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Abstract: Standard and recommended practices for ensuring the quality of measured data for 
high-frequency electrical interconnect at frequencies up to 50 GHz are provided. This might 
include, but is not limited to recommending design of test fixtures, as well as methods and 
processes for ensuring the accuracy and consistency of measured data for signals with frequency 
content up to 50 GHz. The standard and general practice should be applicable for frequencies 
higher than 50 GHz as well. The methods and techniques contained herein have been validated 
only to 50 GHz as of this writing. 
 
Keywords: causality, consistency tests, de-embedding electrical measurement, fixture, 
IEEE 370, interconnect, passivity, reciprocity, S-parameters, verification  
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Important Notices and Disclaimers Concerning IEEE Standards Documents 

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

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

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

IEEE makes no warranties or representations concerning its standards, and expressly disclaims all 
warranties, express or implied, concerning this standard, including but not limited to the warranties of 
merchantability, fitness for a particular purpose and non-infringement.  In addition, IEEE does not warrant 
or represent that the use of the material contained in its standards is free from patent infringement. IEEE 
standards documents are supplied “AS IS” and “WITH ALL FAULTS.” 

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

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other 
services for, or on behalf of, any person or entity, nor is IEEE undertaking to perform any duty owed by 
any other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon 
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: THE 
NEED TO PROCURE SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; 
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, 
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR 
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE 
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND 
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE. 
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Translations 

The IEEE consensus 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 is the approved IEEE 
standard. 

Official statements 

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board 
Operations Manual shall not be considered or inferred to be the official position of IEEE or any of its 
committees and shall not be considered to be, nor 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 the presenter’s views should be considered the personal views of that individual rather 
than the formal position of IEEE, IEEE SA, the Standards Committee, or the Working Group. 

Comments on standards 

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of 
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations, 
consulting information, or advice pertaining to IEEE Standards documents.  

Suggestions for changes in documents should be in the form of a proposed change of text, together with 
appropriate supporting comments. Since IEEE standards represent a consensus of concerned interests, it is 
important that any responses to comments and questions also receive the concurrence of a balance of 
interests. For this reason, IEEE and the members of its Societies and Standards Coordinating Committees 
are not able to provide an instant response to comments, or questions except in those cases where the matter 
has previously been addressed. For the same reason, IEEE does not respond to interpretation requests. Any 
person who would like to participate in evaluating comments or in revisions to an IEEE standard is 
welcome to join the relevant IEEE working group. You can indicate interest in a working group using the 
Interests tab in the Manage Profile & Interests area of the IEEE SA myProject system. An IEEE Account is 
needed to access the application. 

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

Laws and regulations 

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

Data privacy 

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

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

Photocopies 

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

Updating of IEEE Standards documents 

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

Every IEEE standard is subjected to review at least every 10 years. When a document is more than 10 years 
old and has not undergone a revision process, it is reasonable to conclude that its contents, although still of 
some value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that 
they have the latest edition of any IEEE standard. 

In order to determine whether a given document is the current edition and whether it has been amended 
through the issuance of amendments, corrigenda, or errata, visit IEEE Xplore or contact IEEE. For more 
information about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website. 

Errata 

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

Patents 

IEEE Standards are developed in compliance with the IEEE SA Patent Policy. 

Attention is called to the possibility that implementation of this standard may require use of subject matter 
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to 
the existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant 
has filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the 
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IEEE SA Website at https://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 discrimination to applicants desiring to obtain such licenses. 

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not 
responsible for identifying Essential Patent Claims for which a license may be required, for conducting 
inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or 
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing 
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that 
determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely 
their own responsibility. Further information may be obtained from the IEEE Standards Association. 

IMPORTANT NOTICE 

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure 
against interference with or from other devices or networks. IEEE Standards development activities 
consider research and information presented to the standards development group in developing any safety 
recommendations. Other information about safety practices, changes in technology or technology 
implementation, or impact by peripheral systems also may be pertinent to safety considerations during 
implementation of the standard. Implementers and users of IEEE Standards documents are responsible for 
determining and complying with all appropriate safety, security, environmental, health, and interference 
protection practices and all applicable laws and regulations. 
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Introduction 

This introduction is not part of IEEE Std 370-2020, IEEE Standard for Electrical Characterization of Printed Circuit 
Board and Related Interconnects at Frequencies up to 50 GHz. 

As high-speed serial link data rates increase (beyond 25 Gbps), the need for accurate interconnect 
measurements becomes critical. However, standard practices are lacking on how to measure interconnects 
at high frequencies. 

Most high-frequency instruments, such as vector network analyzers (VNAs) and time-domain 
reflectometers (TDRs), can make good measurements at the end of a coaxial interface. Typical devices to 
be tested do not have coaxial interfaces, so test fixtures are often required to be inserted between an 
instrument’s coaxial interface and the device under test (DUT), such as a printed circuit board (PCB), 
package, connector, cable, etc. There are various de-embedding approaches already commercially 
available, however, the de-embedding algorithms are often proprietary, and verification of the accuracy of 
the de-embedded S-parameters is left to the user.  

A poorly designed test fixture can lead to inaccurate de-embedded S-parameters. There is no IEEE standard 
that specifies the electrical requirements of a properly designed test fixture to achieve high-quality de-
embedded results.  

The quality of measured S-parameters of DUT can vary widely. There is no IEEE standard to check and 
validate the quality of S-parameters before they are distributed for use. This has created many 
complications for engineers who are utilizing the measured S-parameters for high-speed interconnect 
analysis. An IEEE standard is needed to check post measurement S-parameter data. 

The IEEE P370 workgroup was established to address the above issues. Three task groups (TGs) were 
formed under the workgroup: 

 TG1: Fixture Design Criteria 

 TG2: De-embedding Verification 

 TG3: S-parameter Integrity 

This document is the outcome of the joint efforts of P370 members. 
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IEEE Standard for Electrical 
Characterization of Printed Circuit 
Board and Related Interconnects at 
Frequencies up to 50 GHz 

1. Overview 

1.1 Introduction 

This document provides standard practices for ensuring the quality of measured data for high-frequency 
electrical interconnects at frequencies up to 50 GHz. This includes, but is not limited to: recommended 
design of test fixtures, as well as methods and processes for ensuring the accuracy and consistency of 
measured data for signals with frequency content up to 50 GHz. Annexes are included in this document 
comprise the following: 

 Examples 

 Best practices 

 Tutorials 

 Definitions 

 Reference information 

1.2 Scope 

This document addresses the quality of measured S-parameters for electrical printed circuit board (PCB) 
and related interconnect at frequencies up to 50 GHz. This might include, but is not limited to: test fixtures, 
as well as methods and processes for controlling the accuracy and consistency of measured data for 
broadband signals with frequency content up to 50 GHz. The standard is applicable to:  

 PCB and related interconnects (including package, connector, cable, etc.) used in high-speed digital 
applications, operating with signals at frequencies up to 50 GHz 

 Most industries using such interconnects 
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 Major measurement approaches (time domain or frequency domain) for collecting scattering 
(S-parameter) data  

 Significant methods of removing/de-embedding fixture and instrumentation effects 

1.3 Purpose 

The purpose of this standard is to define methodologies by which high-quality scattering parameters 
(S-parameters) can be obtained for electrical interconnects that are intended to operate at microwave 
frequencies (up to 50 GHz). The standard includes requirements for designing test fixtures, evaluating 
measured data, removing test fixture and instrumentation effects, and verifying the quality of the 
S-parameters. The primary focus of this standard development is measured S-parameters. However, the 
methodology is applicable to simulated S-parameters as well. 

Note that this standard defines a set of metrics to be calculated and reported to the recipient of the 
S-parameter data. In order to comply with this standard, the values of the metrics shall be included in 
S-parameter data file. However, the determination of pass/fail status of the results is out of the scope of this 
standard, and is left to the recipient of the data.  

Although the highest frequency of interest is set at 50 GHz in this document, the methodology is generally 
applicable to higher frequencies. The methods and techniques contained herein have been validated only to 
50 GHz as of this writing. 

1.4 Word usage 

The word shall indicates mandatory requirements strictly to be followed in order to conform to the standard 
and from which no deviation is permitted (shall equals is required to).1, 2 

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

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

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

2. Normative references 

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

IBIS Open Forum, Touchstone File Format Specification version 1.1.  

                                                 
1 The use of the word must is deprecated and cannot be used when stating mandatory requirements, must is used only to describe 
unavoidable situations. 
2 The use of will is deprecated and cannot be used when stating mandatory requirements, will is only used in statements of fact. 
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IBIS Open Forum, Touchstone File Format Specification version 2.0. 

IEEE Std 287™, IEEE Standard for Precision Coaxial Connectors (DC to 110 GHz).3, 4 

3. Definitions, acronyms, and abbreviations 

3.1 Definitions 

For the purposes of this document, the following terms and definitions apply. The IEEE Standards 
Dictionary Online should be consulted for terms not defined in this clause. 5 

2X-Thru: A de-embedding structure composed of directly connected replicas of left fixture and right 
fixture for a given device under test (DUT). 

2X-Thru de-embedding: A de-embedding method that utilizes the 2X-Thru structure to remove the fixture 
effects when measuring a device under test (DUT). 

calibration: The process of characterizing the systematic errors of the instrument by measuring known 
devices (calibration standards). Subsequently, the effects of the characterized systematic errors are 
mathematically removed from raw measurements. 

calibration standard: A structure used for calibration of the test equipment. Typical standards are a load, 
an open, and a short (circuit). Such a device may be included in the test fixture. 

causality: The property of a physical system in which the output depends only on past and current inputs 
but not future inputs. 

de-embedding: The process by which the characteristics of the test fixture are mathematically removed 
from the measured data, leaving the characteristics of the device under test (DUT). 

device under test (DUT): The interconnect that is to be measured; examples include a connector, a cable, a 
printed circuit board trace or trace pair, or an active electronic device. 

direct measurement: Measurement of a device under test that does not require the use of a fixture. 

fixture: See test fixture. 

front delay: The time at which the front of a signal should appear relative to time of the applied stimulus 
signal. It is impossible to exactly calculate front delay unless frequency response is given for all 
frequencies. The methodology described in the standard approximately calculates front delay. 

group delay: The transit time of a signal through a device under test as a function of frequency. 

impulse response: The time-domain response of an interconnect to the application of an ideal impulse 
function at its input. 

                                                 
3 The IEEE standards or products referred to in Clause 2 are trademarks owned by The Institute of Electrical and Electronics 
Engineers, Incorporated. 
4 IEEE publications are available from The Institute of Electrical and Electronics Engineers (https://standards.ieee.org/). 
5IEEE Standards Dictionary Online is available at: http://dictionary.ieee.org. An IEEE Account is required for access to the 
dictionary, and one can be created at no charge on the dictionary sign-in page. 
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insertion loss: The loss of signal power from one port of the device under test (DUT) to another port, 
resulting from the insertion of the DUT. It is also used synonymously with S21. 

launch: A connector, typically coaxial, by which a signal is propagated from the test equipment cable into 
the test fixture at the first interface of the fixture before the first uniform transmission line region. 

line-reflect-match (LRM): A calibration method that utilizes transmission line, reflect (short or open), and 
matched load standards. 

load: A structure that provides purely resistive impedance for the purpose of calibration of the fixture with 
the test equipment, typically 50 Ohm in value. 

microstrip: A type of transmission line that is fabricated using printed circuit board technology. It consists 
of a conducting metal trace separated from a reference plane by a dielectric layer, and is typically 
constructed as the top or bottom layer of a printed circuit board. 

mixed-mode S-parameters: The S-parameter data describing the response of an interconnect to the 
application of either a differential-mode signal or a common-mode signal. 

multi-chip module (MCM): An electronic package on which multiple integrated circuit die are mounted 
and interconnected. 

National Institute of Standards and Technology (NIST): The U.S. federal agency responsible for 
developing and maintaining measurement methods and standards. 

passivity: Property of an interconnect that does not generate energy. 

phase delay: The difference between the phase of a sinusoidal input signal and the output signal from a 
device under test (DUT). 

port: A structure, typically a coaxial connector, by which a test signal is applied to or observed at the 
interface to a test fixture or device under test (DUT). 

post-processing: The process by which measured data are manipulated into the user’s desired format for 
interpretation or other usage. 

printed circuit board (PCB): A planar structure used to interconnect electronic components, typically 
constructed of alternating layers of dielectric (such as glass-epoxy) and conductive materials (such as 
copper foil) that are etched to form conductive paths. 

reciprocity: A property of an interconnect in which the transmission of a signal between any two ports 
does not depend on the direction of propagation such that input and output ports are interchangeable 
(scattering parameter S21 = S12, S13 = S31, etc.). 

reference plane: The location within the interconnect where the user calibration is performed. It is the 
plane at which the measurement is typically made. 

return loss: The loss of power in the signal returned/reflected by a discontinuity in an interconnect, 
measured at a given port. It is often used synonymously with S11, while in some other literature, it is used 
synonymously with the inverse of S11. 

S-parameter: A numerical matrix that quantifies how radio frequency (RF) energy propagates through a 
multi-port network, at specified frequencies. Each component of the matrix defines the ratio of the output 
voltage wave to the incident voltage wave for a given pair of input port and output port, and at a given 
frequency. The resulting ratio is typically a complex value. 
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stripline: A transmission line composed of a signal line that is between two solid reference planes, 
separated from each plane by a dielectric layer. 

test fixture: Structure used to connect test equipment cables, typically coaxial, to a non-coaxial device 
under test (DUT). The fixture is in many cases constructed using a printed circuit board (PCB). 

Thru-reflect-line (TRL): A calibration method developed by the National Institute of Standards and 
Technology (NIST) that uses transmission lines of various lengths, which are used over specified frequency 
ranges. 

time-domain reflectometer (TDR): A special-purpose measurement instrument that applies a finite rise 
time step wave to a device under test (DUT), and typically displays the measured response in terms of 
impedance versus time or distance. 

time-domain reflectometry (TDR): A measurement technique used to determine the characteristics of 
electrical lines by observing reflected waveforms. 

traceable: Measurement data that were taken using calibration standards whose accuracy have been 
verified to devices maintained by the National Institute of Standards and Technology (NIST) or another 
internationally recognized standards organization. 

transverse electromagnetic (TEM): A mode of wave propagation in which both the wave’s electric and 
magnetic fields are perpendicular to the direction of propagation. 

vector network analyzer (VNA): An instrument that applies a stimulus signal to a device under test 
(DUT) that is swept across a range of frequencies while the response of the DUT is measured. 

3.2 S-parameter terms and labeling conventions 

3.2.1 Introduction 

The following subclauses identify common terms used with S-parameters and their recommended usage. 
These recommendations are intended to reduce ambiguity of S-parameter interpretation. Refer to Annex B 
for information regarding network parameters in general, including S-parameters. 

3.2.2 Port index labeling 

3.2.2.1 Introduction 

A significant source of confusion when evaluating the S-parameters of any structure is the identification of 
which port indices correspond to which physical port of the interconnect. This document offers a 
recommendation for a specific labeling scheme. It is recommended that the port index assignment be 
verified before an S-parameter file is used.  

3.2.2.2 Port assignment for two-port interconnects 

In a two-port device under test (DUT), there is no ambiguity of the port labeling. Port 1 is connected to one 
end and port 2 is connected to the other end of the DUT. S11 is the ratio of the amplitude of the reflected 
voltage wave at port 1 to the amplitude of the incident voltage wave at port 1, each divided by the reference 
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impedance. Likewise, S21 is the ratio of the amplitude of the outflowing voltage wave at port 2 to the 
amplitude of the incident voltage wave at port 1, each divided by the reference impedance. S11 is therefore 
the reflection coefficient at port 1, S22 is the reflection coefficient at port 2, and S21 is the transmission 
coefficient from port 1 to port 2.  

3.2.2.3 Port assignment for four-port interconnects 

In a four-port structure, such as a differential pair interconnect, there are multiple ways of assigning index 
labels to the four ports. For example, it is possible to assign the port configuration such that port 1 connects 
to port 2, and port 3 connects to port 4. This would place ports 1 and 3 on one end of the differential pair, 
and ports 2 and 4 on the other end, as shown in Figure 1. 

 
Figure 1 —One labeling scheme for a four-port interconnect 

In this configuration, the single-ended transmission coefficient of one line is S21, consistent with the case of 
having just a single transmission line. The insertion loss of the first line in the pair is S21, and the insertion 
loss of the second line in the pair is S43. This assignment scheme is consistent with the two-port scheme 
described above and is also easily extendable to interconnects with larger numbers of ports. Odd-numbered 
ports are on the “left” side of the interconnect, and even-numbered ports are on the “right” side. This is the 
naming convention used in this standard. 

An equally correct configuration is labeling the ports with port 1 connected to port 3 and port 2 connected 
to port 4, as shown in Figure 2. This places ports 1 and 2 on one side of the differential pair, and ports 3 and 
4 on the other side. In this case, S31 is the insertion loss of the first line in the pair, and S42 is the insertion 
loss of the other line in the pair. While this labeling is perfectly correct, it makes the interpretation of each 
S-parameter different from the previous case. S21 in the first case is insertion loss, while S21 in the second 
case is near end crosstalk (NEXT). As described above, there are multiple port ordering schemes. 
De-embedding tools must be able to handle both port ordering conventions shown in Figure 1 and Figure 2. 

 
Figure 2 —Alternate port labeling scheme 

Identification of the port labeling scheme of the DUT is very important. Assuming one configuration when 
another one is actually used will result in misinterpreted results. 

The port configuration shall be documented in the comment field of the S-parameter Touchstone file as 
described in 3.5.7. As an important consistency test, it is recommended that the S-parameters always be 
checked to identify which terms are the insertion loss and verify the assumed port labeling. This is done by 
examining the magnitude of the loss of the presumed transmission path (e.g., S21 or S31). For a passive 
interconnect, this is often a small dB value at low frequency.  
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3.2.2.4 Mixed-mode S-parameter labeling 

When characterizing differential interconnects, the measured single-ended S-parameters are often 
converted to mixed-mode S-parameters, using the equations in Annex C. Characteristics of differential 
interconnects may be described using mixed-mode ports composed of pairs of single-ended ports as 
follows: 

 Mixed-mode port 1, which is composed of single-ended ports 1 and 3 (see Figure 1) 

 Mixed-mode port 2, which is composed of single-ended ports 2 and 4 

The name of the S-parameter indicates the configuration: SDD21 (or SD2D1) is the S-parameter associated 
with the signal measured at mixed-mode port 2 due to a stimulus at mixed-mode port 1. The return loss of 
differential port 1 would be contained in S-parameter SDD11 (or SD1D1). Likewise, SDC21 is the S-parameter 
associated with the signal measured at differential port 2 due to a common stimulus at port 1. If the 
alternate port numbering scheme of Figure 2 is used, mixed-mode port 1 would be composed of single-
ended ports 1 and 2, while mixed-mode port 2 would be composed of single-ended ports 3 and 4. 

3.2.3 Labeling fixtures with two or four ports 

3.2.3.1 Introduction 

In this document the fixture names are based on the index number of the DUT port to which they attach. 

3.2.3.2 Labeling and identifying the fixture names 

This standard recommends a specific labeling method for each fixture connected to the DUT, referred to as 
FIX-1, FIX-2, etc., and the port indices attached to each FIX. This is only a recommendation, as there are 
alternative approaches in wide use that are also correct. There is no industry-accepted method, and the user 
must verify in each application how the fixture is connected to the DUT and the port indices. 

A DUT may have more than one fixture attached to it. On every DUT port that has a fixture to de-embed, 
the fixture is labeled based on the DUT port index number to which it connects.  

In the case of a two-port DUT, for example, the fixture attached to the single-ended DUT port 1 is labeled 
as FIX-1. The fixture attached to the single-ended DUT port 2 is labeled as FIX-2. 

In the case of differential ports with differential fixtures, FIX-D1 is connected to the differential DUT port 
D1, and FIX-D2 is connected to the differential DUT port D2. 

3.2.3.3 Labeling and identifying the ports of the fixture 

This standard recommends labeling the fixture’s higher number port index as the one attached to the DUT 
and the lower number port index connected to the outside. 

For example, in a 2X-Thru, composite structure, FIX-1 port 2 is connected to DUT port 1 and FIX-2 port 2 
is connected to DUT port 2.  

On each fixture, port 2 of the fixture is connected to the DUT and port 1 of each fixture is connected to the 
outside. These labels are illustrated in Figure 3. 
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Figure 3 —Illustration of a DUT with two fixtures correctly labeled 

It is very important that the port labeling of the fixture assigned by the de-embedding tool is checked to 
verify that it is consistent with expectations. Not all tools may automatically label fixture ports the same 
way.  

3.2.3.4 Naming of the fixture-DUT-fixture 

The name of the fixture may be shortened to FIX. For example, the composite structure could be referred to 
as the FIX-DUT-FIX structure.  

The combination of the DUT and fixtures on either end is referred to as the composite structure or the FIX-
DUT-FIX structure. The combination of just the two fixtures, such as a FIX-1 connected to a FIX-2, is 
referred to as a FIX-FIX structure or a 2X-Thru.  

In the case of a single port DUT, the composite structure is referred to as a FIX-DUT. This labeling scheme 
removes some of the ambiguity of the specific structure. In this standard, a FIX-DUT structure is described, 
but not recommended. 

3.2.3.5 Labeling fixtures for DUTs with multiple ports 

When a fixture connects to the DUT with more than one port, the name of the fixture should contain the 
multiple DUT ports connected, separated by underscores. For example, the specific differential fixture 
connected to ports 1 and 3 of the DUT should be labeled as FIX-1_3. The fixture connected to the other end 
of the DUT should be labeled as FIX-2_4.  

If the differential port scheme were used to identify the DUT, the two fixtures should be identified as 
FIX-D1 and FIX-D2. 

A fixture connected to two differential DUT ports should itself have four ports. These should be labeled 
with port 1 as an outside port on one fixture and port 1 as an outside port on the other fixture. In a 
differential fixture, the same convention is recommended, in which port 1 is connected to port 2 and port 3 
is connected to port 4. 

With this recommendation, the differential fixture ports should be labeled: 

FIX-D1_1, FIX-D1_2, FIX D1_3 and FIX-D1_4 

If a differential port labeling were used for the fixture, the ports should be labeled: 

FIX-D1_D1, FIX-D1_D2 and the other fixture should be labeled as FIX-D2_D1, FIX-D2_D2 

In all cases, port 1 of the fixture always connects to the test equipment, and port 2 of the fixture always 
connects to the DUT. 

While this labeling scheme may seem detailed, having unambiguous labeling for each component and their 
ports will dramatically reduce confusion and reduce risk when interpreting the three S-parameter files:  

Authorized licensed use limited to: Tsinghua University. Downloaded on March 07,2026 at 03:00:12 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE 370-2020

http://www.avadocuments.com/doc/ieee-370-2020
http://www.avadocuments.com/doc/ieee-370-2020


IEEE Std 370-2020 
IEEE Standard for Electrical Characterization of Printed Circuit Board and Related Interconnects at Frequencies up to  

50 GHz 

21 
Copyright © 2021 IEEE. All rights reserved. 

 The composite, FIX-DUT-FIX 

 The 2X-Thru, FIX-FIX 

 The de-embedded DUT 

Figure 4 shows an example of a four-port DUT and two fixtures with the part labeling and an example of 
the port labeling of each. A similar diagram should be included with the documentation of every DUT.  
 

 
Figure 4 —Four-port DUT and fixture example 

3.2.3.6 Fixture S-parameter file naming 

Part of the de-embedding process is to generate S-parameter data of just the fixture that is presumed to be 
attached to the DUT. The file that includes extracted S-parameters of a fixture should be named by 
appending the suffix “_calc” to the fixture label. For example, the files with the fixture models created to 
de-embed from the FIX-DUT-FIX structure are referred to as FIX-1_calc and FIX-2_calc. 

This model can be created from a 2X-Thru structure for use in a 2X-Thru de-embedding algorithm, from 
the FIX-1 structure attached to the DUT, in an impedance-corrected 2X-Thru algorithm, or from a direct 
measurement of the FIX-1 structure if it is designed to be separable. 

In the last case, the FIX-1 measurement is the same as the FIX-1_calc. 

3.3 Defining the calibration method used and the component measured 

3.3.1 Introduction 

Refer to Annex D for a discussion of calibration and de-embedding basics. 

3.3.2 Calibration methods 

There is a number of different calibration methods used in the industry, a subset of which is discussed in 
this document: 

 Short-open-load-thru (SOLT) 

 Thru-reflect-line (TRL) 
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3.3.3 Traceable calibration method 

There are a variety of standard methods that can be used to calibrate to the end of the coaxial test cables 
that are used to connect to the measurement equipment, using a mechanical calibration kit or an electronic 
calibration (ECal) module. Calibration standards of these types are typically used when the connection to 
the test fixture is made using precision coaxial connectors, such as those described in IEEE Std 287™ 
[B21]6. 

Precision coaxial cables and standard calibration structures can be used during the calibration process to 
establish the measurement reference plane at the end of the coaxial cable. IEEE Std 287 provides electrical 
and mechanical specifications for precision coaxial connectors covering the range of dc to 110 GHz. 
Coaxial connectors are often defined by the nominal inside diameter of the outer conductor, such as 3.5 mm 
and 2.92 mm connectors. Table 1 lists some typical precision coaxial connector sizes. 

Table 1 —Precision coaxial connector characteristics 

Inside diameter of outer 
conductor 7 mm 3.5 mm 2.92 mm 2.4 mm 1.85 mm 1.0 mm 

Rated minimum upper 
operating frequency, GHz 18 33 40 50 65 110 

 

Lower precision coaxial connectors with non-air dielectrics, such as those described in MIL-STD-348 
Rev. B [B23], can be used for fixtures, but typically require an additional adapter to be added to the fixture 
for mating with the precision connector at the measurement reference plane. To avoid damage to precision 
connector interfaces, it is always advised to use the proper adapter to transition between connector types. 

3.3.4 Using a traceable calibration with microprobes 

When the fixture does not have a coaxial connector, such as pads on a circuit board for probing by a 
microprobe, it is more challenging to move the reference plane to the beginning of the fixture.  

There are two recommended approaches to measuring the fixture: 

 Calibrate to the end of the microprobe tip using a calibration substrate. There will always be some 
ambiguity about the tip’s fringing fields to the calibration substrate being different than to the 
DUT. This will always limit the accuracy to some high-frequency limit. 

 Calibrate to the end of the coaxial cable that is connected to the microprobe, using either 
mechanical coaxial calibration standards or an ECal unit. In that case, the microprobe is treated as 
part of the fixture. The microprobe + fixture is measured in the 2X-Thru and the FIX-DUT-FIX 
measurements and is part of the de-embed model. 

The ambiguity in this case is the reproducibility of the connection of the microprobe to the fixture pads 
between the 2X-Thru measurement and the FIX-DUT-FIX measurement. Good measurement practices 
should be employed to keep this connection reproducible and preserve the quality of the resulting data. 

With the impedance-corrected 2X-Thru method defined in D.6.3, the de-embedded DUT is less sensitive to 
the discontinuity at the tip of the microprobe. 

                                                 
6 The numbers in brackets correspond to those of the bibliography in Annex A. 
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3.4 De-embedding method 

There are a number of different S-parameter de-embedding methods used in the industry, a subset of which 
is discussed in this document. These de-embedding methods use different techniques to obtain the 
S-parameter of the fixture first, and then utilize a general procedure involving T-matrix (also called ABCD 
matrix) manipulation to recover the S-parameter of the DUT, as described in Frei, Cai, and Muller [B14]. 

Annex D details the following techniques: 

 1X-Reflect 

 2X-Thru 

 Impedance-corrected 2X-Thru 

 General S-parameter file 

A de-embedding process generally involves the following steps:  

a) Connect calibration structures to end of coaxial cables from a vector network analyzer (VNA) 

b) Perform calibration on VNA with calibration structures 

c) Disconnect calibration structures and connect fixtures to VNA 

d) Acquire and verify s-parameter for the test fixtures 

e) Acquire and verify s-parameters for the DUT with attached test fixtures 

De-embed fixture s-parameters and acquire and verify DUT S-parameters. 

Notes: 

 Steps d) and e) can be reversed in order. 

 Refer to Annex D and Annex E for more details.  

3.5 Normative header information in the TouchstoneTM7 file 

3.5.1 Introduction 

S-parameter data shall be stored in the Touchstone file format defined in Touchstone File Format 
Specification version 1.1 or Touchstone File Format Specification version 2.0. Subclause 3.5 defines the 
keywords and values that shall be included in the header of the Touchstone file in order to comply with this 
standard. Comment lines (a line preceded by a ! character) should be added to provide IEEE 370 
compliance information. For IEEE 370–compliant Touchstone files, quantities contained in brackets 
between lines “! [IEEE 370 Start]” and “! [IEEE 370 End]” are normative keywords. 

                                                 
7 Touchstone is a registered trademark of Keysight Technologies. 
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3.5.2 Data source 

This field indicates the source of the data. Types include the following: 

 Measured 

 Simulated 

 Synthesized 

 Other  

3.5.3 Post-processing 

This field specifies the type of post-processing that was applied to the data. Types include the following:  

 Raw (no post-processing) 

 De-embedded 

 Other 

3.5.4 Component type 

This field indicates the type of the structure measured, calculated, or simulated. Types include the following: 

 De-embedding structures 

 De-embed structure: 1X-Reflect-Short 

 De-embed structure: 1X-Reflect-Open  

 De-embed structure: 2X-Thru 

 Calibration structures 

 Calibration structure: Short 

 Calibration structure: Open  

 Calibration structure: Load 

 Calibration structure: Primary Thru 

 Calibration structure: TRL Line 1 

 Calibration structure: TRL Line 2 

 Calibration structure: TRL Line <x> 

 DUT 

 DUT: DUT 

 Composite structures 

 Composite structure: Fixture-DUT-Fixture 

 Composite structure: Fixture-DUT 

 Fixture 

 Fixture: Fixture 
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3.5.5 Calibration method 

This field indicates the calibration method used to acquire the data. Types include the following: 

 SOLT 

 TRL 

 User specific 

3.5.6 De-embedding method 

This field indicates the de-embedding method used to acquire the DUT data. 

 1X-Reflect 

 2X-Thru 

 Impedance-corrected 2X-Thru 

 Direct de-embedding with S-parameter file 

3.5.7 Port assignment 

Port assignment information shall be included in the Touchstone file to avoid misuse of S-parameters. The 
format of the port assignment information is informative, but should be easily interpreted by the user. 
Below is an example of port assignment information describing a four-port network from Pin 04 and Pin 05 
of a Base Board to Pin 04 and Pin 05 of a Load Card: 

!* BASE BOARD (end a) ->>- (end b) LOAD CARD * 
!* ------------------ ----------------- 
!* Port 01 (Pin 04) ->>- (Pin 04) Port 03 
!* Port 02 (Pin 05) ->>- (Pin 05) Port 04 

3.5.8 Fixture electrical requirements 

The fixture class, as defined in 4.3.3, shall be reported. 

3.5.9 S-parameter quality metrics 

In order to claim compliance with the requirements of this standard, the provider of the S-parameter data 
shall calculate the normative S-parameter metrics defined in Clause 7, and report the results in the 
comments in the Touchstone file header, along with the name and version of the tool used to generate them. 

3.5.10 Touchstone file header reporting requirements summary 

Table 2 summarizes the reporting requirements for the Touchstone file header. 
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Table 2 —Touchstone file header reporting requirements 
Item Subclause Normative? Comments 

Keywords 3.5.2 through 3.5.6 Yes Keywords shall be included in the Touchstone 
header to define an overview of the de-embedding 
methods, data source, etc. 

Fixture electrical 
requirements (FER) 
compliance 

4.3.3 Yes Fixture quality is defined in terms of a “Class.” 
This shall be computed and reported in the 
Touchstone header. 

Quality metrics 7.4.3, 7.4.4, 7.4.5 Yes The quality values for the S-parameters shall be 
computed and reported in the Touchstone header. 

Port assignment 3.5.7 Yes. (Note: 
format is 
informative.) 

The port assignment info shall be included, but the 
format is not normative. 

 

3.5.11 Touchstone file header example 

An example Touchstone file header is shown in Figure 5. 
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Figure 5 —Touchstone file header example 

4. Test fixture design criteria 

4.1 Overview 

Clause 4 presents requirements, guidance, and best practices to enable successful test fixture design, 
including features and details for single-ended and differential fixture de-embedding. This includes the 
following: 

 Fixture design requirements (FDR) for structures needed for de-embedding 
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 Fixture electrical requirements (FER) related to the electrical performance criteria for the structures 

 Design considerations, such as critical design aspects and best practices 

 A design documentation template for creating de-embedding structures 

 Measurement guidance for making, verifying, and correlating measurements 

4.2 Fixture design requirements (FDR) (normative) 

4.2.1 Introduction 

Subclause 4.2 describes the details to implement the required or recommended de-embedding test 
structures for the PCB test fixture de-embedding. The subclause also presents a series of validation 
structures that may be used to correlate measurement and simulation or tune the manufactured PCB 
parameters. 

4.2.2 Single-ended de-embedding 

Single-ended refers to individual uncoupled transmission lines including a signal conductor and its return 
path; de-embedding is the process of removing fixture effects from the measured S-parameters. A single-
ended 2X-Thru standard is needed to create the fixture models; the following subclauses include the 
requirements for this standard. “X” is the structure between the reference plane and the DUT; i.e., TP1 to 
TP2 or TP3 to TP4, as illustrated in Figure E.1 and Figure E.2.  

4.2.3 2X-Thru 

The 2X-Thru de-embedding method (see Keysight Technologies [B22] and Annex D) bisects the data for 
the 2X-Thru to generate S-parameters of the test fixtures. This method has been shown to produce results 
that are equivalent or better than those obtained using TRL calibration (Moon, Ye, and Smith [B25]). The 
design of a 2X-Thru structure is illustrated in Figure 6. Bisection is achieved through several means 
described in Annex D. 

 

Figure 6 —2X-Thru implementation 

In order for the 2X-Thru to replicate the electrical behavior of the test fixture and allow accurate 
de-embedding of the fixture, the 2X-Thru shall meet the following requirements: 

 The 2X-Thru should be fabricated on the same PCB as the test fixture.  
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 The 2X-Thru shall be routed on the same PCB layer as the test fixture traces. 

 The 2X-Thru shall incorporate the same layer transitions and test point launch as the test fixture. 

 With the measurement reference plane set at the coaxial test point, the insertion loss of the 2X-Thru 
shall meet the requirements of 4.3.4 for insertion loss. 

 With the measurement reference plane set at the coaxial test point, the return loss of the 2X-Thru 
shall meet the requirements of 4.3.5 for return loss. 

The 2X-Thru and test fixture traces should be oriented in the same direction on the PCB panel as illustrated 
in Figure 6. 

4.2.4 Mixed-mode de-embedding 

The 2X-Thru method described in 4.2.3 is applicable to mixed-mode (differential) de-embedding structures 
as well, except that differential ports are used instead of single-ended ports.  

However, differential transmission lines that have intentional coupling require additional design 
considerations. For example, test fixture traces for differential de-embedding have areas that are 
transitioning from single-ended to differential routing due to the physical size of the coaxial connectors or 
probing footprint. Ensure that the transition from a single-ended to coupled transmission line does not 
cause large return loss that may degrade de-embedded results. This issue is addressed in 6.4.  

4.2.5 Single-ended fixture crosstalk 

Fixture crosstalk may remain in the measured data after calibrating or de-embedding, and measured 
crosstalk can be larger than DUT crosstalk. If crosstalk is a parameter to be measured and the fixture 
crosstalk cannot be de-embedded, a “dogleg” structure shall be included in the fixture to measure the trace-
to-trace fixture crosstalk directly. Those results should then be compared against the total measured 
crosstalk to determine whether the fixture crosstalk is large enough to compromise the results. A dogleg 
structure for measuring trace-to-trace crosstalk is designed as follows (see Moon et al. “Fixture” [B24]): 

 Pick one pair of traces in close proximity, the worst case (smallest spacing). 

 If the input and output side traces are on the same wiring plane, remove the DUT portion of the test 
board design and connect the traces together, as shown in Figure 8. If the input and output side 
traces are not on the same routing layer, copy the input side traces and mirror them to create the 
output side traces for the first layer, and connect them directly to the input side traces. Then copy 
the output side traces from the second layer to create the input side traces for the second layer, and 
connect them directly together. This will create two dogleg structures. 

 Construct the trace lengths of the dogleg to be the same as the 2X-Thru length. Terminate all 
unused ports with 50 Ohm loads when measuring crosstalk. For example, when the far end 
crosstalk (FEXT) is measured from P1 to P2′, terminate ports P2 and P1′. 

Terminate all unused ports when measuring crosstalk. 
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Figure 7 —Single-ended test board layout 

 
Figure 8 —Single-ended dogleg structure 

4.2.6 Interpair (pair to pair) fixture crosstalk 

As in the single-ended case, the interpair fixture crosstalk of a mixed-mode fixture may remain in the 
measured data after calibrating or de-embedding, and measured crosstalk can be larger than the DUT 
crosstalk. The topology of a typical mixed-mode test fixture is shown in Figure 9. If crosstalk is a 
parameter to be measured, and the interpair fixture crosstalk cannot be de-embedded, a “spiderleg” 
structure (see Moon et al. “Fixture” [B24]) shall be included in the fixture to measure the interpair 
crosstalk. It is also required for measurement of the common-mode conversion of the fixture. A spiderleg 
structure is illustrated in Figure 10. It consists of four traces and eight ports. To design a spiderleg 
structure:  

 Pick two pairs in close proximity.  

 Remove the DUT portion of the test board design within the reference planes, copy the traces 
exactly, and connect the Thru traces directly, as described in 4.2.5 (see Figure 10). 

Terminate all unused ports when measuring crosstalk. 
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Figure 9 —Mixed-mode test board layout 

 

Figure 10 —Spiderleg structure of mixed-mode 2X-Thru with fixture  
crosstalk included 

4.3 Fixture electrical requirements (FER) 

4.3.1 Introduction 

As a fixture deviates from a perfect lossless transmission line, removing the effects of the fixture becomes 
more difficult. Subclause 4.3 places limitations on how much a fixture may deviate from ideal based on 
how well contemporary techniques remove the non-ideal characteristics. 

4.3.2 Class definitions 

The test fixture performance is identified by Class A, B, or C. Class A has the most stringent design 
requirements, and Class C has the least stringent. Obtaining the best possible data from a Class C fixture 
will require the use of the most sophisticated de-embedding tool available, such as the impedance-corrected 
2X-Thru method. On the other hand, a less sophisticated de-embedding technique may be sufficient for use 
with a Class A or Class B fixture. 
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4.3.3 FER compliance 

The class of a fixture may vary by frequency and DUT performance. For example, a fixture measured from 
10 MHz to 50 GHz with 10 MHz steps may fail a Class A requirement at 10 GHz and fail a Class B 
requirement at 40 GHz, and fail a Class C requirement at 50 GHz. That fixture is deemed Class A 
compliant for frequencies below 10 GHz, Class B for frequencies below 40 GHz, and Class C for 
frequencies below 50 GHz. A fixture is deemed non-conforming for all frequencies higher than the 
frequency of its first class C failure.  

Throughout this document, insertion loss is expressed as a negative value in dB, to specify the amount of 
attenuation. 

4.3.4 FER1: Insertion loss of 2X-Thru 

 Class A minimum: −10 dB at all frequencies of interest 

 Class B minimum: −15 dB at all frequencies of interest 

 Class C minimum: −15 dB at all frequencies of interest 

Justification: As fixture insertion loss increases, de-embedding becomes more unreliable and unstable. 

4.3.5 FER2: Return loss of 2X-Thru 

 Class A maximum: −20 dB at all frequencies of interest 

 Class B maximum: −10 dB at all frequencies of interest 

 Class C maximum: −6 dB at all frequencies of interest 

Justification: Return loss values of fixtures above this value result in unreliable calibration or removal. This 
specification is for single-ended, differential, and common-mode return loss. 

4.3.6 FER3: Insertion loss and return loss separation 

 Class A minimum: 5 dB at all frequencies of interest 

 Class B minimum: 0 dB at all frequencies of interest 

 Class C minimum: 0 dB at all frequencies of interest 

Justification: There is a relationship between insertion-return loss separation and quality of de-embedding. 

4.3.7 FER4: Intra-fixture crosstalk 

Class A, B, and C maximum fixture crosstalk is lower than that of the DUT at all frequencies of interest. 

Justification: For cases when fixture crosstalk is not negligible, and the de-embedding algorithms to be 
used cannot remove it, the fixture crosstalk shall be measured and compared to the DUT crosstalk to 
evaluate whether or not it will compromise the de-embedded results. 
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4.3.8 FER5: Impedance variation: Difference between the FIX in 2X-Thru and the  
FIX-DUT-FIX 

Measure the point-by-point difference between the impedance of the 2X-Thru and the impedance of the 
FIX-DUT-FIX from the start of the fixture to the time of the midpoint of the 2X-Thru, using a 20% to 80% 
rise time of 1/fmax with a Gaussian edge, as defined in Annex S. 

 Class A maximum: ±2.5% difference from the reference impedance 

 Class B maximum: ±5% difference from the reference impedance 

 Class C maximum: ±10% difference from the reference impedance 

This measurement shall be done from both ends of the fixture. Refer to Figure 11. 

 

 

Figure 11 —Idealized impedance plots of the 2X-Thru and FIX-DUT-FIX 

Justification: Post-de-embedding broadband error occurs in the reflection coefficient when the transmission 
line of the DUT test fixture deviates beyond the specified limit of the standard transmission line. 

4.3.9 FER6: Difference between differential to common mode conversion loss and 
insertion loss 

Class A, B, and C maximum: The difference between differential to common-mode conversion and 
insertion loss is lower than −15 dB at all frequencies of interest. Justification: Differential to common-
mode conversion (SCD21) represents the imbalance within a differential pair. Typical mixed-mode de-
embedding techniques assume negligible SCD21. In that case, any difference between differential to 
common-mode conversion loss and insertion loss higher than the specified value may result in significant 
error. Note that the requirement does not apply to de-embedding methods that take mode conversion into 
account (which should be verified by user).  
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4.3.10 FER7: Line to line or pair to pair phase skew 

In some fixture designs, a single 2X-Thru structure may be used to de-embed multiple DUT input/output 
signal lines (single-ended or differential). For accurate de-embedding, it is necessary to keep all FIX 
structures identical with respect to the corresponding FIX structure in the 2X-Thru. However, it is 
challenging to validate after the board is manufactured, since a direct measurement of the FIX-only 
structure is not feasible for the FIX-DUT-FIX structure. Therefore, it is critical to ensure that at the board 
layout stage, the lead-in routing lengths for all the FIX structures in FIX-DUT-FIX are the same. The 
difference in phase delay (time-domain skew) of the lead-in traces or pairs should be no more than 2 ps for 
all fixture classes.  

4.3.11 FER8: Minimum length of 2X-Thru 

The 2X-Thru de-embedding method often uses a fast Fourier transform (FFT) to convert frequency domain 
S-Parameters into a time-domain reflectometry (TDR)/time-domain transmissometry (TDT) waveform. In 
order to have enough resolution, the length of the 2X-Thru should be at least three wavelengths at the 
highest measured frequency. For a 50 GHz maximum frequency, this corresponds to 60 ps minimum 
electrical length (which is 0.9 cm in PCB stripline with Dk = 4) for the 2X-Thru. For a 20 GHz maximum 
frequency, this corresponds to 150 ps minimum electrical length (which is 2.25 cm in PCB stripline with Dk 
= 4) for the 2X-Thru. 

4.3.12 FER summary 

Table 3 summarizes the fixture electrical requirements found in the previous subclauses for single-ended 
applications. Measurement methods for these parameters are beyond the scope of this document. For 
details, refer to Barnes et al. (“S-Parameter” [B3]). 
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Table 3 —Fixture electrical requirement summary for single-ended interconnects 
Metric Structure Equation Class A limit Class B limit Class C limit 

Insertion loss 
(FER1) 

2X-Thru 
10 2120 log S×  −10 dB −15 dB −15 dB 

Return loss 
(FER2) 

2X-Thru 
10 1120 log S×  −20 dB −10 dB −6 dB 

Difference 
between 
insertion and 
return loss 
(FER3) 

2X-Thru 
10 2120 log S×  

10 1120 log S− ×  

5 dB 0 dB 0 dB 

Fixture 
crosstalk 
(FER4) 

Dogleg 
structure; see 
4.2.5 

1020 log xyS× , where y is the 

aggressor port number, and x is the 
victim port number. In the case in 
which two dogleg structures (A and 
B) are needed, the equation becomes 

1020 log
2

xy xyA B
S S+

× .  

FIX-FIX crosstalk shall be 6 dB lower than 
measured FIX-DUT–FIX crosstalk. 

Fixture 
impedance 
variationa 
(FER5) 

All Difference in impedance between the 
2X-Thru and FIX-DUT-FIX curves 
in the Fixture region; see Figure 11. 

±2.5% ±5% ±10% 

Line to line 
skew (FER7) 

All DUT 
traces 

N/A ( )max1 10 f×  psb ( )max1 10 f×  ps  ( )max1 10 f×  ps 

Minimum 
length of 2X-
Thru (FER8) 

2X-Thru N/A Three 
wavelengths at 
highest measured 
frequency 

Three 
wavelengths at 
highest measured 
frequency  

Three 
wavelengths at 
highest measured 
frequency 

a Apply this equation to the example Gaussian step response defined by Annex S. 
b fmax is the maximum frequency of interest. 
 
 

Table 4 summarizes the fixture electrical requirements found in the previous subclauses for mixed-mode 
applications. 
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Table 4 —Fixture electrical requirement summary for mixed-mode interconnects 
Metric Structure Equation Class A limit Class B limit Class C limit 

Insertion loss 
(FER1) 

2X-Thru 
10 2120 log DDS× −10 dB −15 dB −15 dB 

Return loss 
(FER2) 

2X-Thru 
10 1120 log DDS× −20 dB −10 dB −6 dB 

Difference 
between insertion 
and return loss 
(FER3) 

2X-Thru 
10 2120 log DDS×

10 1120 log DDS− ×

5 dB 0 dB 0 dB 

Fixture crosstalk 
(FER4) 

Spiderleg 
structure; 
see 4.2.6 

1020 log DDxyS× , where y is the 

aggressor port number, and x is 
the victim port number. In the 
case in which two spiderleg 
structures (A and B) are needed, 
the equation becomes 

1020 log
2

ddxy ddxyA B
S S+

× . 

FIX-FIX crosstalk shall be 6 dB lower than measured 
FIX-DUT–FIX crosstalk 

Fixture 
impedance 
variationa (FER5) 

All Difference in impedance between 
the 2X-Thru and FIX-DUT-FIX 
curves in the Fixture region; see 
Figure 11. 

±2.5% ±5% ±10% 

Difference 
between 
differential to 
common-mode 
conversion loss 
and insertion lossb 
(FER6) 

Spiderleg 
structure; 
see 4.2.6 

10 2120 log CDS×

10 2120 log DDS− ×

−15 dB −15 dB −15 dB 

Line to line or 
pair to pair skew 
(FER7) 

All DUT 
traces/pairs 

N/A ( )max1 10 f×  psc ( )max1 10 f×  ps ( )max1 10 f×  ps

Minimum length 
of 2X-Thru 
(FER8) 

2X-Thru N/A Three wavelengths 
at highest measured 
frequency 

Three wavelengths 
at highest 
measured 
frequency 

Three 
wavelengths at 
highest measured 
frequency 

a Apply this equation to the Gaussian step response defined by Annex S. 
b This metric is for mixed-mode de-embedding only. 
c fmax is the maximum frequency of interest. 

Table 4 addresses the FER limit when a differential excitation is applied. For cases when the primary 
excitation is common mode, the FER limits are not defined at this time. 

4.4 Design documentation 

Thorough and accurate documentation of any test fixture design is necessary to ensure good quality 
measurement results. This subclause outlines the documentation necessary for a successful design. The 
following information should be specified for the test fixture in as much detail as possible: 

 The PCB test fixture part number, manufacturing date, and a unique identification number of the 
PCB test fixture. If the document is intended to address multiple test fixtures, it needs to explicitly 
state which PCB test fixture identification number was used on the presented data. 
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 The VNA instrument and calibration kit manufacturer and model number, calibration date for the 
VNA and calibration kit, and the cable manufacturer and model number(s) used for the acquired 
measurements.  

 The IF bandwidth used, number of points, and whether averaging or smoothing were used. 

 Description of the DUT to be used with the PCB test fixture.  

 The trace geometry, trace length, dielectric material, PCB cross-section (stackup), vias, and 
backdrilling, if used. 

 The launch connector(s) used on the board, including manufacturer, part number, number of 
guaranteed matings, and bandwidth specification.  

 Measurements of the insertion and return loss of the 2X-Thru standard. Plot the data on a single 
graph indicating the exact frequency supported by the test fixture based on the standard 
requirements.  

 The S-parameter quality metrics per Clause 7. 

 TDR plot of the 2X-Thru path using the step response in Annex S. 

 Measured results for any available verification structures; e.g., line or Beatty structure (see Barnes, 
Schaefer, and Moreira [B5] and Annex F.1). 

5. De-embedding verification 

5.1 Introduction 

The purpose of de-embedding verification is to measure and report the absolute accuracy of the de-
embedding tool. The accuracy is measured by comparing the result of the tool with a known result. There 
are three kinds of known results:  

 Option 1: Using synthesized DUT and fixture models based on simulated values 

 Option 2: Using separately measured fixture and DUT S-parameters from special test structures 

 Option 3: Using the measurements from an evaluation board 

Using synthesized S-parameter models tests the absolute accuracy of the de-embed tool limited by 
numerical simulation noise. Using a separately measured set of fixture and DUT boards tests the accuracy 
of the measurement process and the de-embedding tool to the accuracy of the real world measurement 
process. Using an evaluation board tests the de-embedding tool, the measurement process, and the 
manufacturing variations of typical boards. These tests are recommended as a standard process to verify the 
accuracy of a de-embedding tool and process. 
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5.2 Overview 

5.2.1 Introduction 

Verification of the accuracy of the process of de-embedding the fixture(s) from measured and simulated 
data has three aspects: 

 Verification of the accuracy of the de-embedding software tool. This is accomplished through the 
use of S-parameters for the composite FIX-DUT-FIX and 2X-Thru FIX-FIX calculated using a 
numerical simulator, the results from which are compared to the de-embedded results. 

 Verification of the agreement between the de-embedded DUT model and the measured data of the 
DUT alone. This second type of verification test applies to the combination of a measurement 
process and a de-embedding tool. This method utilizes specially designed and fabricated circuit 
boards with coaxial connectors that allow the boards to be measured separately and then in 
combination to create composite FIX-DUT-FIX structures and 2X-Thru FIX-FIX structures. In this 
way the embedded DUT can be measured directly and the results of this measurement compared to 
the de-embedded DUT S-parameters to verify the measurement and de-embedding process. 

 Verification of the accuracy of the de-embedded data across the manufacturing process variations 
under which a number of tested samples were made. This involves fabricating various structures on 
an evaluation board to test the reproducibility of the same structure repeated with different fixture 
features. 

These three aspects are described in more detail in the following clauses. 

5.2.2 Option 1 analysis: Synthesized libraries 

Option 1 analysis verifies the de-embedding algorithm using synthesized S-parameter reference files. These 
S-parameter files are synthesized using field solver and circuit simulator tools. Files are supplied from both 
electromagnetic tools and open source simulation tools, the models for which any user can customize. 
Those files are available for download from http://standards.ieee.org/downloads/.8 

Both simulated fixture and DUT files are provided with a variety of features to allow for testing the effects 
of different de-embedding scenarios. Combinations of composite FIX-DUT-FIX and 2X-Thru FIX-FIX 
structures can be composed by concatenating the individual S-parameter blocks. The de-embedding 
algorithm can be used to extract the DUT S-parameters, and these extracted values can be compared with 
the “correct” answer: the original DUT S-parameters.  
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draft or as a separate file. Any person contributing material to IEEE open source software during standards development, SA ballot, or 
Public Review is required to provide the appropriate license to IEEE (IEEE Contributor License Agreement or CLA). Please note that 
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group. CLA form (b) (https://opensource.ieee.org/community/cla/bsd3) must be submitted to os-fb@ieee.org, if applicable. Note that 
Federal or Crown employees must submit the CLA that includes Appendix A. 
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Disclaimer  
This Open Source repository/documentation contains material that may be included in, or referenced by, an unapproved draft of a 
proposed IEEE Standard. All material in this repository/documentation is subject to change. The material in this repository/ 
documentation is presented “as is” and with all faults. Use of the material is at the sole risk of the user. IEEE specifically disclaims all 
warranties and representations with respect to all material contained in this repository/documentation and shall not be liable, under any 
theory, for any use of the material. Unapproved drafts of proposed IEEE standards shall not be utilized for any conformance/ 
compliance purposes. 

Authorized licensed use limited to: Tsinghua University. Downloaded on March 07,2026 at 03:00:12 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE 370-2020

http://standards.ieee.org/downloads/
https://opensource.ieee.org/community/cla/bsd3
https://opensource.ieee.org/elec-char/ieee-370/
http://www.avadocuments.com/doc/ieee-370-2020
http://www.avadocuments.com/doc/ieee-370-2020


IEEE Std 370-2020 
IEEE Standard for Electrical Characterization of Printed Circuit Board and Related Interconnects at Frequencies up to  

50 GHz 

39 
Copyright © 2021 IEEE. All rights reserved. 

5.2.3 Option 2 analysis: Plug-and-play boards 

Option 2 analysis verifies the measurement technique and the de-embedding algorithm using fabricated 
boards with coaxial connectors that are separately measurable. In this plug-and-play approach, each of the 
fixture and DUT boards is measured directly without any de-embedding. These board elements can be 
connected like building blocks as composite FIX-DUT-FIX or as 2X-Thru FIX-FIX configurations and 
measured. These boards, which are described in Barnes et al. (“A NIST” [B4]), are referred to as plug-and-
play boards.  

These measurements can be used with a de-embedding algorithm to de-embed the DUT to compare with 
the direct measurement. This approach verifies the general measurement technique and uses these 
measurements to de-embed the DUT. However, this approach is applied to these specific board 
measurements only. 

5.2.4 Option 3 analysis: Demonstration boards 

Option 3 analysis demonstrates a methodology using a test board with nominally the same DUT replicated 
over the surface of the board, with various fixture structures surrounding it. An example test board that can 
be used with this technique is described in 5.5. It is designed for testing with both micro probes and surface 
mount coaxial connectors. 

Fixture combinations configured as 2X-Thru FIX-FIX structures are available across the board to provide a 
reference for use in de-embedding. The values of the various de-embedded DUT values can be compared as 
a rough measure of what might be expected in a typical manufactured test board process.  

The variation between the different extracted DUT structures represents the combination of measurement 
variation, de-embedding tool accuracy, and manufacturing variation across the surface of the board. This is 
a practical example that illustrates the trends to be expected as the quality of the fixture degrades or 
insertion and return loss exceeds that of the DUT. 

5.3 Option 1: De-embedding verification using the S-parameter library 

5.3.1 Purpose 

The purpose of this process is fourfold. First, it tests the absolute accuracy of the de-embedding algorithm. 
By using synthesized S-parameter models, the de-embedded DUT model should be compared with the 
starting DUT model. This is an absolute test of any de-embedding process. 

Second, it is possible to use a variety of fixture models in the 2X-Thru reference structures and the same 
ones in the FIX-DUT-FIX structures. These may span the range of recommended fixture design 
specifications to violating the recommended fixture design specifications. This will test the robustness of a 
de-embedding process for conforming and non-conforming fixtures. 

Third, it’s possible to use a fixture model in the de-embedding algorithm that is different from the fixture 
attached to the DUT in the FIX-DUT-FIX structure. By controlling the differences, such as in impedance, 
loss, crosstalk, or delay, the sensitivity of the de-embedding process to possible manufacturing variations 
can be quantified. 

Finally, the impact from manufacturing variation on the de-embedded DUT model can be quantified to set 
realistic expectations. By using corner cases in the ideal fixture models, the variation in the extracted DUT 
model can be established.  
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To increase the usefulness of this process, select or synthesize ideal fixture and DUT models that closely 
match the specific application. Two approaches are presented to synthesize the S-parameter models:  

 Use 2D and 3D electromagnetic field solvers to generate the models for the fixtures, DUTs, and 
composite structures. 

 Use simple circuit models simulated with a circuit simulator for all the S-parameter data. 

5.3.2 Testing a de-embedding process with S-parameter library (approach 1)  

A library of S-parameter files is available for download from http://standards.ieee.org/downloads/ as 
reference structures for testing a de-embedding algorithm. The process of using the S-parameter library to 
test the de-embedding algorithm is described in Annex N. The library consists of three types of elements: 

 Launches 

 Uniform transmission lines from launches to DUT structures 

 DUT structures 

The user can mix and match any combination of elements, like building block elements, to build fixtures, 
FIX-FIX, and FIX-DUT-FIX structures.  

A perfect de-embedding process results in an extracted DUT S-parameter that is exactly the same as the 
starting DUT model. A difference between the de-embedded DUT and the original DUT may indicate a 
non-optimal de-embedding process.  

Subclause 6.6 outlines a method for quantifying the similarity between two S-parameters for the 
de-embedded DUT and the original DUT. This similarity metric shall be reported as a measure of the 
quality of the de-embedding algorithm. 

There are two sources of ideal S-parameter library elements. One source of library elements has been 
synthesized from a combination of 2D and 3D full-wave electromagnetic field solvers. Another source is 
library elements synthesized from an open source, freely available circuit simulator, such as the Quite 
Universal Circuit Simulator (QUCS) discussed below.  

The simulated S-parameters of all structures were synthesized based on a typical eight layer board stackup 
using low loss dielectric material. The details for this library of elements are in Annex P.  

The three elements are created on various layers, and should be cascaded together to create composite FIX-
DUT-FIX structures, such as shown in Figure 12. 
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Figure 12 —Example of a composite structure synthesized with combinations of the 

three building block elements 

Launches are designed as coaxial, vertically launched connectors (VLC) from the top layer to some inner 
layer of the board. Surrounding the signal via are four return vias connecting all the planes in parallel, as 
shown in Annex J. 

An example of the simulated output from a 2X-Thru FIX-FIX and the composite FIX-DUT-FIX for the 
case of a single-ended synthesized structure from this library is shown in Figure 13.  

 
Figure 13 —Example of simulated data from the S-parameter library that can be used to 

evaluate a de-embedding algorithm 
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Using the 2X-Thru simulated model, the DUT should be de-embedded from the composite structure using a 
candidate tool and the original and de-embedded DUT responses compared. An example is shown in 
Figure 14. 

 

 

Figure 14 —Comparison of the de-embedded DUT with the actual DUT for the  
SDD21 term from the S-parameter library 

5.3.3 Testing a de-embedding algorithm with S-parameter library (approach 2) 

Another source of S-parameter data for reference structures is by use of an open source simulation tool, 
such as QUCS. This tool, which is available at http://qucs.sourceforge.net/, can generate S-parameter 
library elements as .s2p and .s4p files. The generating circuit files are available for download at 
http://standards.ieee.org/downloads/ so users can customize their own examples. Each of the three 
structures, VLC, transmission lines, and DUT can be synthesized from parameterized models. Figure 15 
shows an example of the complete simulation environment (circuit schematic and results plot) for single-
ended (SE)-VLC with lead-in structures.  

NOTE—These S-parameter data can be exported and used in any combination to create a variety of FIX-DUT-FIX 
structures.9  

                                                 
9 Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement 
this standard. 
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Figure 15 —Example of the simulation environment for SE-VLC structures 

In addition to using QUCS as a simulation environment to synthesize any fixture or DUT structure, QUCS 
can also be used as an environment to concatenate many circuit elements or even S-parameter files to create 
a single .s2p or .s4p file to emulate a 2X-Thru or FIX-DUT-FIX structure. Figure 16 shows an example of a 
circuit environment that creates a FIX-DUT-FIX model. 
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Figure 16 —Example of a circuit that cascades S-parameter files  

into one composite structure 

These S-parameter data can be used to test the de-embed algorithm in the same way as the library elements 
generated from the 2D and 3D simulation tools. One additional feature of the QUCS model is the 
opportunity for the user to synthesize specific models to emulate the features close to the specific 
application they want to test. 

5.4 Option 2: De-embedding verification using separately measurable component 
test board measurements (plug-and-play modules) 

5.4.1 Overview 

This process uses specially designed and fabricated test boards that can be separately measured, connected 
together, and re-measured as composite structures. From the measured composite structure and fixture 
reference structures, the DUT is de-embedded. This DUT model can be compared with the measured DUT 
model. 

In Figure 17, the three different board elements—FIX-A, FIX-B, and DUT—that make up a measurement 
are illustrated. 
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