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Important Notices and Disclaimers Concerning IEEE Standards Documents

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

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

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use, are 
developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards As-
sociation (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a consensus 
development process, approved by the American National Standards Institute (“ANSI”), which brings to-
gether volunteers representing varied viewpoints and interests to achieve the fi nal product. Volunteers are not 
necessarily members of the Institute 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 does not warrant or represent the accuracy or content of the material contained in its standards, and 
expressly disclaims all warranties (express, implied and statutory) not included in this or any other document 
relating to the standard, including, but not limited to, the warranties of: merchantability; fi tness for a particular 
purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness of material. In 
addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort. IEEE standards 
documents are supplied “AS IS” and “WITH ALL FAULTS.”

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

In publishing and making its standards available, IEEE is not suggesting or rendering professional or oth-
er 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: PROCURE-
MENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; OR BUSINESS 
INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN CON-
TRACT, 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 development process involves the review of documents in English only. In the event that 
an IEEE standard is translated, only the English version published by IEEE should be considered the approved 
IEEE standard.

Offi cial statements

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

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of 
membership affi liation with IEEE. However, IEEE does not provide consulting information or advice pertain-
ing 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 concur-
rence of a balance of interests. For this reason, IEEE and the members of its societies and Standards Coordi-
nating Committees are not able to provide an instant response to comments or questions except in those cases 
where the matter has previously been addressed. For the same reason, IEEE does not respond to interpretation 
requests. Any person who would like to participate in revisions to an IEEE standard is welcome to join the 
relevant IEEE working group.

Comments on standards should be submitted to the following address:

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

Laws and regulations

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

Copyrights

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

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

Updating of IEEE Standards documents

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

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

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

Errata

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

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter 
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to the 
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has 
fi led a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the IEEE-
SA Website at http://standards.ieee.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 discrim-
ination 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 re-
sponsible 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 valid-
ity 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.

http://ieeexplore.ieee.org/Xplore/home.jsp
http://ieeexplore.ieee.org/Xplore/home.jsp
http://standards.ieee.org
http://standards.ieee.org/findstds/errata/index.html
http://standards.ieee.org/findstds/errata/index.html
http://standards.ieee.org/about/sasb/patcom/patents.html
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Introduction

This introduction is not part of IEEE Std 1785.3-2016, IEEE Recommended Practice for Rectangular Metallic Wave-
guides and Their Interfaces for Frequencies of 110 GHz and Above—Part 3: Recommendations for Performance and 
Uncertainty Specifi cations.

IEEE Std 1785.3-2016 is the third standard in a series of three standards that provide the agreed reference for 
all organizations using rectangular metallic waveguides at frequencies of 110 GHz and above.1 This series of 
standards enables effi cient trade between customers and suppliers, and common design criteria and practices 
for component, systems and design engineers. The three IEEE 1785 standards (Parts 1, 2, and 3) are described 
briefl y below:

 — IEEE Std 1785.1™-2012 describes the frequency bands and aperture dimensions of the waveguides.

 — IEEE Std 1785.2™-2016 describes the waveguide interfaces.

 — IEEE Std 1785.3™-2016 (i.e., this publication) gives recommendations for performance and 
uncertainty specifi cations for the combined waveguide apertures and interfaces.

1Information on references can be found in Clause 2. 
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IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, security, health, or 
environmental protection, or ensure against interference with or from other devices or networks. Imple-
menters of IEEE Standards documents are responsible for determining and complying with all appropriate 
safety, security, environmental, health, and interference protection practices and all applicable laws and 
regulations.

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

 1. Overview

 1.1 Scope

This recommended practice provides recommendations for determining the electrical performance and ex-
pected uncertainty of measurement of rectangular waveguide for 110 GHz and above.

 1.2 Purpose

The recommendations outlined in this recommended practice specify procedures for examining and com-
municating uncertainties that are associated with more detailed dimensional imperfections in the waveguide 
apertures and interfaces that are given by the tolerances specifi ed in IEEE Std 1785.1™-2012 and IEEE 
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Their Interfaces for Frequencies of 
110 GHz and Above—

Part 3: Recommendations for 
Performance and Uncertainty 
Specifi cations
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Std 1785.2™-2016.2 Following these recommendations will provide the end user of the waveguides speci  ed 
in IEEE Std 1785.1-2012 and IEEE Std 1785.2-2016 with an easy-to-understand summary of the dominant 
aperture and interface errors and all of the information required to perform a complete and detailed uncertainty 
analysis (if desired) in a common format. The recommendations are designed to simplify calculations based 
on procedures outlined in JCGM 100:2008 [B1].3

 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.

IEEE Std 1785.1™-2012, IEEE Standard for Rectangular Metallic Waveguides and Their Interfaces for 
Frequencies of 110 GHz and Above—Part 1: Frequency Bands and Waveguide Dimensions.4,5

IEEE Std 1785.2™-2016, IEEE Standard for Rectangular Metallic Waveguides and Their Interfaces for 
Frequencies of 110 GHz and Above—Part 2: Waveguide Interfaces.

 3. Requirements

 3.1 General requirements

IEEE Std 1785.1-2012 and IEEE Std 1785.2-2016 specify tolerances that improve both the mechanical com-
patibility of rectangular-waveguide interfaces and the electrical performance. However, JCGM 100:2008 [B1] 
recommends that end users estimate as accurately as possible the actual uncertainties in the measurements 
they perform. In some cases, the precision of the apertures and interfaces machined by a given manufacturer 
will exceed the tolerances speci  ed in IEEE Std 1785.1-2012 and IEEE Std 1785.2-2016. In addition, it is not 
possible to determine the probability distributions of those dimensions from the tolerances speci  ed in IEEE 
Std 1785.1-2012 and IEEE Std 1785.2-2016 that JCGM 100:2008 [B1] recommends that end users consider in 
their uncertainty analyses. This recommended practice provides recommendations that facilitate the commu-
nication of the mechanical dimensions of rectangular-waveguide apertures and interfaces actually delivered 
to the end user by the manufacturer or test laboratory with their uncertainties. These recommendations are 
speci  cally designed to provide end users with the information compiled by the manufacturer or test laborato-
ry. End users should follow recommendations from JCGM 100:2008 [B1] to calculate the uncertainty of both 
re  ection and transmission coef  cients through interfaces provided by different vendors.

 3.2 Dimensional and uncertainty data

Each × in Table 1 indicates the data that should, at a minimum, be tabulated for the user by the manufacturer 
or test laboratory.6 Figure 1 illustrates some of the dimensions listed in Table 1. Speci  c implementations may 
address additional interfaces or options that add to and improve on these minimum data.

2Information on references can be found in Clause 2. 
3Numbers in brackets correspond with those listed in Annex A. 
4The IEEE standards or products referred to in this clause are trademarks of The Institute of Electrical and Electronics Engineers, Inc. 
5IEEE publications are available from The Institute of Electrical and Electronics Engineers (http://standards.ieee.org/). 
6Notes in text, tables, and  gures of a standard are given for information only and do not contain requirements needed to implement this 
standard. 

http://standards.ieee.org/
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 Table 1—Dimensional and uncertainty data
Dimensional Uncertainties Average 

value
Standard 

uncertainty
Distribution 

type
Distribution 

limits
Aperture size (see NOTE 1)  
Width × × × ×
Height × × × ×
Lateral displacement of waveguide aperture  
Aperture displacement with respect to the 
alignment mechanisms. (see NOTE 2)

× × × ×

Hole and boss locations (see NOTE 3)  × × ×
Hole, pin, and/or boss, ring diameters × × × ×
Corner rounding  
Corner radius × × × ×
NOTE 1—The table will include uncertainties calculated for a connection of actual aperture to ideal sizes defi ned in 
IEEE Std 1785.1™-2012 (see 4.1 for further details). Thus these uncertainties will depend not only on the distributions 
of these sizes, but on their average values.

NOTE 2—At a minimum, a sum of three possible distributions should be used to describe the lateral displacement of the 
waveguide apertures: H-plane and E-plane offsets and the radius of a geometric tolerance zone referenced to the mean of 
the center of the interface alignment mechanism. The H-plane and E-plane offsets provide for asymmetric distributions 
limited by a rectangular region and/or for fl anges with a uniform offset from the center, while the geometric tolerance 
zone provides for angularly symmetric distributions limited by circular regions. The total offset, at a minimum, should 
be formed as the sum of these three individual offsets to allow for maximum fl exibility in defi ning the probability distri-
bution of the total lateral offset.

NOTE 3—At a minimum, the tolerances on the hole and boss locations relative to the interface should be describable 
with a geometric tolerance zone.

The uncertainty distributions for the tabulated data should also be specifi ed. The tabulated information should, 
at a minimum, provide for the specifi cation of standard and truncated Gaussian, rectangular, and Bernoulli 
(binary) distributions and a distribution should be assigned to each uncertainty mechanism. To accommodate 
standard and truncated Gaussian distributions, the manufacturer or test laboratory should also specify distribu-
tion limits in addition to the standard uncertainty of the distribution. The entry of a standard uncertainty is not 
required to specify rectangular and Bernoulli distributions.

Worst-case specifi cations or tolerances should be specifi ed with distributions that limit the value of a parameter 
to a specifi ed range. Examples are the rectangular, arc-sine, Bernoulli, and truncated Gaussian distributions.

It should be made clear that a radius, not a diameter, is being used to specify geometric tolerance zones. The 
manner in which the calculations are performed should be explained clearly.

Repeated measurements of the refl ection coeffi cient of a load made using a calibrated refl ectometer (e.g., a 
vector network analyzer) should be provided for purposes of comparison when data is available ( Li, et al 
[B11], Horibe and Noda [B8], and Horibe and Kishikawa [B6]).

 3.3 Uncertainty calculations

Uncertainty calculations should adhere to the recommendations and practices given in JCGM 100:2008 
[B1] and JCGM 101:2008 [B2]. The uncertainty due to the shunt susceptance caused by the interconnec-
tion of two rectangular-waveguide interfaces has a roughly quadratic dependence on the lateral off-
set between the interfaces and can dominate other sources of uncertainty at submillimeter-wave and tera-
hertz frequencies (Williams [B15]). Thus, the calculations should be capable of correctly propagating 
rectangular-waveguide uncertainties ([B15], Hunter [B9], Marcuvitz [B12], Anson, et al [B3], Brady 
[B5], Kerr, et al [B10], Bannister, et al [B4], Oleson and Denning [B13], Ridler, et al [B14] and Horibe, 
et al [B7]) in the presence of nonlinear error mechanisms and calculating any statistical bias in the results. 
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This precludes the sole use of fi rst-order sensitivity analyses, and suggests the use of Monte-Carlo or other 
analyses capable of propagating uncertainties through nonlinear systems (e.g. JCGM 101:2008 [B2]).

In addition to statistical bias in the electrical parameters of a waveguide junction due to lateral offsets, actual 
aperture dimensions can be systematically offset from the intended dimensions, resulting in additional system-
atic bias in the refl ection coeffi cient, for example. Systematic bias can also be introduced by rounded corners, 
even when manufacturers compensate for differences in impedance by adjusting the aperture dimensions. 
Thus, the calculations of the uncertainty in the refl ection coeffi cients should include any systematic errors or 
bias in the interface, and take into account both orientations of possible connections between the fl anges.

The mechanical uncertainties should be propagated into the electrical uncertainties (e.g. scattering parame-
ters) of the rectangular-waveguide apertures and interfaces using formulas or calculations that are at least as 
accurate as the following approximations:

 — Lateral offsets estimated by Hunter [B9]

 — Angular offsets estimated by Williams [B15]

 — Changes in aperture width and height estimated using formulas from Marcuvitz [B12] [see page 296 
equation (2c) and page 308 equation (2d)]

 — Rounding of the aperture corners calculated from approximations in Anson, et al [B3] and Brady [B5].

 — Admittance due to corner rounding estimated by Williams [B15].

NOTE—The outer holes, pins, and threaded holes not listed in the table are shown with dashed lines for clarity. Not drawn 
to scale.

 Figure 1—Aperture, alignment-holes, and boss positions listed in Table 1
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 3.4 Report

All of the information that is required to characterize the uncertainties due to the waveguide apertures and 
interfaces should be summarized in a report for the end user prepared by the manufacturer or test laboratory. 
The report should be made available electronically, including any measured data. At a minimum, the report 
should include:

a) A list of the mechanical dimensions and uncertainties used in the calculations.

b) A graph from a sample calculation showing both standard and expanded uncertainties (e.g., at a 95% 
level of confi dence), JCGM 100:2008 [B1] for the refl ection coeffi cients as a function of frequency 
produced when the manufacturer’s aperture and interface are mated to a similar interface manufac-
tured with the same manufacturing process whose aperture has ideal corners and dimensions. The 
calculations should include any contributions from systematic errors or bias in the results. This graph 
may also compare these limits to error estimates from repeated measurements of a load as a way of 
verifying that the error estimates are reasonable. (See example shown in Figure 2.)

c) A graph showing any systematic error or bias in the real and imaginary parts of this refl ection coeffi -
cient as a function of frequency. (See Figure 3.)

d) A graph showing estimates of individual contributions of tolerances on aperture width and height, 
aperture location, and interface-to-interface movement to the uncertainty of the refl ection coeffi cient 
as a function of frequency. The results shown in this graph may be derived from a sensitivity analysis 
and do not need to account for nonlinearity. (See Figure 4.)

e) Tabulated results at the center of the waveguide band. (See Table 2.)

 Figure 2—Example of overall standard and expanded uncertainties graph suitable for 
inclusion of the report
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 Figure 3—Example of systematic error, or bias, in the refl ection coeffi cient real and 
imaginary parts graph suitable for inclusion in the report

 Figure 4—Example of individual uncertainty contributions graph suitable for inclusion in 
the report
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 Table 2—Example of table suitable for inclusion in the report

Component
Standard uncertainty in the refl ection 

coeffi cient of a fl ange-to-fl ange connection
Linear units dB

Aperture size   
   Width, a 0.002 5 –51.9
   Height, b 0.007 8 –42.1
Lateral displacement   
   Repeatability    0.002 5 –51.9
   Reproducibility    0.032 7 –29.7
       Total lateral displacement 0.032 8 –29.7
Corner rounding   
   Corner radius 0.000 0 –100.8
   
Combined standard uncertainty 0.033 8 –29.4

Similar graphs from sample calculations for the refl ection coeffi cients produced when the manufacturer’s ap-
erture and interface are mated to a similar interface manufactured with the same manufacturing process whose 
aperture may not have ideal corners and dimensions should also be provided. However, this information only 
needs to be provided electronically, and does not need to be part of the summary report.

Contact information, recommended cleaning and connection procedures, procedures used to determine me-
chanical uncertainties, interface markings, and recommended torque settings should also be provided in the 
report.

Subclause 3.2 encourages manufacturers and test laboratories to perform repeated measurements of a load 
with a calibrated refl ectometer (Li, et al [B11], Horibe and Koda [B8] and Horibe and Kishikawa [B6]) to 
support the uncertainty estimates they provide to the end user. The report should, at a minimum, compare the 
standard deviations of the repeated measurements of the refl ection coeffi cient of a load to the uncertainties 
expected from the uncertainty calculations described in 3.3.

 3.5 Supporting software

A computer program that adheres to these recommendations is available without charge (i.e., Williams [B16]). 
The program allows manufacturers and test laboratories to document rectangular-waveguide interfaces with 
supplementary information such as model, manufacturer, cleaning instructions, etc., and to include nominal 
dimensions and specify their uncertainty distributions as outlined in Table 1. The program calculates expected 
refl ection coeffi cients at interfaces between the manufacturer’s interfaces as well as between the manufactur-
er’s interfaces and similar interfaces with ideal aperture dimensions. Furthermore, the program allows manu-
facturers and test laboratories to add repeated measurements from actual fl anges, and compare the variations 
in those measurements to the estimates calculated from the dimensional measurements and their uncertainties 
provided by the manufacturer or test laboratory. Finally, the program allows the manufacturer, test laboratory, 
or user to automatically generate a report summarizing the calculations with graphs and tables similar to those 
shown in Figure 2, Figure 3, Figure 4, and Table 2.
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