profiles for cell phone users.
Also, the frequency spectrum employed in microwave brain imagers has a considerable overlap with, and is
a superset of, the spectrum widely used in 3G, 4G, and 5G cellular communications.

Such imagers and BMI devices are intended to be used by untrained individuals in domestic environments;
therefore, for consumer applications, RF exposures shall be in compliance with the unrestricted
environment/general public exposure limits.

4.2.2.3 Industrial applications

Industrial microwave imagers and BMI devices are used in non-clinical occupational applications. Use of
microwave imagers as BMIs entails the potential for these systems to be worn for hours at a time and
possibly on a daily basis.

Such imagers and BMI devices are intended to be used by trained individuals in industrial environments;
therefore, for industrial applications, RF exposures shall be in compliance with the restricted
environment/occupational exposure limits subject to compliant use constraints documented in an RF safety
program (IEEE Std C95.7).
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4.3 RF exposure assessment

4.3.1 General

Measurements are made of the available power spectrum from the source and (optionally) the antenna
matching parameters (S11). Local SAR exposure limits relate to frequencies below 6 GHz, and epithelial
power density exposure limits relate to frequencies above 6 GHz. The power transmitted into the head, the
potential maximum absorbed power, is therefore determined for frequencies above and below 6 GHz.

The location immediately under each transmit antenna is where the maximum psSAR and epithelial power
density (absorbed power density) occurs. By conservatively assuming that all the power accepted by the
antenna (accepted power) below 6 GHz is absorbed in a single psSAR averaging mass, the maximum
psSAR will always be less than the accepted power (under 6 GHz) divided by the exposure limit averaging
mass. Similarly, for epithelial power density, the maximum exposure from an individual antenna will
always be less than the accepted power above 6 GHz divided by the epithelial power density exposure limit
averaging area.

The local SAR is proportional (considering array configuration) to the power fed to each individual
antenna. The relationship between available power and local SAR is determined for the power components
below 6 GHz.

The fraction of the accepted power that is present in the spectrum above 6 GHz and the number of transmit
antennas in the assessment area specified by the epithelial power density (also known as absorbed power
density) exposure limit (e.g., 4 cm?) then enable a relationship to be determined between the available
power per antenna and the epithelial power density.

Note that while the BMI device is likely to include an array of several antennas, only those antennas used
to transmit energy into the head during any period of 6 min need to be considered in the RF exposure
assessment. However, if more than one antenna is actively contributing to the exposure in the SAR
assessment cube or epithelial power density assessment surface area, this contribution shall be accounted
for in the exposure assessment.

Not all the available power from the pulse or chirp generator is accepted by the antenna and radiated into
the head. Some power is reflected and absorbed by the source circuitry. As an enhanced assessment
procedure, it is therefore permitted to determine the reflection coefficient at each frequency in the comb or
over the frequency range of the chirp, determine the reflected power, and deduct that value from the
measured available power from the generator to give just the antenna accepted power.

The maximum available power per antenna (averaged over the local exposure averaging time) is then
determined that complies with both the psSAR and epithelial power density exposure limits by determining
the available power per antenna for the limit case where the sum of the ratios of the computed psSAR and
epithelial power density to their respective exposure limits is 1 [see Equation (1)].

If the maximum duration of the exposure is less than the local exposure averaging time, then the maximum
available power per antenna may be increased by a factor. To comply with the peak energy density and
peak power density constraints in IEEE Std C95.1™ and ICNIRP 2020, a factor of up to 5 times is
permitted depending on the maximum exposure duration in any period of 6 min.

Conservatively, it is assumed that all pulse train or chirp power accepted by the BMI antennas is absorbed
by the body. The WBA SAR exposure is determined from the total (accepted) power (for all frequencies)
from all active antennas in the array divided by the body mass of the individual. The maximum number of
active antennas consistent with the relevant WBA SAR limit can then be established. This is determined
considering the actual available power per antenna, the relevant WBA SAR limit including appropriate
time averaging, and the mass (i.e., weight) of the user.
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