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for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness 
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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 
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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. 
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The IEEE consensus development process involves the review of documents in English only. In the event 
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Introduction 

This introduction is not part of IEEE Std 1309-2013, IEEE Standard for Calibration of Electromagnetic Field Sensors 
and Probes (Excluding Antennas) from 9 kHz to 40 GHz. 

This standard provides calibration methods for electromagnetic (EM) field sensors and probes, excluding 
antennas per se, for the frequency range of 9 kHz to 40 GHz. The original version of this standard was 
developed and released in 1996 in response to need within the electromagnetic compatibility (EMC) test 
and measurement community for standard (consensus) methods of calibration for commonly used EM field 
sensors and probes. The 2005 version of the standard provided updates to the original 1996 version to 
clarify items that some users may have found difficult to understand, to expand details and examples with 
respect to estimating and expressing calibration uncertainty, and to present additional technical background 
information. Also, the 2005 version inserted calibration methods for field probes used for specific types of 
commercial electronic products radiated immunity testing i.e., IEC 61000-4-3:2006 [B48]a, and H-field 
probe calibrations applicable for ANSI C63.19-2007 [B3] hearing aid and wireless communication device 
compatibility testing. The 2013 version of the standard consolidates field generation setups and calculation 
methods with test methods specified in probe calibrations for typical commercial electronics products 
radiated immunity setups, and improves consistency in primary field calculations, especially for TEM cells. 
The 2013 version also adds specific guidance about calculating measurement uncertainties for TEM cell 
and Helmholtz coil methods. A new section is now included on minimizing measurement uncertainties 
during end uses of calibrated probes. An informative annex is introduced with basic information about 
probe types and uses for measuring various types of signals. Other changes include new definitions of 
probe alignment with respect to the incident electromagnetic field, and extraction of subclauses about 
grades of calibrations and time domain calibration procedures, due to the limited and specific applications 
of these subjects. 

                                                           
a Numbers in brackets correspond to the numbers of the bibliography in Annex F. 

This standard provides calibration methods that are appropriate to various frequency ranges and user 
requirements. Methods for creating standard electric and magnetic fields used for calibration are presented. 
Because the specific calibration needs for a particular field probe or sensor depend on its intended use, 
guidelines to specify and communicate calibration requirements are provided. This standard also provides 
details for estimating and expressing calibration measurement uncertainties. 
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IEEE Standard for Calibration of Electromagnetic Field Sensors and Probes, 

(Excluding Antennas) from 9 kHz to 40 GHz 

 

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.ors/IPR/disclaimers.html. 

 

 

1. Overview 

 

1.1 Scope 

 

This standard includes calibration methods for electromagnetic field sensors and probes, 

excluding antennas per se, for the frequency range from 9 kHz to 40 GHz. The standard defines the 

characteristics, use and measurement uncertainties for electromagnetic field sensors and field 

probes. Areas described include: anisotropy effects, temperature effects, probe linearity effects, 

modulation effects, source and conductor proximity (near-field) effects, response in multi-frequency 

fields, partial- vs. full-immersion of probe/meter, non-purity and harmonic field effects caused by 

amplifiers. Specific instructions are provided for proper calibration of probes for different 

applications. 
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1.2 Purpose 

 

This standard provides consensus calibration methods for electromagnetic field sensors and 

probes. Calibration organizations and other users need uniform calibration methods to obtain 

consistent results. The calibration methods of this standard will produce results readily traceable 

to a national measurement institute.4 

 

 

1.3 Other considerations and background 

 

1.3.1 Other considerations 

 

This standard provides calibration methods for electromagnetic (EM) field sensors and field 

probes, excluding antennas per se, for the frequency range of 9 kHz to 40 GHz. Field injection (i.e., 

transmitting) probe calibration is not covered by this standard. This standard is not applicable to 

electromagnetic interference (EMI) emission measurement antennas, which have are sometimes 

been referred to as probes, such as active and passive rod and loop antennas, generally used in the 

frequency range of 9 kHz to 30 MHz. Calibration of immersible and implantable probes for 

specific absorption rate (SAR) testing is not considered in this standard;‖ IEEE‖ Std‖ 1528™-2003 

[B57]1 should be consulted for guidance on SAR probe calibrations. 

 

This standard provides various calibration methods that are appropriate to various frequency ranges 

and various user requirements. These methods are applicable to any (e.g., active, passive, photonic) 

field sensor or probe. Methods are provided for frequency domain calibration and time domain (i.e., 

transient) calibrations. 

 

1 Numbers in brackets correspond to the numbers of the Bibliography, Annex F. 

 

4 National measurement institute refers to, for example, the National Institute of Standards and Technology (NIST) in the United 

States, the National Physical Laboratory (NPL) in the United Kingdom, Physikalisch- Technische Bundesanstalt (PTB) in Germany, 

National Measurement Institute (NMI) in Australia, etc. 
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Methods for creating standard electric and magnetic fields are described in Clause 5. Each method 

has calculable field strengths and associated uncertainties. Each standard field method is 

individually addressed. The field generation information was‖obtained‖from‖IEEE‖Std‖291™-

19912 and from IEEE‖ Std‖ C95.3™-2002, with additional information from sources listed in the 

bibliography.3 Further information on probe calibration methods and applications guidance for 

frequencies below 100 kHz is given in IEEE Std PC95.3.1™ [B53™ 2010 [B58+,‖ IEEE‖Std‖1308™-

1994‖ *B54+,‖ and‖ IEEE‖ Std‖ 1460™-1996 Calibration methods [B56]. The calibration methods 

described in Annex A are suitable for probes used for electronic-product radiated immunity testing 

in accordance with IEC 61000-4-3 [B49] are:2006 [B48],4 and for probes used for testing near-fields of 

mobile telephones in accordance with ANSI C63.19-2007 [B3]. described in Annex D. Calibration 

methods for probes used for testing near-fields of mobile telephones in accordance with ANSI Std 

C63.19-2001 [Bl] are described in Annex E. 

 

 

 

 

 

 

 

2 Information about normative references is given can be found in Clause 2. 

 

3 For information purposes it is noted that other documents describing probe calibrations have recently been developed or 

published. ISO Technical Report 10305-1:2003 [B62] describes test setups similarly to IEEE Std 1309, but includes additional low 

frequency setups. ISO Technical Report 10305-2:2003 [B63] is a direct adoption of IEEE Std 1309-1996. VDI/VDE/DGQ DKD 2622 

Part 10 [B119] describes frequency domain calibrations and measurement uncertainties using transverse electromagnetic TEM cells 

and gigahertz transverse electromagnetic GTEM cells. Finally, draft IEC 61000-4-33 [B51] has a thorough description of setups and 

issues for time domain probe calibrations and use for EM pulse testing. 

 

4 For information purposes it is noted that other documents describing calibrations for probes used for electronic-product radiated 

immunity testing have recently been developed or published. IEC 61000-4-3:2006 Ed.3 Amd1:2007 [B49] comprises an informative 

annex to IEC 61000-4-3:2006 [B48]; that annex describes several probe calibration setups and procedures that are similar to the 

corresponding subclauses in Annex A of this edition of IEEE Std 1309 (as well as Annex D of IEEE Std 1309-2005 [B55]). IEC 61000-4-

20:2010 [B50] has an informative annex describing basic and TEM-waveguide-specific probe calibration setup and procedure 

considerations. 
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Most EM field measurements are made in the frequency domain, either at a single frequency or at a 

number of frequencies. The ever-increasing susceptibility of electronic circuits has awakened 

interest in transient EM phenomena such as electrostatic discharge (BSD), electromagnetic pulse 

(BMP), and system-generated transients, such as automotive ignition noise. The measurement of 

these transient fields requires EM field probes and sensors that can accurately replicate the transient 

wave shapes, thus requiring an equivalent bandwidth of decades. The calibration of time domain 

sensors necessitates procedures that are significantly different from those for the frequency domain 

sensors. 

 

The electric or magnetic field sensor and/or probe calibration requirements depend on the design 

and the manufacturer's specifications. The calibration shall address the amplitude response, 

frequency response, accuracy (uncertainty), linearity, and isotropy. Additionally the calibration may 

address response time, time constant, and response to signal modulation. 

 

This standard provides consensus calibration methods for EM field sensors and probes. 

Calibration organizations and other users need uniform calibration methods to obtain consistent 

results. The calibration methods of this standard will produce results readily traceable to a national 

measurement institute.5 

 

1.3.2 Background 

 

Antenna calibration is the subject of existing standards, such as IEEE Std ANSI C63.5™--2006. 

Although field sensors and probes are antennas in a broad sense of the term, actual applications of 

antennas, field sensors, and field probes are generally different. 

 

 

 

 

5 The term national measurement institute refers to, for example, the National Institute of Standards and Technology (NIST) in the 

United States, the National Physical Laboratory (NPL) in the United Kingdom, Physikalisch-Technische Bundesanstalt (PTB) in 

Germany, National Measurement Institute (NMI) in Australia, etc. 
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Antennas are designed to transmit or receive with a maximum coupling to the EM field, and thus 

antennas typically perturb the EM field. Field sensors and field probes are designed to measure 

with minimal perturbation of the EM field. 

 

Antenna calibrations are based on various standards containing various procedures for determining 

antenna factors and other antenna parameters. However, attempts at applying antenna calibration 

methods to field sensors and probes usually produce inconsistent results among calibration 

organizations and other laboratories. IEEE Std 1309 is intended to provide consistent methods and 

results for the various probe calibration methods in use worldwide.6 

 

 

1.4 Generic probe types. 

 

Field probes and sensors are grouped into one of two categories based on the location of the field 

measured with respect to a ground plane. This standard thus defines field probes and sensors as 

either being ground-plane or free field. Detailed types. Specific definitions are presented given in 

Clause 3. Specific calibration instrumentation, procedures, and field generation methods may be 

different between these two groups of probes and sensors. This standard is applicable to both types 

of field probes and sensors; the free field probes and sensors are placed in a field that completely 

surrounds them, and the ground-plane field probes and sensors are mounted on the ground 

plane with respect to the field source. The generic categories of EM field probes and sensors are 

given listed in Table 1. 

 

 

 

 

 

 

6 Examples of probe and field strength measurement interlaboratory comparisons are given in Agnello, et al. [B2], de Vreede, et al. 

[B32], and Kanda, et al. [B68]. 
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Table 1—Generic categories of EM field probes and sensors 

 

Free field Ground-plane field 

E-field (dipole) E-field (monopole) 

H-field (loop) H-field (half-loop) 

D-dot (dipole) D-dot (monopole) 

B-dot (loop) B-dot (half-loop) 

 

B-dot and D-dot probes and sensors measure the time derivative of the magnetic field flux density 

and the electric field flux density, respectively. Some sensors and probes are designed to directly 

measure the electric field (E) or the magnetic field (H). E-field sensors and probes are the Thevenin 

equivalent circuit for an electrically small dipole antenna, while the D-dot sensor or probe is the 

Norton equivalent circuit. Similarly, the H-field sensor is the Norton equivalent for an electrically 

small loop antenna, while the .B-dot is the Thevenin equivalent. These fields are related by D=ε1 ε0 E 

and B=μ1μ0H. In general, ε1 ε0 and μ1μ0 will be fixed quantities over the intended usage range of the 

probe or sensor. There are specialized cases where εr and μr will not be linear, time invariant, or 

isotropic such as for source region BMP (see Baum, et al. [B15]). For purposes of this standard, εr 

and μr are assumed to be constant parameters. 

 

 

This standard also applies to field probes that display power density [i.e., maximum permissible 

exposure (MPE)]. Typically, the response of these field MPE probes is based on E-field-strength or 

H-field-strength, and far-field conditions are assumed when calculating power density from field 

strength. More Other information on about probe calibration, use, and measurement uncertainties 

for evaluations of radio frequency (RF) EM fields with respect to human exposure reference (MPE) 

levels is given in, for example, in IEEE Std C95.3™--2002 and, Merewood [B97], and IEC 62232 [B53]. 
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Other details about probe types and uses for measuring various types of signals are given in Annex 

B. Concerning specific calibration of a diode-based probe to give a correct reading for a specific 

modulation type, it is important to note that probe response will be incorrect for all modulation 

types and signals different from what was used for the dedicated calibration. 

 

 

CAUTION 

 

Depending upon the field strengths, frequency ranges, and other factors, the field intensities 

required to calibrate E-field and H-field probes may be hazardous. The user of this standard is 

advised to observe all appropriate safety measures for non-ionizing radiation. See IEEE Std 

C95.1™-1999 2005,‖IEEE‖Std‖C95.1a™-2010, IEEE Std C95.3-2002, and the references cited in those 

standards, as well as other appropriate documents. 

 

 

1.4 Grades of calibration 

 

The extent to which a field probe or sensor is calibrated and characterized depends on its intended 

use and the degree of detail required by the user. However, for each characteristic measured, the 

calibration method, the specific test points measured (if applicable), and a statement of uncertainty 

(i.e., error) shall be provided to the user. This standard uses a concept of grades of calibration, having 

corresponding alphanumeric designations to represent the selection and extent of parameters 

evaluated in a calibration. Applicable characteristics of the calibration include, but are not limited to, 

the following (see Clause 7, 9.5, and Annex A): 

 

― Type of calibration (time domain or frequency domain) 

 

― Amplitude level(s) measured 

 

― Frequencies measured 
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― Response time 

 

― Time constant 

 

― Modulation response 

 

― Isotropy 

 

― Immersion of entire probe or sensors only 

 

― Measurement uncertainty of the calibration 

 

Annex A provides guidelines to describe the extent of the measurements (i.e., calibration grade) for 

each probe characteristic. 

 

 

2. Normative references 

 

This standard shall be used in conjunction with the following publications, as dated. 

 

The following referenced documents are indispensable for the application of this document. For 

dated references, only the edition cited applies. For undated references, the latest edition of the 

referenced document (including any amendments or corrigenda) applies. 

 

ANSI Std Z540-1-1994, Calibration Laboratories and Measuring and Test Equipment—General 

Requirements.6 

 

ANSI Std /NCSL Z540.2-1997 (R2007), American National Standard for Expressing Uncertainty—

U.S. Guide to the Expression of Uncertainty in Measurement.7 

 

67 ANSI publications are available from the Sales Department, American National Standards Institute, 2511 West 43rd42nd Street, 

4th13th Floor, New York, NY 10036, USA (http://www.ansi.org/). 
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ANSI/NCSL Z540.3-2006 (R2013), Requirements for the Calibration of Measuring and Test 

Equipment. 

 

ANSI C63.5™-2004-2006, American National Standard for Electromagnetic Compatibility—Radiated 

Emission Measurements in Electromagnetic Interference (EMI) Control—Calibration of Antennas 

(9 kHz to 40 GHz).7' 8 

 

IEEE StdANSI C63.14™-1998-2009, American National Standard Dictionary for Technologies of 

Electromagnetic Compatibility (EMC) including Electromagnetic Pulse (EMP), and Electrostatics 

Discharge (ESDEnvironmental Effects (E3). 

 

IEEE‖Std‖C95.1™-19992005, IEEE Standard for Safety Levels with Respect to Human Exposure to 

Radio Frequency Electromagnetic Fields, 3 kHz to 300 GHz—Supplement..8,9 

 

IEEE‖Std‖C95.1a™-2010, IEEE Standard for Safety Levels with Respect to Human Exposure to Radio 

Frequency Electromagnetic Fields—Amendment 1: Specifies Ceiling Limits for Induced & 

Contact Current, Clarifies Distinctions between Localized Exposure & Spatial Peak Power Density. 

 

IEEE‖ Std‖ C95.3™-2002 (Reaff 2008), IEEE Recommended Practice for Measurements and 

Computations of Radio Frequency Electromagnetic Fields With Respect to Human Exposure to 

Such Fields, 100 kHz-300 GHz. 

 

 

 

 

 

78 IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854, 

USA, (http://www.ieee.org/). 

 

89 The IEEE standards or products referred to in this clause are trademarks of the Institute of Electrical and Electronics Engineers, 

Inc. 
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IEEE‖Std‖291™-1991, IEEE Standard Methods for Measuring Electromagnetic Field Strength of 

Sinusoidal Continuous Waves, 30 Hz to 30 GHz.910 

 

ISO/IEC Guide 98-3:2008, Uncertainty of measurement—Part 3: (BIPM7IEC/TFCC/ISO/IUP AC/TUP 

AP/OIML) Guide to the Expression of Uncertainty in Measurement 1995 (referred to as the (GUM)10: 

1995).11 

 

ISO/IEC 17025:19992005, General requirements for the competence of testing and calibration 

laboratories.1112 

 

NCSL RP-, 12 Recommended Practice for Determining and Reporting Measurement Uncertainties, 

1994. 

 

NCSL RP-12, Recommended Practice for Determining and Reporting Measurement Uncertainties, 

1994.13 

 

9 Administratively withdrawn by IEEE in January 2004; may be available from IEEE or, for example, at some university technical 

libraries. 

 

10 IEEE Std 291-1991 has been withdrawn; however, copies can be obtained from Global Engineering, 15 Inverness Way East, 

Englewood, CO 80112-5704, USA, tel. (303J 792-2181 (http://global.ihs.com/). 

 

10 11 ISO publications are available from the ISO Central Secretariat, Case Postale 56, 1 rue de Varembe, CH -1211, Geneve 20, 

Switzerland/Suisse, (http://www.iso.ch/). ISO publications are also available in the United States from the Sales Department, 

Global Engineering Documents, American National Standards Institute, 25 West 43rd Street, 4th Floor, New York, NY 10036, USA 

(http://www.ansi.org/). 

 

 12 ISO/IEC publications are available from the ISO Central Secretariat, Case Postale 56, 1 rue de Varembé, CH-1211, Genève 20, 

Switzerland/Suisse (http://www.iso.ch/). ISO/IEC publications are also available in the United States from Global Engineering 

Documents, 15 Inverness Way East, Englewood, Colorado 80112, USA (http://global.ihs.com/). Electronic copies are available in the 

United States from the American National Standards Institute, 25 West 43rd Street, 4th Floor, New York, NY 10036, USA 

(http://www.ansi.org/) 

 

13 NCSL publications are available from the National Conference of Standards Laboratories, 1800 30th Street, Suite 305B, 

Boulder, CO 80301-1032, USA, (http://www.ncsli.org/). 
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NIST Handbook 150, National Voluntary Laboratory Accreditation Program, NVLAP 

Procedures and General Requirements, February 2006 July 2001.1314 

 

NIST Technical Note (TN) 1297-1994, Guidelines for Evaluating and Expressing the Uncertainty of 

NIST Measurement Results. 

 

UKAS LAB 34:2002, The Expression of Uncertainty in EMC Testing.1415 

 

UKAS M3003: 20071997, The Expression of Uncertainty and Confidence in Measurement. 

 

 

3. Definitions 

 

For the purposes of this standard, the following terms and definitions apply. The IEEE Standards 

Dictionary Online should be consulted for terms not defined in this clause.16 This clause contains or 

defines only definitions relating to field sensor and probe calibration that are not listed in ANSI 

C63.14-2009. The terms "probe" and "sensor" as defined in this clause are for the purposes of this 

standard; in industry, these terms are often used interchangeably. 

 

antenna: A device used for transmitting or receiving electromagnetic (EM) signals or power. It is 

designed to maximize its coupling to the EM field; as a receiver, it is made to intercept as much of 

the field as possible. Those devices that are made to measure the power level of the EM field, rather 

than its field components, are included in this category. 

 

13 14 NIST publications are available from the National Institute of Standards and Technology, Gaithersburg, MD 20899, USA, 

(http://www.nist.gov). 

 

14 15 UKAS publications are available from the United Kingdom Accreditation Service, 21-47 High Street, Feltham, Middlesex, UK, 

(http://www.ukas.com/). 

 

16 IEEE Standards Dictionary Online subscription is available at:  

http://www.ieee.org/portal/innovate/products/standard/standards_dictionary.html. 
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field probe: (A) An electrically small field sensor or set of multiple field sensors with various 

electronics (e.g., diodes, resistors, amplifiers). The output from a field probe cannot be theoretically 

determined from easily measured physical parameters. Field probes include S-dot and D-dot sensors 

that require a balanced-to-unbalanced transformer (balun) on the output of the sensor (note that not 

all S-dot and D-dot sensors require a balun). (B) A minimally perturbing device used for measuring 

a component of a radio frequency (RF) field in a medium. A probe contains the following 

components: 1) An electrically small (in the medium) sensor (or sensors) for detecting the RF field 

component of interest; 2) A means for converting the RF signal to a proportional dc or slowly 

varying ac signal; 3) A balanced high-impedance resistive transmission line to extract the rectified 

signal. 

 

field sensor: An electrically small device without electronics (i.e., passive) that is used for 

measuring electric or magnetic fields, with a minimum of perturbation to field being measured. 

The field sensor transfer function [i.e., ratio of output signal-to-input electromagnetic (EM) field] 

can be theoretically determined from measured physical (i.e., geometrical) properties, (e.g., length, 

radius, area), as well as the electrical characteristics of the construction material. The measured 

physical properties must be traceable to internationally accepted standards via a national standards 

authority. 

 

Flashover : A disruptive discharge around or over the surface of an insulating member, between 

parts of different potential or polarity, produced by the application of voltage where in the 

breakdown path becomes sufficiently ionized to maintain an electric arc. 

 

free field: The electromagnetic (EM) field in a volume far removed from physical objects, conductive 

or non-conductive. It is usually thought of, but not restricted to, a plane wave. For the case of a 

plane wave, the electric and magnetic vectors are transverse to the propagation vector and to each 

other [i.e., transverse electromagnetic mode (TEM)], and their ratio yields the intrinsic impedance of 

free space. Syn: free-space field. 

 

free-space field: See: free field. 
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frequency domain calibration: A result that is the transfer function of the sensor or probe. A 

continuous wave (CW) calibration is a transfer function at a single frequency. 

 

ground-plane field: The electromagnetic (EM) field in near proximity to a conducting surface, with 

the boundary conditions that the tangential electric field approach zero and the normal magnetic 

remain continuous. The total normal electric field is related to the surface charge density by Gauss's 

law, and the total tangential magnetic field to the surface current density by Ampere's law. 

 

isotropy (probe): A measure of the degree to which the response of a field probe is independent of 

the polarization and direction of propagation of the incident field. Isotropy is the ratio, typically 

expressed in decibels, of the highest to lowest indication from the probe exposed to a constant field 

strength when the probe orientation is varied through the range of angles defined in the test 

specification. 

 

maximum permissible exposure (MPE): The root-mean-square (rms) and peak electric and 

magnetic field strengths, their squares or the plane-wave-equivalent power densities associated with 

these fields, and the induced and contact currents to which a person may be exposed without 

harmful effect and with an acceptable safety factor. In some guidelines, they are referred to as 

investigation levels or reference levels. 

 

NOTE—Probes used for measuring MPE are often called power-flux-density probes or power- density 

probes.1511 

 

 

 

 

 

 

 

15 17 Notes in text, tables, and figures are given for information only and do not contain requirements needed to implement the 

standard. 
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ortho-angle: The angle between the three-dimensional (i.e., spatial) diagonal of a cube and each of 

the adjacent cube edges, equal to 54.7°. When the individual orthogonal sensing elements of an 

isotropic probe assembly are aligned with the three cube edges, the spatial diagonal of that cube may 

be described as the ortho-axis of the assembly. When the probe assembly is rotated through 360° 

about its ortho-axis, in a linearly-polarized electric or magnetic field, it is possible to respectively 

align each axis of the sensor with the field vector (i.e., maximum coupling), while the two 

remaining axes are normal to the field (i.e., minimum coupling). Such an orientation and rotation is 

used to determine a measure of the isotropy or rotational response of the probe assembly. See also: 

ortho-axis, isotropy. 

 

ortho-axis: An angle of 54.7° to the edges and centerlines of each face of the device -under -test 

(DUT). This angle is the ortho-angle, which is the angle between the diagonal of a cube and the edge 

of each side at the trihedral corners of the cube. See also: ortho-angle. 

 

3.13 physical major axis: The direction along the real or "virtual" handle of the field probe. 

 

NOTE—This term may not be applicable to all types of field probes. 

 

3.14 physical minor axis: The direction orthogonal to the physical major axis. 

 

NOTE—This term may not be applicable to all types of field probes. 

 

readout device: An electronic apparatus for acquiring the probe output signal and converting it to a 

signal that can be read by the data acquisition and analysis apparatus. Syns: readout electronics, 

meter, recorder, display, monitor electronics. 

 

response time: The time required for a field probe to reach 90% of its steady- state value when the 

field is applied as a step function. The measurement includes test setup response time and thus 

gives worst-case results. 
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time constant: A measure of the time required for a field probe output to reach a stable, repeatable 

reading. The measurement includes test setup, metering unit, cables, etc., thus is a worst-case 

result. The measurements assume an exponential response of the field probe. The time constant is 

the time required to reach (l-l/e) of the steady-state value (approximately 63.2%). The time required 

to reach 95% of the steady-state value is approximately equal to three time constants. The time 

constant is used specifically for burst peak field strength measurements. 

 

3.19 time domain calibration: A result that is the response function of the probe or sensor to a time 

domain transient (i.e., pulse). 

 

transfer function: The ratio of the device output signal (e.g., voltage, current, frequency, meter 

reading) to the incident field or field vector of interest in the frequency domain. The transfer function 

is the Laplace (or Fourier) transform of the impulse response function. Syns: response, sensitivity, 

probe factor, calibration factor. 

 

transfer standard: An electrically small field probe or field sensor. This can be a short dipole for 

sensing E-fields or a small loop for H-fields, which has a known response over a given range of 

frequency and amplitude. This known response can be either accurately calculable quasi-static 

response parameters or a calibration performed to some specified accuracy and precision by an 

accredited calibration facility. 

 

transverse electromagnetic (TEM) waveguide: Open or closed transmission line system, in which a 

wave is propagating in the TEM mode to produce a specified field for testing or probe calibration 

purposes. Examples include TEM cell, gigahertz transverse electromagnetic (GTEM) cell, two-plate 

stripline, three-plate stripline. Syns: TEM device, transmission line simulator, EM pulse (EMP) 

simulator. 
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4. Measurement methods 

 

4.1 Calibration methods 

 

This standard provides three general calibration strategies, but does not endorse any as a preferred 

method. The calibration organization may use any method listed and defined in Table 2 to calibrate 

field sensors and probes. However, calibration, as defined by this standard, requires the results to 

be accompanied by a description of the method used and quantitative statements of uncertainty, as 

described in Clause 6. 

 

Table 2—Three calibration methods 

 

Method Description 

A Calibration using the transfer standard (i.e., a field sensor or probe similar to the one 

being calibrated), which has traceability to a national standards laboratory (see 8.2). 

The transfer standard is used to measure and calibrate the field used for calibrating the 

field sensor or probe under calibration. 

B Calibration using calculated field strengths. The probe under calibration is placed in a 

reference field calculated based on the geometry of the field generator and the field 

generator measured input parameters (see Clause 5). 

C Calibration using a primary standard (i.e., reference) sensor, which contains no active 

or passive electronic devices, with a response that is mathematically calculable from the 

shape, size,‖and‖Maxwell’s‖equations,‖and‖therefore‖has‖its‖calibration‖traceable‖to‖a‖

national standards laboratory, based on international standards for length and other 

appropriate physical quantities (see e.g., IEC 61000-4-33:2005 [B51] and Sower [B114]). 

A primary standard sensor is used to determine the field strength that is used to 

calibrate a probe under calibration. 
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Method A, calibration with a transfer standard, is also known as the standard probe method; 

Method B, calibration using calculated field strengths, is also known as the standard field 

method (see IEEE Std C95.3-2002). It should be noted that Method C, along with its resulting 

uncertainty, is applicable only to the field sensor calibrated (i.e., primary standard sensor) and thus 

does not address uncertainty resulting from the characteristics of connectors, cables, and/or 

environmental disturbances and the like, which may add additional uncertainty in actual use. 

 

 

4.2 Field sensor or probe orientation during frequency domain 

calibration 

 

4.2.1 Directional and positional effects 

 

As part of the calibration, it is necessary to identify directional and positional effects on the probe 

response. Directional and positional effects include isotropy and other qualitative differences in 

response depending on probe system orientations relative to field sources. In addition, if so 

equipped and intended for use in normal operation, accessories necessary to operate the sensor or 

probe, such as cable or meter unit, shall be verified as not affecting the validity of the calibration. The 

accuracy may be affected by field perturbation and by, losses in the accessory (e.g., cables, meter 

units); each accessory shall be checked for having directional and positional effects and accuracy 

effects on the measurement being made. In general, these statements apply only to free field probes 

and sensors, and not to ground-plane field probes and sensors, because for ground-plane mounted 

devices, cables are typically routed on or under the ground plane. 
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4.2.2 Calibration data collection 

 

4.2.2.1 General 

 

Calibration data shall be collected and reported, at a minimum, for the field sensor or probe alignment 

positions16 in accordance with the agreement between the client and the calibration organization. The 

most commonly used positions are described in 4.2.2.2 to 4.2.2.5. 18 and 4.2.2.3 as indicated by the 

isotropy grade selected (see Table A.4) In all cases, the part of the field sensor or probe containing the 

element(s) and intercepting the applied field shall be closest to the field source. 

 

4.2.2.2 Maximum reception alignment 

 

Each independent field sensor or probe element shall be aligned for maximum reception of the applied 

field vector (see Figure 1). For example, for field sensors and probes using dipoles for reception, the 

dipole shall be considered the independent element. This alignment provides data on the base 

contribution of each individual field sensor or probe element independent of the overall sensor or probe 

response. This alignment also provides performance characteristics of each field sensor or probe element. 

If orientation of the field sensor or probe elements is not described or illustrated in the manufacturer's 

documentation, the maximum reception alignment shall be determined experimentally. 

 

 

 

16 An alternative that has been used to describe probe orientation during calibration is the notation PE (i.e., handle along the E-field 

vector), PH (i.e., handle along the magnetic field vector), and PS (i.e., handle in direction of propagation). Usually these orientations 

yield the upper and lower bounds of anisotropy. 

 

18 Previous editions of IEEE Std 1309 described probe orientations during calibration in terms of maximum reception alignment, 

physical major axis alignment, and physical minor axis alignment. This  edition retains the same designation for the 

maximum reception alignment orientation, and the physical major axis alignment and physical minor axis alignment 

orientations are re- designated as alignment parallel with the Poynting vector (PS) and alignment parallel with the H-field 

polarization vector orientations, respectively. 
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Figure 1—Maximum reception alignment (E-field example) 

 

 

4.2.2.3 Alignment parallel with the Poynting vector (PS)19 

 

4.2.2.2 Physical major axis alignment17 

 

For certain probe designs, a probe supporting shaft, for routing the high impedance lines, is used to 

connect the sensing elements and probe electronics bodies. In the PS orientation, the probe shaft is 

positioned in parallel with the wave propagation direction, i.e., parallel with the Poynting vector, S. 

The physical major axis of A field sensor or probe shall be positioned perpendicular to the applied field 

vector and parallel to the propagation direction (see Figure 2). If the field sensor or probe does not have 

a physical major axis, an orientation shall be selected and documented that reflects the positioning 

expected during normal use. Note that for typical EMC measurements, an end user often has 

knowledge about the direction of the source antenna. The PS orientation is not recommended, because 

the electronics body can directly reflect the incident waves to the sensing elements, causing larger 

measurement uncertainties. 

 

 

 

 

 

19 The PS orientation is analogous to orientations for the polarization ellipticity parameter of IEEE Std C95.3-2002, and for the axial isotropy 

parameter of IEEE Std 1528-2003 [B57]. 

 

17 Physical major axis alignment is analogous to orientations for polarization ellipticity of IEEE Std C95.3-2002 and for axial isotropy 

of IEEE Std 1528-2003 [B56]. 
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Once the field sensor or probe is positioned and a field is established, the field sensor or probe is rotated 

360° around the PS axis. The maximum measured field value, minimum measured field value, and the 

sensor orientation with respect to the incident field at the maximum and minimum response positions are 

to be recorded. 

 

 

 

 

 

 

 

 

 

Figure 2—Alignment parallel with the Poynting vector Physical major axis 

alignment (PS) (E-field example) 

 

 

4.2.2.4 Alignment parallel with the H-field polarization vector (PH) 

 

4.2.2.3 Physical minor axis alignment 

 

In this orientation, the probe shaft is arranged in parallel with the magnetic field polarization vector 

(PH). The probe shaft of a field sensor or probe shall be positioned perpendicular to the applied field 

vector and perpendicular to the propagation direction (see Figure 3). If the field sensor or probe does 

not have a support-shaft structure, an orientation shall be selected and documented that reflects the 

positioning expected during normal use. This orientation must be perpendicular to the one used for 

testing in accordance with 4.2.2.3. 
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The physical minor axis of a field sensor or probe shall be positioned perpendicular to the applied 

field vector and perpendicular to the propagation direction (see Figure 3). If the field sensor or probe 

does not have a physical minor axis, an orientation shall be selected and documented that reflects 

the positioning expected during normal use. This orientation must be perpendicular to the one used 

for testing in accordance with 4.2.2.2. 

 

Once the field sensor or probe is positioned and a field is established, the field sensor or probe is rotated 

360° around the probe shaft axis. The maximum measured field value, minimum measured field value, 

and the sensor orientation with respect to the incident field at the maximum and minimum response 

positions are to be recorded. 

 

 

 

 

 

 

 

 

Figure 3— Physical minor axis alignment Alignment parallel with the H-

field polarization vector (PH) (E-field example) 

 

 

4.2.2.5 Alignment parallel with the E-field polarization vector (PE) 

 

In this orientation, the probe shaft is in parallel with the electric field (PE). The probe shaft of a field 

sensor or probe shall be positioned perpendicular to the incident magnetic field vector and 

perpendicular to the propagation direction. If the field sensor or probe does not have probe shaft, an 

orientation shall be selected and documented that reflects the positioning expected during normal use. 

This orientation must be perpendicular to the one used for testing in accordance with 4.2.2.3. 
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Once the field sensor or probe is positioned and a field is established, the field sensor or probe is 

rotated 360° around the probe shaft. The maximum measured field value, minimum measured field 

value, and the sensor orientation with respect to the incident field at the maximum and minimum 

response positions are to be recorded. 

 

 

4.3 Field probe or sensor orientation during time domain calibration18 

 

For calibration purposes, the orientation of a particular time domain field sensor depends on how it 

is going to be actually deployed. Given the wide variety of time domain field sensor types, structural 

geometry, and the multitude of field sensor applications, there is not a fixed method for orientating a 

field probe for calibration. However, in many instances, the following calibration guidelines are quite 

useful: 

 

a) Usually, information is sought about one or more vector components of the following 

four field quantities: the electric field strength E, the electric flux density D, the magnetic 

flux density B, and the magnetic field strength H (see John k [B59]). Different sensors have 

been developed and optimized to measure the various field quantities (see Baum, et al. 

[B15]). In most sensor applications, information about a particular EM field component 

[e.g., its time derivative or some other linear operation(s) with respect to time] is of interest. 

Only in rare instances is information needed about all of the field components for a given 

measurement. 

 

b) For a field sensor calibration to be of maximum value, the calibration of a sensor 

should be performed in a manner that most closely simulates the way that it will be deployed 

in the actual measurement. Certain parameters could significantly affect the measurement 

results obtained. Thus the role of the following parameters should be carefully addressed: 

sensor orientation in space, means of mounting the sensor, cable connections (if any) to the 

sensor, and the orientation of the sensor when performing the calibration. 

 

18Similar considerations apply for some frequency domain probe calibrations. 
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c) In most cases, a given time domain sensor can be calibrated by aligning it with respect to a 

given field component in the calibration setup to obtain a maximum response. Aligning a 

sensor in this fashion ensures maximum sensitivity, accuracy, and in many cases, minimum 

coupling to the un-desired field components or other undesired field quantities. 

 

 

5. Standard field generation methods 

 

Table 3 lists the devices and setups that shall be used to generate standard fields for probe and 

sensor calibrations under Method A (i.e., calibration with a transfer standard), Method B (i.e., 

calibration using calculated field strengths), and Method C (i.e., calibration with a primary 

standard). Annex A provides a detailed summary descriptions of these field generation methods. 

Annex A also provides constraints with respect to the physical parameters that must be 

considered when using the various field generation methods. Additional information may be 

obtained from the references (see Clause 2), and the bibliographic documents that are referenced 

citations in the applicable subclauses of Annex F.Annex D and Annex E contain additional 

information for some of these setups for specific test requirement applications. Table 3 indicates 

which field generation devices can be used for frequency domain calibrations, time domain 

calibrations, or both. Each device or setup listed in Table 3 has its own advantages and 

disadvantages as discussed in the usage guidelines following Table 3 and in Annex A. 

 

In the frequency domain, the test devices that can be used for both time and frequency domain 

calibrations will ideally have small standing waves [i.e., a small voltage standing wave ratio 

(VSWR)]. The VSWR is influenced by impedance discontinuities at the input and output sections as 

well as by transitions, e.g., bends in the conductors or walls. For these same devices in the time 

domain, minimal impedance discontinuities are important for very fast rise times (i.e., less than 

approximately five nanoseconds for laboratory-sized calibration devices). These discontinuities can 

occur at the input and output (i.e., termination) of the field generation device as well as at transitions 

within the device. In practice, these VSWR and impedance discontinuities are interrelated. Both 

should be taken into account in the design of the field generation device. 
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In a well-designed field generation device, both time and frequency domain calibrations can be 

performed (within the constraints and usage guidelines for Table 3 and Annex B). This capability is 

due to the reciprocity between time and frequency domains, as demonstrated by Fourier transforms 

(i.e., forward and inverse). Some of the field generation methods listed in Table 3 show 9 kHz as the 

lower limit. For applications where mathematical calculations are anticipated using Fourier 

transforms, it may be desirable to have frequency information to frequencies lower than 9 kHz. For 

example, any monopolar transient has frequency content down to and including dc, and lightning 

transients have significant low frequency content. Usage guidelines following Table 3 indicate which 

field generation device may be used below 9 kHz. 

 

Field generation devices for free field probes and sensors may not be appropriate for ground-plane 

field probes and sensors. The usage guidelines following Table 3 include information about 

applicability of each method for the two types of probes and sensors. 

 

Table 3—EM field generation setups for probe and sensor calibrations 

 

Field 

type 

Usage 

(T=time, 

F=frequency) 

Frequency 

range 

Field generation 

setup (site and 

transducer) 

Related standard cross-

reference 

Annex B cross-

reference (in 

this standard) 

Usage 

guidelines 

E & H  T, F  9 kHz– 

200 MHz  

TEM cell  IEEE Std C95.3-2002, 5.5.1.3  B.1 A.4.1 2, 6, 8  

H  F  9 kHz– 10 

MHz  

Helmholtz coil  IEEE Std C95.3-2002, 5.5.1.4  B.2 A.6 3, 8  

E  F  200 MHz– 

450 MHz  

Anechoic chamber/ 

open-ended 

waveguide  

IEEE Std C95.3-2002, 5.5.1.1  B.3 A.5.3 4 

E  F  450 MHz– 

40 GHz  

Anechoic chamber/ 

pyramidal horn 

antennas  

IEEE Std 291-1991, 2.5;  

IEEE Std C95.3-2002, 5.5.1.1  

B.4 A.5.2 4 

E  F  300 MHz– 

2.6 GHz  

Waveguide 

chamber  

IEEE Std C95.3-2002, 5.5.1.2  B.5 A.4.2 7 

E & H  T, F  9 kHz–1 

GHz  

GTEM  IEEE Std C95.3-2002, 5.5.1.3.7  B.6 A.4.3 5, 6, 8  
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Field 

type 

Usage 

(T=time, 

F=frequency) 

Frequency 

range 

Field generation 

setup (site and 

transducer) 

Related standard cross-

reference 

Annex B cross-

reference (in 

this standard) 

Usage 

guidelines 

E & H  T, F  9 kHz– 

100 MHz  

Parallel plate  None  B.7 A.4.4 8, 9  

E & H  T, F  9 kHz– 20 

GHz  

Conical 

transmission line  

None  B.8 A.4.5 8, 9  

E & H  T  100 kHz– 

20 GHz  

Monocone  None  B.9  10 

 

Usage notes 

 

1) Related standards shall be consulted for details not contained in this standard. 

 

2) The TEM cell methods shall be used up to 200 MHz provided the conditions specified in 

Annex A are met. However, the preferred and most acceptable facility for E-field generation 

above 200 MHz shall be the anechoic chamber with the open-ended waveguide and pyramidal 

horn antenna sources. Open-ended waveguide and pyramidal horn antenna methods are not 

well suited for probes and sensors mounted on a ground plane. For ground-plane probes and 

sensors, the parallel plate transmission line with conical feed sections shall be used up to 1 GHz 

provided the constraints in A.4.4 are met. Above 1 GHz, the conical transmission line or the 

monocone shall be used. 

 

3) Helmholtz coils are not a preferred field generation method. However, use shall be permitted 

when the required field strength cannot be generated in a TEM cell and/or the field sensor or 

probe is too large with respect to the TEM cell usage constraints noted in A.4.1.3. The use of 

Helmholtz coils is not applicable to ground-plane field sensors and probes. 

 

4) Some anechoic chambers are applicable for electronic-product EMC testing at frequencies below 

200 MHz, but consensus methods for standard field generation in anechoic chambers for frequencies 

below 200 MHz and suitable for probe calibrations have not been defined. 
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5) The GTEM cell is not a preferred field generation method. However, it can be used provided that 

the constraints and procedures in A.4.3 are followed and provided that, in the event of conflict 

between calibration data, the data obtained using one of the other methods shall be deemed most 

acceptable. 

 

6) TEM and GTEM cells can be used at higher frequencies with Method A (i.e., transfer standard) (see 

8.2). 

 

7) A rectangular waveguide chamber may be used to calibrate field probes and sensors 

specifically used for microwave leakage field detection (MPE). 

 

8) This technique is valid for frequencies down to dc (0 Hz). 

 

9) The upper frequency limit is a function of parallel plate separation and length of the conical feed 

sections. 

 

9) This technique is valid only for time domain calibrations meeting the transient pulse width limits 

given in B.9. 

 

 

6. Calibration uncertainty 

 

6.1 General considerations 

 

In all calibration reports and certificates, the calibration uncertainty shall be stated, at a 

minimum, as follows: 

 

"The expanded uncertainty of the calibration is U = [x.xx dB], with a coverage factor k = 

[k], and a level of confidence of [xx] %." 
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NOTE—Insert the actual uncertainty and its dimension in place of "[x.xx dB]" and the actual 

coverage factor in place of "[k]." Insert the expected confidence level in place of "[xx] %." The 

coverage factor k is usually two (2) for a level of confidence of 95% for typical calibrations, but may 

have other values if requested by the client or if necessary to assure provide the required degree 

level of confidence. 

 

Uncertainty shall be estimated using the methods shown and described in the GUM ISO/IEC Guide 

98-3:2008 or ANSI Std/NCSL Z540.2-1997. For the purposes of this standard, the uncertainty 

estimation approaches described in 6.2 through 6.5 and explained in Annex E shall be used. 

 

 

6.2 Standard uncertainty 

 

Each influence input quantity (i.e., component of uncertainty) that contributes to the uncertainty of 

the measurement result shall be represented by an estimated standard deviation ui, designated as 

standard uncertainty, and equal to the positive square root of the estimated variance ui2. Each 

influence input quantity is either Type A (i.e., statistically based) or Type B (i.e., other method), as 

discussed in Annex E and in NIST TN 1297-19741994. 

 

 

6.3 Combined standard uncertainty 

 

The combined standard uncertainty uc, of the measurement result, taken to represent the estimated 

standard deviation of the result, shall be determined by combining the individual standard 

uncertainties ui (and covariances as appropriate) using the equation for the propagation of 

uncertainty, i.e., the root sum of squares (RSS) method, as discussed in Annex E. Typically, uc is 

used for reporting the uncertainty of results in determination of fundamental constants, 

fundamental metrological research, and international comparisons of realizations of the 

International Standard System of Units (SI) (rather than expanded uncertainty). 
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6.4 Expanded uncertainty 

 

An expanded uncertainty, U, shall be determined by multiplying uc by a coverage factor k, i.e., U = k 

uc. The purpose of U is to provide an interval, y - U to y + U, about the result y within which the 

value of 7, the specific quantity subject to measurement and estimated by y, can be asserted to lie 

with a high level of confidence. Thus the assertion can be confidently made that y-U<Y<y + U, 

which is typically written as Y = y ± U, can be confidently made. 

 

Expanded uncertainty U shall be used to report the results of all measurements. The value of k used 

for calculating U shall be 2 or larger. Using k = 2 usually gives a level of confidence of 95% (see NIST 

TN 1297-19741994 and Table E.3 in this standard). 

 

 

6.5 Reporting uncertainty 

 

The calibration report shall include U, k, and the level of confidence. This information is the 

minimum that shall be reported in a certificate of calibration. When reporting a measurement 

result and its uncertainty, the following information shall be included in the calibration report: 

 

a) A list of all influence input quantities for the standard uncertainty, together with their degrees of 

freedom where appropriate, and the resulting value of uc. The influence input quantities shall 

be identified according to the method used to estimate their numerical values as follows: 

 

1) Those that are evaluated by statistical methods 

 

2) Those that are evaluated by other methods 

 

b) A reference to, or a detailed description of, how each component influence (input 

quantity) of standard uncertainty is evaluated. 
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Examples containing these items of information are provided in Annex E and Annex A. 

 

 

7. Frequency domain calibration parameters Characteristics to be 

measured 

 

7.1 Dynamic range and amplitude calibration levels 

 

Calibration may be performed at one or more field strengths depending on the intended application. 

One example is a probe for the measurement of fields from a microwave oven, which has only one 

pass/fail field strength, in which case calibration may be needed only at one amplitude level to 

provide accurate measurements. Another example is an application involving EMI testing that 

may require calibration at three amplitude levels per frequency at which calibration is performed. 

The number of field strength amplitudes to be measured at each frequency of calibration shall be 

in accordance with the agreement between the client and the calibration organization. The number 

of field strength amplitudes to be measured at each frequency of calibration shall be documented in 

the calibration report. Annex A provides requirements for specifying grades of calibration and 

selection of calibration amplitudes. 

 

Dynamic range calibrations are used to account for response linearities.nonlinearities. Many 

probes use detector diodes at the dipole feed point to rectify the sensor voltage output. The 

rectified signal is transmitted through resistive transmission lines to a voltage measuring system. 

At low field strength levels, the output voltage is proportional to the square of the amplitude of the 

incident field; at higher signal levels, the output voltage is not linearly proportional to E2, but 

becomes proportional to E. The compressed response may lead to an underestimation of the actual 

response at high field strength conditions. In final-use conditions, diode compression should be 

compensated with a linearization algorithm applied to each detector signal, based on parameters 

determined during calibration. 
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7.2 Frequency response 

 

Calibration may be performed at one or more frequencies, depending on the application. As an 

example, an application involving the measurement of fields from a microwave oven where there is 

one frequency of concern, calibration may be only needed at one frequency to provide accurate 

measurement. As another example, an application involving EMI testing (i.e., where the probe is 

used over a wide range of frequencies) may require calibration at several frequencies, to provide 

accurate measurement for that application. The number of calibration frequencies shall be in 

accordance with the agreement between the client and the calibration organization. The frequency of 

each measurement shall be documented in the calibration report. Annex A provides requirements for 

specifying grades of calibration and selection of calibration frequencies. 

 

Many probes used for MPE testing are designed to have a "shaped" frequency response. Shaped 

frequency response probes are designed to follow typical frequency-varying RF exposure limits, in 

contrast to many conventional probes that are usually designed for a flat response versus frequency. 

Calibration frequencies should be selected appropriately to cover the various shaped probe 

response bands. See Clause 5 of IEEE Std C95.3-2002 for more details about MPE probes. 

 

 

7.3 Isotropy 

 

The isotropic response shall be evaluated for all isotropic field probes. Because isotropy of a field 

probe is difficult to measure, usually the anisotropy A is measured. Anisotropy is the maximum 

deviation from the geometric mean of the maximum response and minimum response (see Lawton 

[B81]). The field probe is to be operated in either its square law or its linear region to obtain valid 

data. Annex A provides requirements for specifying grades of calibration with respect to isotropy. 

The equations for anisotropy are as follows: Anisotropy is obtained using either Equation (1) or 

Equation (2). 
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where S is represents the measured amplitude in power density units, or 

 

 

 

 

where S is represents the measured amplitude in field strength units. 

 

The calibration report shall state isotropy as [± x.xx dB] and provide a detailed description of how 

isotropy measurements were made. 

 

 

7.4 Response time (optional) 

 

The response time of the field sensor or probe is defined as the time required for the response to 

indicate 90% of the steady- state field value, with the field applied as a step function (see Figure 4). 

The time measurement shall include any analog filtering effects, analog-to-digital conversion rates, 

and sampling rates. This method includes the test setup response time in the field sensor or probe 

response time and thus gives a worst-case result. 

 

Response time must be considered in applications where the probe or sensor assembly may be 

exposed to a field for only a short time, such as in the following cases: 

 

a) A probe using multiple sensors to map a field where the output of each sensor is sampled 

and processed by the readout device. 

 

b) EMI testing where the probe is part of an a feedback system to adjust signal generator power for 
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swept frequency testing. 

 

Evaluation of response time as a part of calibration is optional unless requested by the client. Annex 

A provides requirements for specifying grades of calibration with respect to response time. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4—Typical response time curve 

 

7.5 Time constant (optional) 

 

Some field sensors or(field probes) are used for making burst peak measurements.20 Applications 

include energy density (E2) measurements on rotating-beam radars. For these applications, the time 

constant of the field sensor or probe must be known. The time constant is generally measured up 

to the meter recorder output of such a probe. The general equation relating the ratio of maximum -

hold meter indication to illumination period (i.e., pulse width) is 

 

 

 

20 Burst peak measurements are most often used to determine peak field strength exposure in a pulsed field environment, or an 

environment of a burst of very short pulses, where the pulse widths are much less than the pulse repetition period. 

 

where 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 14:08:37 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE 1309-2013

http://www.avadocuments.com/doc/ieee-1309-2013
http://www.avadocuments.com/doc/ieee-1309-2013


 

Ehold is maximum meter indication 

 

ECW is continuous wave (CW) indication 

 

K is maximum hold indication ratio (i.e., actual maximum, if constantly illuminated) 

 

T is time constant 

 

t is illumination period (i.e., pulse width) 

 

For rotating-beam radar tests, the illumination period t, in seconds, is equal to the beamwidth, in 

degrees, divided by the sweep rate, in revolutions per minute, multiplied by 0.167 [see Annex D, 

Equation (3)] assumes that the pulse repetition rate is sufficiently low so it does not affect  the 

time constant being measured. This assumption can be validated using time constant 

measurements with different pulse repetition rates. 

 

 

7.6 Modulation response (optional) 

 

For EMC testing, modulation of the test field is often required. Depending on the procedures used in 

EMC testing, calibration of a field probe or sensor in a modulated field may be required. Usually the 

root-mean-square (rms) value of the E-field or H-field is the desired measurand. Other applications 

and uses of field probes and sensors may also require field strength measurements under 

modulated conditions. Evaluation of modulation response characteristics as part of calibration is 

optional, unless requested by a client or test specification. Annex A provides requirements for 

specifying grades of calibration with respect to modulation. With respect to EMC testing, the 

modulation is usually amplitude modulation (AM) or pulse modulation. 

 

NOTE—Various forms of angle modulation are sometimes used, e.g., frequency modulation (FM), phase 
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modulation (PM), frequency shift keying (FSK). Most field sensors and probes will not respond to such 

modulation. Most field probes and field sensors respond to FM as if it were CW. Some complex field 

probes that work into receivers can detect other forms of modulation. 

 

 

7.2 Time domain calibration parameters 

 

Sensors and probes for making time domain transient measurements shall be calibrated to 

determine how accurately they can measure a transient. Pulse fidelity is defined as how accurately 

the output of the sensor or probe replicates the wave shape of the incident field. For example, if the 

incident field were a perfect step function, the deviation of the output signal from this step function, 

normalized to the sensitivity of the sensor, shall be characterized. These deviations from ideal 

include effects due to the sensitivity, rise time, fall time, overshoot, and ringing of the sensor 

response. Time domain sensors have an inherently broadband frequency response, e.g., usually two 

decades of usable bandwidth or more, and can be used to make frequency domain measurements. 

Free field sensors and probes sometimes require the use of a balanced-to-unbalanced transformer 

(balun), which shall be included in the calibration. 

 

7.2.1 Amplitude 

 

Amplitude calibration is the calibration of the sensitivity20 of the sensor or probe. The sensitivity is 

the transfer function of the sensor for converting an EM field component into an electrical signal, 

e.g., from volts/meter into volts. The sensitivity for a given sensor is specified, and the deviation of 

the actual sensor response from its specified value must be calibrated. For primary standard 

sensors, this calibration is performed based on analytical calculation in terms of device geometry 

and Maxwell's equations. For other sensors and probes, amplitude calibration is performed by 

comparison testing to a primary standard sensor. 

 

20Sensitivity as used here refers to the classical definition for a measuring device of the ratio of the magnitude of the device response, 

e.g., voltage, to the magnitude of the quantity measured, e.g., field strength squared (see 3.18). 
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7.2.2 Dynamic range 

 

Calibration may be performed at one or more field strengths, depending upon the application. As an 

example, many time domain sensors have been designed for the measurement of a simulated 

nuclear BMP in which field strengths vary from a few kilovolts per meter to the breakdown strength 

of air (about 3 MV/m) (see Baum, et al.[B15]). Usually, calibration at very high field strengths is 

impractical, but linear performance of the sensors is assumed if they prove to be linear with field 

strength at lower levels; electrical flashover is the limiting nonlinear factor. The number of field 

strength amplitudes to be measured shall be in accordance with the agreement between the client 

and the calibration organization. Annex A provides requirements for specifying grades of 

calibration and selection of calibration amplitudes. 

 

7.2.3 Rise time 

 

Rise time is defined as the duration of first transition in a pulsed waveform. Rise time shall be 

measured with an instrumentation system that has arise time at least five times faster than the 

response time of the sensor being calibrated. If this setup is not possible, then the response time of 

the instrumentation system shall be at least as fast as the sensor response time, and deconvolution 

techniques shall be used to determine the sensor rise time. 

 

7.2.4 Fall time (droop) 

 

Fall time is defined as the later/last part of the transient in a pulsed waveform. Fall time shall be 

measured with an instrumentation system that has a decay time that is at least five times faster than 

the decay time of the transient signal being measured. 
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7.2.5 Overshoot and ringing 

 

Overshoot is the level to which the response of the sensor overshoots the final level measured in 

response to a step input. Some overshoot is necessary in order to realize fast rise times, but it shall 

not be excessive. Ringing is the damped oscillation that occurs when a sensor response is 

underdamped. Overshoot and ringing occur simultaneously and shall be measured along with the 

rise time. Annex I describes the waveforms in more detail. 

 

8. Procedures and measurement techniques 

 

 

8.1 General 

 

The calibration procedures discussed here are applicable to techniques in both for the frequency 

domain (e.g., CW, swept CW, stepped CW, white noise) and in the time domain (e.g., impulse, step, 

damped sine). The results obtained using any one method can be applied to any other by the 

appropriate mathematical processes (i.e., Fourier transforms). Signal generation used to produce the 

fields (e.g., CW signal generator, network analyzer, impulse generator, step generator, random-noise 

generator) and the measurements of the signals from the sensors (e.g., spectrum analyzer, 

network analyzer, transient digitizer) are relatively straightforward with modern test equipment. 

 

Many sensors that require calibration have a broadband frequency response, i.e., sensor output 

signals ranging from an octave to several decades of useful bandwidth. This characteristic implies, 

for reasons of hardware and personnel resources optimization, that the calibration process shall 

utilize equipment that can automatically cover a multitude of frequencies, rather than one single 

frequency at a time. This broadband requirement precludes the use of standard half-wave dipoles 

as the primary standards. However, dipoles can be used as single-frequency calibration checks for 

broadband reference standard sensors and for field sensors under calibration. 
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At frequencies below approximately 20 MHz to 30 MHz, calibrations should be performed in the 

frequency domain. rather than the time domain. At these frequencies, calibration fixtures can be 

constructed for reasonably low field perturbation effects, and instrumentation is readily available to 

most test facilities (see Lawton and Ondrejka [B83]). 

 

At higher frequencies, calibrations may be performed in the time domain using transient 

measurement techniques. The reason for this alternative is that test cells (e.g., TEM waveguides) have 

significant reflections at these frequencies, which are difficult to remove from CW measurements. In 

the time domain, reflections can be removed by windowing the data, analyzing only the portion 

containing the sensor response, and omitting portions of the response that contain reflection effects. 

The field-generating setup must have large enough dimensions so that the response is flat between 

the incident field and the first reflections from the terminator and so that the time between these 

reflections is greater than the probe response time. The time (i.e., transient) domain field sensor or 

probe design shall allow it to respond well to pulses. 
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