Touchstone® File Specification Version 2.0

Touchstone® File Format
Specification

Version 2.0

Copyright © 2009 by TechAmerica. This specification may be distributed free of charge, aslong as the
entire specification including this copyright notice remain intact and unchanged.

Touchstone® is aregistered trademark of Agilent Technologies, Inc. and is used with permission.

Page 1 4/8/2009



Touchstone® File Specification Version 2.0

TABLE OF CONTENTS

TABLE OF CONTENTS ..ottt sttt sttt sttt sttt st et tesaesesbesaesesbeseeseebesaesentesbenensensens 2
INTRODUGCTION ....ciititiitisietesteseeiesteseetesteseesesteseetesteseesesseseesesseseesessessesessessesessessesessessnsessessesessessesessessesessesss 3
GENERAL SYNTAX RULES AND GUIDELINES ......cccccvteireieieseie e 4
FILE FORMAT DESCRIPTION ....cotiiiiiiiieisisieistesietes ettt ssese st sessensesessesesessensssessensesessensesessanes 5
g1 [0 Tox [ o OSSP 5
LO00]00]001= 0Ll I 5= TSP 6
V=5 T L SRS 6
(@7 010 ) 0= 6
OPLioN LiNE EXAMPIES. . i.cvieeieiie ettt bbb bbbt b et b b 8
[NUMIBET OF POITS] ...ttt s et b e et b e et b e st b e bt b e bbb 8
[TWO-POI DB OTTENT /euveueereieiheeteiteieetesiee ettt ettt sttt b et b et b e st b s bt b e s et besn et eb e s b e e e b e n e nbennens 8
[NUMDEYr Of FrEQUENCIES] ... .eieeiiitiiieiete ittt et bt b et b e et p e 9
[Number of NOISE FTEQUENCIES] ......c.coveiieietirieiete ettt sttt eb e s n e nne 9
R 0= 1100 [P 10
Y LD 0 1 12 TP 11
L= 410 G 7 | P 11
Single-Ended Network Parameter Data........ccoceiiieiererecerese s eeeseeae e e e enaesee s snesee s e 12
1-port @nd 2-POrt NEIWOIKS .....oiiceeeeeeeeiesees e csisiirnseseeeeseeaeseestessessessesseessessessessessessessessesssensessessessensens 13

1S oJo 010 P o oo i NN = AT e 15
5-port aNd ADOVE NEIWOIKS ........oiviieiiriedeeiiitie it ittt bbbt ne e 17
INtroduction t0 MiXed-MOOE CONCEDLS ........ciuierieiiiiei i e i ebe s bt se e se e s seenes 19
[MIXEO-MOOE OFAEIT ...ttt i et b bkttt b bbbt sb e bbbt nbe b 20
Mixed-Mode NetWOrk Parameter Dalal........c.cceeeeriiiieesie e iee st s sf i irne e see st sbesaesae e e aeeseesneseeene 21
[NOISE DELE] .....coeeeereiieiie ettt bt se et ae e baseeaeebe L e besa e saeeheeheaseeaeesbeTh e b e s aeeaeene e e aneeseeneenaeene 23
N[O TES = = = 00 1S L= g D - - U OO OO 23
[ENG] c.ooririeitiinicienrinrcsennnriceeeniseeressisessessssessessssessssssssssssssssesssssssensogfnussnntnsassnsags s sty o soneessssensenssresensssesens 25
INFORMATION DESCRIPTION ....cciiiiiiiieieitsieneeie st nesiesieesteseeestessasesbessesestesessestesdonsindonsiinnesessessenessessens 26
11T 10T ' o OO S UPPOGt555 26
[Begin Information], [ENd INfOrMation] ........cccoeiirieiiseeieeese st see e sinn s esne e sesnenee e e 26

F g0 0= (0 TN S=.Y AT o N5 S S 26
COMPATIBILITY NOTES. ... cictisieeitisiettsttstee sttt ste e se s s sessasse s s sassesessaassssbassiaessansesessansesessanen 27
APPENDIX A: Examples of Mixed-Mode Transformations...........couvrerereneieneneienisie sty 28
Transformations Between Conventiona and Mixed-Mode Matrices for aPair of Ports..........c.cc.ccceeueneee 28

S PAIAIMELENS. . ..ottt sttt ettt et a e e ebe e e b e et e ea b e e st e s ae e s Re e sRe e eRe e Rt e et eaEeeRe e eReeeReeeReeReenReesReenaeeereennan 28
R (o A o= =1 1 (< £ OSSR 28
Mutual Transformationsin Cases of Several POrt PairS..........ccooiieiiiiienieee e 29

Page 2 4/8/2009



Touchstone® File Specification Version 2.0

INTRODUCTION

A Touchstonefile (also known as an SnPfile) isan ASCI| text file used for documenting the n-port
network parameter data of an active device or passive interconnect network. While Touchstone files have
been accepted as a defacto standard for the transfer of frequency dependent n-port parameters, up until this
document no formal specification of the file format or syntax had been produced. This document, based
upon information from Agilent Technologies, Inc. (the originator of Touchstone), is aformal specification
of the Touchstone file format and is intended for use with documents and specifications produced by the
IBIS Open Forum.

Version 2.0 was created based upon the origina Touchstone definition, with added featuresin the style of
IBIS (1/0 Buffer Information Specification) and the ICM (IBIS Interconnect Model) specification. Files
written using the origina syntax are compatible with the updated specification and are treated as Version
1.0.
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GENERAL SYNTAX RULES AND GUIDELINES

The following are the general syntax rules and guidelines for a Touchstone file.

1.

2.

Touchstone files are case-insensitive.

Only US-ASCII
a) graphic characters (i.e., code values 20h through 7Eh) ,
b) tab characters (09h), and
(o)} line termination sequences, e.g., LF (OAh), CR+LF (0Dh + 0Ah), or CR (0Dh),

each encoded in 8 bits as defined in |SO/IEC 8859-1:1998 are permitted in a Touchstone file.

Comments are preceded by an exclamation mark (!). Comments may appear on a separate line or
after the last datavalue on aline. Comments are terminated by aline termination sequence (i.e.,
multi-line comments are not allowed).

Touchstone filenames have traditionally used afile extension of “.snp”, where n is the number of
network ports of the device or interconnect being described. For example, a Touchstonefile
containing the network parameters for a 2-port device would be named “filename.s2p”, while a
Touchstone file containing the data for a 3-port network would be " filename.s3p”, and so on.

Not all operating systems may recognize filename extensions with variable contents or length as
associated with the same type of file. To addressthis, the extension .s2p often has been applied to
Touchstone files describing systems containing other than two ports. For the same reasons, the
extension “.ts” is suggested for Touchstone 2.0 files.

To preserve support of existing Touchstone files and ensure maximum compatibility across
operating systems, the use of filename extensions other than those recommended here is permitted
by this specification.

For Version 2.0 and above, the [Number of Ports] keyword and argument establish the expected
number of ports defined in thefile.

All angles are measured in degrees.

Scientific notation is alowed (e.g., 1.2345e-12). No minimum or maximum limits are placed on
numerical precision onindividual data points.

Keywords (as used in Version 2.0 files) shall be enclosed in square brackets, “[* and “]”, and shall
start in column 1 of the line. No space or tab is alowed immediately after the opening bracket “[“
or immediately before the closing bracket “]”. The keyword syntax, including spelling of words
and placement of non-alphabetic characters, shall follow exactly what is documented in this
specification. If used, only one space (* “) or dash (“-") character separates the parts of a multi-
word keyword.

Arguments after keywords shall be separated from the closing bracket of the keyword by at least
one whitespace character. Except where otherwise noted, this whitespace separation shall not
include carriage return or line feed characters.

Blank lines are permitted.
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FILE FORMAT DESCRIPTION

Introduction

Touchstone datafiles consist of an “option line” followed by network parameters taken at specific
frequencies. The option line specifies (among other things) the kind of n-port parameters the file contains
(S-parameter, Z-parameter, etc.) and the format of the network data values (magnitude-phase, real-
imaginary, etc.). Datais arranged into groups of n-port parameters preceded by the frequency at which the
data was taken or derived. For each frequency, datafor a 1-port or 2-port network is contained on asingle
dataline while data for 3-port and above networks is arranged in a matrix row-wise order. The Touchstone
format supports matrices of unlimited size.

Version 2.0 adds to the above several additional keywords. Severa of the keywords have a particular
order and are placed at the beginning of the file. These are shown below.

e [Veson] 20
e #(optionline)
e  [Number of Ports]

The following keywords shall appear after [Number of Ports] and before [Network Data], but may appear
in any order relative to each other.

e [Two-Port Order] (required if a 2-port system is described)
e [Number of Freguencies] (required)

e [Number of Noise Frequencies) (required if [Noise Data] defined)

o [Reference] (optional)

o [Matrix Format] (optional)

o [Mixed-Mode Order] (optional)

e [Begin Information]/[End Information] (optional)

Touchstone 2.0 data is positioned under two required keywords in the order shown below. Network datais
required and positioned after the required [Network Data] keyword. The [End] keyword marks the end of
thefileand is placed last.

o [Network Data)
o [Noise Datd] (required only if [Number of Noise Frequencies] given)
e [End]

Network data represents either conventional n-port parameters (corresponding to what isreferred to as
single-ended port configuration) or mixed-mode parameters associated with differentia port configurations.
The mixed-mode parameters may be the generalized mixed-mode parameters if not all single-ended ports
are combined into differential ports. A differential port isformed from two single-ended ports having the
same "reference” terminal (also referred to asthe "-" terminal).

In addition to the above option lines, keywords, and network data, files that describe 2-port devices may
also contain noise parameter data. Comment lines may be interspersed in the file as necessary.

These keywords and data formats are described in detail in the following sub-sections.
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Comment Lines

Touchstone data files may include comments. Comments are preceded by an exclamation mark (1).
Comments may appear on a separate line, or after the last data value on aline. Comments are terminated
by aline termination sequence or character (i.e., multi-line comments are not allowed).

The syntax rules for comments areidentical for Version 1.0 and Version 2.0 files.

[Version]

Rulesfor Version 1.0 files:
The[Version] keyword is not permitted for Version 1.0 files.

Rulesfor Version 2.0 files:
The [Version] keyword isrequired for files using any Version 2.0 syntax.

Each Touchstone Version 2.0 data file shall contain one and only one [Version] keyword and argument.
These shall precede all other non-comment, non-blank lines. Both the opening and closing brackets are
required. The[Version] keywordiis followed by one string argument. The argument shall be preceded by
whitespace.

The[Version] keyword provides information on the Version of the specification under which the file
contents should be interpreted.

The only valid argument is“2.0".

Option Line
Each Touchstone data file shall contain an option line (additional option lines after thefirst one shall be
ignored). The option lineis formatted as follows:

# <frequency unit> <parameter> <format> R <n>

where
# marks the beginning of the option line.

frequency unit specifies the unit of frequency. Legal values are Hz, kHz, MHz, and GHz. The
default value is GHz.

parameter specifies what kind of network parameter datais contained in thefile. Lega
values are:
Sfor Scattering parameters,
Y for Admittance parameters,
Z for Impedance parameters,
H for Hybrid-h parameters,
G for Hybrid-g parameters.
The default valueis S.

format specifies the format of the network parameter data pairs. Legal values are:
DB for decibel-angle (decibel = 20 x log;o|magnitude])
MA for magnitude-angle,
RI for rea-imaginary.
Angles are given in degrees. Note that this format does not apply to noise
parameters (refer to the “Noise Parameter Data” section later in this
specification). The default valueis MA.
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Rn specifies the reference resistance in ohms, wherenisareal, positive number of
ohms. The default reference resistance is 50 ohms. Note that thisis overridden
by the [Reference] keyword, described below, for files of [Version] 2.0 and
above.

Option line parameters are separated by one or more whitespace; the option line itself isterminated with a
line termination sequence or character. If a parameter is missing, the default value is assumed. With the
exception of the opening # (hash mark) symbol and the value following “R”, option line parameters may
appear in any order.

In summary, the option line should read:

For 1-port files: # [HzlkHz|MHZz|GHZ] [S]Y|Z] [DB|MA|RI] [R n]

For 2-port files: # [HzlkHz]MHz|GHZ] [F]Y |Z|G|H] [DB|MA|RI] [R ]

For 3-port and beyond files: # [HzlkHz]MHz|GHZ] [S]Y|Z] [DB|IMA|RI] [R n]
For mixed-mode files: # [HzlkHz]MHZz|GHZ] [S]Y|Z] [DB|MA|RI] [R n]

where the square brackets (“[, “]”) indicate optional information; ...|......| means to select one of the
choices; and nisreplaced by a positive integer or floating-point number. Though specific cases are used
for the units above and throughout this specification (e.g., “kHz"), Touchstone files are case-insensitive.

The reference impedance specified in the option line applies to the network datafor all ports, if [Reference]
is not present.

Rulesfor Version 1.0 Files:
For Version 1.0 files, the option line shall precede any data lines and shall be the first non-comment, non-
blank linein thefile.

The reference resistance defines the system reference for the S-parameter data.and the normalization used
on G-, H-, Y-, and Z-parameter data.

Rulesfor Version 2.0 Files:
For Version 2.0 files, the option line shall follow the [Version] keyword and argument and precede the
[Number of Ports] keyword and argument.

For Version 2.0 files, the reference resistance defines the system reference for the S-parameter dataif the
[Reference] keyword is not present. Network datafor G-, H-, Y- and Z-parametersin Version 2.0 filesis
not normalized. Therefore, the reference resistance and [Reference] keyword have no impact on G-, H-, Y-
, or Z-parameter datain Version 2.0 files. S-parameters are, by definition, normalized with respect to the
reference impedance(s) and in this respect there is no difference between the treatment of S-parametersin
Version 1.0 and Version 2.0 files.

If the [Mixed-Mode Order] keyword is present, mixed-mode network parameters are used in thefile.
Mixed-mode parameters are only supported for S-, Y-, and Z-parameter data.

Per the defaults above, an empty option line (a single hash mark without any non-comment characters
followingit) in aVersion 1.0 file would indicate that the file uses GHz units for frequency, single-ended S-
parameters for the network data, magnitude-angle (MA) for the network dataformat and 50 ohms as the
reference or normalization resistance. InaVersion 2.0 file, the same defaults would apply, except that no
normalization would be assumed and the [Reference] keyword and argument(s) would supersede the 50
ohm reference resi stance assumption.
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Option Line Examples

Minimum required option line example, using all default values:
#

Frequency in GHz, S-parametersin real-imaginary format, referenced to 100 ohms:
# GHz S RI R 100

Frequency in kHz, Y -parameters in rea-imaginary format, normalized to 100 ohms:
# kHz Y RI R 100

Frequency in Hz, Z-parameters in magnitude-angle format, normalized to 10 ohms:
# Hz Z/MA R 10

Frequency in kHz, H-parameters in real-imaginary format normalized to 1 ohm:;
# kHz H RI R 1

Frequency in MHz, G-parameters in decibel format normalized to 1 ohm:
# MHz G DB R 1

[Number of Ports]

Rulesfor Version 1.0 Files:
The [Number of Ports] keyword is not permitted in Version 1.0 files.

Rulesfor Version 2.0 Files:

Each Touchstone Version 2.0 file shall contain one and only one [Number of Ports] keyword and argument.
The [Number of Ports] keyword and argument define the number of single-ended ports represented by the
network datain thefile.

The [Number of Ports] keyword is followed by a single positive integer argument, separated from the
keyword by whitespace.

The [Number of Ports] keyword isrequired for Version 2.0 files. It shall be the first keyword after the
option line.

Example 1 (Version 2.0):

! 4-port S-parameter data

! Data valid for 1.0, if [Version] and [Number of Ports] are removed
[Version] 2.0

# GHz S MA R 50

[Number of Ports] 4

[Two-Port Data Order]

Rulesfor Version 1.0 Files:
The[Two-Port Data Order] keyword is not permitted in Version 1.0 files.

Rulesfor Version 2.0 Files:

The [Two-Port Data Order] keyword is required only when the argument for the [Number of Ports]
keyword is2. Otherwise, it isnot permitted. When required, the [ Two-Port Data Order] keyword and
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argument shall appear after the [Number of Ports] keyword and argument and before any network data.
Multiple [Two-Port Data Order] keywords in the same file are not permitted.

The [Two-Port Data Order] keyword, in brackets as shown, is followed by one of two string arguments
separated from the keyword by whitespace: 12_21 or 21_12.

The [Two-Port Data Order] keyword is used to signify the column ordering convention. The Version 1.0
convention for 2-port network datais N11, N21, N12, N22, where N11, N12, etc., represent pairs of data
entries. However, some tools and users have adopted the convention N11, N12, N21, N22 (amore natural
order consistent with all the other n-port ordering conventions). The keyword makes the ordering of 2-port
network data explicit and unambiguousin Version 2.0 files.

[Number of Frequencies]

Rulesfor Version 1.0 Files:
The [Number of Frequencies] keyword is not permitted in Version 1.0 files.

Rulesfor Version 2.0 Files:
The [Number of Frequencies] keyword and argument specify the number of frequency points, and therefore
blocks of network parameters, listed in'thefile.

The [Number of Frequencies] keyword, in brackets as shown, shall be followed by an integer greater than
0.

The [Number of Frequencies] isrequired in Version 2.0 files.
[Number of Frequencies] shall appear after the [Number of Ports] keyword and before any network data.

[Number of Frequencies] has no impact on noise parameters.

Example 2 (Version 2.0):

ll1-port Z-parameter file, multiple frequency points
[Version] 2.0

# MHz Z MA

[Number of Ports] 1

[Number of Frequencies] 5

[Number of Noise Frequencies]

Rulesfor Version 1.0 Files:
The [Number of Noise Frequencies] keyword is not permitted in Version 1.0 files.

Rulesfor Version 2.0 Files:
The [Number of Noise Frequencies] keyword and argument specify the number of noise frequency points,
and therefore blocks of noise parameters, listed in thefile.

The [Number of Noise Frequencies] keyword, in brackets as shown, shall be followed by an integer greater
than 0.

The [Number of Noise Frequencies] isrequired in Version 2.0 files only if noise parameter datais
provided.
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[Number of Noise Frequencies] shall appear after the [Number of Ports] keyword and before any network
data

Example 3 (Version 2.0):

12-port network, S-parameter and noise data

IDefault MA format, GHz frequencies, 50 ohm reference, S-parameters
[Version] 2.0

Two-Port Data Order] 21_12
Number’ of Frequencies] 2

#

[Number of’ Ports] 2

[

[

[Number of Noise Frequencies] 2

[Reference]

Rulesfor Version 1.0 Files:
The [Reference] keyword is not permitted in Version 1.0 files.

Rulesfor Version 2.0 Files:

The [Reference] keyword and associated argument(s) provide a per-port definition of the reference
environment used for the S-parameter measurements in the network data. They shall appear only oncein
thefile.

The [Reference] keyword, in brackets as shown, shall be followed by one or more positive integer or
floating-point numbers as arguments, separated from the keyword and €ach other by whitespace.
[Reference] arguments shall not be mixed with arguments for any other keyword in thefile.
[Reference] and its arguments may span multiple lines.

Each of the argumentsis areal-valued impedance (i.e., aresistance) and is assumed to be ordered per port
numerically starting at 1 and ending with the value listed under [Number of Ports] (e.g., if [Number of
Ports] contains the value “5”, five arguments are expected under [Reference], ordered starting with port 1's
impedance and ending with port 5’ simpedance. The [Reference] keyword arguments assume and refer to
single-ended ports.

The units of the [Reference] argument impedances are ohms.

[Reference] shall only appear after the [Number of Ports] keyword and before any network data.

Note that complex and imaginary impedance values are not supported.

[Reference] is optiona. |f [Reference] is not present, the reference impedances for the S-parameter data are
assumed to be defined by the option line. If [Reference] is present, it shall contain an impedance argument
for every port represented in the data (for example, a 4-port data file using [Reference] shall contain four
[Reference] impedance arguments).

The [Reference] keyword has no impact on G-, H-, Y-, or Z-parameter data.

[Reference] arguments may begin on the line following the closing bracket of the keyword (in other words,

after aline termination character or sequence).

Example 4 (Version 2.0):
! 4-port S-parameter data
! Default impedance is overridden by [Reference]
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! Data cannot be represented using 1.0 syntax

! Note that the [Reference] keyword arguments appear on a separate line
[Version] 2.0

# GHz S MA R 50

[Number of Ports] 4

[Reference]

50 75 0.01 0.01

[Number of Frequencies] 1

[Matrix Format]

Rulesfor Version 1.0 Files:
The[Matrix Format] keyword is not permitted in Version 1.0 files.

Rulesfor Version 2.0 Files:

The[Matrix Format] keyword and argument specify whether an entire matrix or a subset of all matrix
elementsis given for single-ended data. The latter caseis applicable to symmetric matrices for which either
only the lower triangular part (including the diagonal), or only the upper triangular part (including the
diagonal) isincluded. This assumption is most appropriate for interconnects. Note that al ports are always
represented, but the format for the data takes advantage of symmetry to reduce the overal file size.

The [Matrix Format] keyword, in brackets as shown; shall be followed by one of three possible string
arguments: “Full”, “Lower”, or “Upper”.

[Matrix Format] shall appear after the [Number of Ports] keyword and before any network data.

[Matrix Format] isoptional. If [Matrix Format] is not present, the network dataincluded in thefileis
assumed to be of type “Full” and the network data for each port as specified under [Number of Ports] shall
be specified for each frequency point.

[Matrix Format] has no effect on noise data.

[Network Data]

Rulesfor Version 1.0 Files:
The[Network Data] keyword isnot permitted in Version 1.0 files.

Rulesfor Version 2.0 Files:
The[Network Data] keyword explicitly identifies the beginning of the network datain a Touchstone 2.0
file. Each Touchstone Version 2.0 file shall contain one and only one [Network Data] keyword.

The[Network Data] keyword isrequired for Version 2.0 files. It shall appear after the [Number of Ports]
keyword and immediately before any network data.

Example5 (Version 2.0):

! 4-port S-parameter data

! Default impedance is overridden by the [Reference] keyword arguments
! Data cannot be represented using 1.0 syntax

[Version] 2.0

# GHz S MA R 50

[Number of Ports] 4

[Number of Frequencies] 1
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[Reference] 50 75 0.01 0.01

[Matrix Format] Full

[Network Data]

5.00000 0.60 161.24 0.40 -42.20 0.42 -66.58 0.53 -79.34 !row
0.40 -42.20 0.60 161.20 0.53 -79.34 0.42 -66.58 !row
0.42 -66.58 0.53 -79.34 0.60 161.24 0.40 -42.20 !row
0.53 -79.34 0.42 -66.58 0.40 -42.20 0.60 161.24 !row

Example 6 (Version 2.0):

! 4-port S-parameter data

! Default impedance is overridden by the [Reference] keyword
! Note that [Reference] arguments are split across two lines
! Data cannot be represented using 1.0 syntax

[Version] 2.0

# GHz S MA R 50

[Number of Ports] 4

[Number of Frequencies] 1

[Reference] 50 75

0.01 0.01

[Matrix Format] Lower

[Network Data]

5.00000 0.60 161.24 'row
0.40 -42.20 0.60 161.20 !row
0.42 -66.58 0.53 -79.34 0.60 161.24 !row

0.53 -79.34 0.42 -66.58 0.40 -42.20 0.60 161.24 !row

Example 7 (Version 2.0):

ll1-port Z-parameter file, multiple frequency points
[Version] 2.0

# MHz Z MA

[Number of Ports] 1

[Number of Frequencies] 5

[Reference] 20.0

[Network Data]

lfregq magZll angzll

100 74.25 -4

200 60 =22
300 53.025 -45
400 30 -62
500 0.75 -89

Single-Ended Network Parameter Data

Version 2.0

B wWN R

arguments

B wWN R

Following the option line (Version 1.0 files) or [Network Data] keyword (Version 2.0 files) are the network
parameters (S-parameter, Z-parameter, etc.) of the type specified by the option line. Groups of n-port

parameters are preceded by the frequency value for which the data was obtained, and the n-

themselves are formatted as pairs of values (magnitude-angle, dB-angle or real-imaginary).

port parameters

Network datais grouped into one or more lines which end with aline termination character or sequence. In
Version 1.0 files, for each frequency, n-port parameters for 1-port and 2-port networks are contained on one
dataline, while datafor 3-port and larger networks are arranged on multiple data lines in a matrix row-wise

order.
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In summary, there are five general rules for formatting network datainto lines:

1. InVersion 1.0 files, no more than four pairs of n-port parameters are allowed per network data
line. No restriction exists on the number of data pairson alinein Version 2.0 files.

Individual network data entries are separated by whitespace.

A network datalineisterminated by aline termination character.

All network datalines shall be arranged in increasing order of frequency.

Frequency values shall only appear at the beginning of lines, after the line termination sequence or
character.

arwDdN

Detailed descriptions for arranging the data for various n-port networks follow.

Note that H- and G-parameters are defined for 2-port networks only. These hybrid parameters cannot be
used to describe networks containing any other number of ports.

Rulesfor Version 2.0:

In Version 2.0 files, the data associated with any one frequency may be split across any number of lines or
may be placed on asingleline of arbitrary length. Network datain aVersion 2.0 fileis parsed using the
[Number of Ports] keyword and argument and the [Matrix Format] keyword and argument. For a Full
matrix, anew frequency point is expected every 2n’ + 1 values, where n is the number of ports, regardless
of intervening line termination sequences or characters. For aLower or Upper matrix, a new frequency
point is expected every n*+ n + 1 values.

Note that datais represented in mixed-mode format when the [Mixed-Mode Order] keyword is present.
Traditional (conventional) single-ended data used in Touchstone 1.0 and the mixed-mode representation are
mutually exclusive; the samefile shall not contain both as separate sets of data, since the [Mixed-Mode
Order] keyword and associated data may include single-ended network parameters.

1-port and 2-port Networks

Network parameter data for 1-port and 2-port networks at a single frequency may be contained on asingle
dataline. Asshown below, the dataline consists of afrequency value followed by either one or four pairs
of datavalues.

1-port data (line)
<frequency value> <N11>

2-port data (line)
<frequency value> <N11> <N21> <N12> <N22>

where
frequency value frequency at which the network parameter data was taken or derived.

N11, N21, N12, N22 network parameter data points, where Nij represents a pair of data values.
Note that Version 2.0 files containing 2-port network data require the [ Two-Port Data Order] keyword with
the argument 21_12 to designate the order above. Use of the [Two-Port Data Order] keyword with the

argument 12_21 permits the alternate order, shown below, to be used.

2-port data (line)
<frequency value> <N11> <N12> <N21> <N22>

where
frequency value frequency at which the network parameter data was taken or derived.
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N11, N12, N21, N22 network parameter data points, where Nij represents a pair of data values.

Network parameter data points shall be in magnitude-angle, dB-angle or real-imaginary format (i.e., pairs
of values) as specified by the option line. For 1-port networks, only “11” datais alowed for Full, Upper,
or Lower format.

For Full 2-port networks, all four port data pairs are required. If [Matrix Format] is specified as Lower or
Upper, 2-port network dataincludesonly “11”, “21”, and “22" data, in that order (as“21” and “12” are
assumed identical, Lower and Upper 2-port network data matrices are identical).

All entriesin adataline are separated by one or more whitespace characters; adataline itself isterminated
by aline termination sequence or character. Multiple datalines are allowed but, as mentioned above, they
shall bearranged in'increasing order of frequency.

Shown bel ow are some exampl es of Touchstone files for 1-port and 2-port networks.

Example 8 (Version 1.0):

ll-port S-parameter file, single frequency point
# MHz S MA R 50

lfreqg magSll angS1l1l

2.000 0.894 -12.136

In the above example, the value of S11 at afrequency of 2 MHz is given in magnitude-angle format. The
reference impedance is 50 ohms.

Example 9 (Version 1.0):

!1-port Z-parameter file, multiple frequency points
# MHz Z MA R 75

lfreg magZll angZll

100 0.99 -4
200 0.80 -22
300 0.707 -45
400 0.40 -62
500 0.01 -89

Note that, in the above example, Z11 is normalized to 75 ohms, as given by the reference impedance (R 75)
in the option line.

Example 10 (Version 2.0):

!1-port Z-parameter file, multiple frequency points
[Version] 2.0

# MHz Z MA

[Number of Ports] 1

[Number of Frequencies] 5

[Reference] 20.0

[Network Data]

lfreg magZll angZll

100 74 .25 -4

200 60 =22
300 53.025 -45
400 30 -62
500 0.75 -89
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This example duplicates the datain Example 9, using Version 2.0 syntax. Note that normalization does not
apply.

Example 11 (Version 1.0):

12-port H-parameter file, single frequency point

# kHz H MA R 1

! freq magHll angHll magH21l angH21l magHl2 angHl2 magH22 angH22
2 .95 -26 3.57 157 .04 76 .66 -14

In the above exampl e, the H-parameters are given in magnitude-angle format, normalized to 1 ohm.

Example 12 (Version 2.0);

12-port H-parameter file, single frequency point
[Version 2.0]

# kHz H MA R 1

[Number of Ports] 2

[Two-Port Data Order] 21_12

[Number of Frequencies] 1

[Matrix Format] Full

[Network Data]

! freq magHll angHll magH21 angH2l magHl2 angHl2 magH22 angH22
2 .95 -26 3.57 157 .04 76 .66 -14

In the above example, the H-parameters are given in magnitude-angle format.

Example 13 (Version 1.0):

12-port S-parameter file, three frequency points

# GHz S RI R 50.0

lfreg ReSl11l ImS11 ReS21 ImS21 ReS12 ImS12 ReS22 ImS22
1.0000 0.3926 -0.1211 -0.0003 -0.0021 -0.0003 -0.0021 0.3926 -0.1211
2.0000 0.3517 -0.3054 -0.0096 -0.0298 -0.0096 -0.0298 0.3517 -0.3054
10.000 0.3419 0.3336 -0.0134 0.0379 -0.0134 0.0379 0.3419 0.3336

In the above example, the S-parameter datais given in real-imaginary format, with a 50 ohm reference
impedance.

3-port and 4-port Networks

Rulesfor Version 1.0 Files:

The network parameter datafor a 3-port or 4-port network is arranged in a matrix row-wise order, with
each line of data representing one row of the matrix. In other words (as shown below), the data for a 3-port
network is entered as three lines of data, with each line containing three data pairs (i.e., a3 x 3 matrix of
network parameter pairs). Likewise, the data for a4-port network is entered as four lines with four data
pairs per line (a4 x 4 matrix). Asrequired by the general rules, each network parameter datagroup is
preceded by the frequency value at which the data was taken.

3-port Full network description
<frequency value> <N11> <N12> <N13>
<N21> <N22> <N23>

<N31> <N32> <N33>

4-port Full network description
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<frequency value> <N11> <N12> <N13> <N14>
<N21> <N22> <N23> <N24>
<N31> <N32> <N33> <N34>
<N41> <N42> <N43> <N44>

where
frequency value frequency at which the network parameter data was taken or derived.

N11, N12, etc. network parameter data, where Nij represents apair of data values.

Asusual, network parameter data is entered in magnitude-angle, dB-angle or rea-imaginary format (i.e.
pairs of values) as specified by the option line. All entriesin adataline are separated by one or more
whitespace characters; adatalineitself isterminated by aline termination character or sequence.

Shown below is an example of an S-parameter description of a4-port network.

Example 14 (Version 1.0):

! 4-port S-parameter data, taken at three frequency points
! note that data points need not be aligned
# GHz S MA R 50
5

.00000 0.60 161.24 0.40 -42.20 0.42 -66.58 0.53 -79.34 !row 1

0.40 -42.20 0.60 161.20,0.53 -79.34 0.42 -66.58 !row 2
0.42 -66.58 0.53 -79.34 0.60 161.24 0.40 -42.20 !row 3
0.53 -79.34 0.42 -66.58 0.40 -42.20 0.60 161.24 !'row 4

6.00000 0.57 150.37 0.40 -44.34 0.41 -81.24 0.57°-95.77 !'row 1
0.40 -44.34 0.57 150.37 0.57 -95.77 0.41 -81.24 !row 2
0.41 -81.24 0.57 -95.77 0.57 150.37 0.40 -44.34 !row 3
0.57 -95.77 0.41 -81.24 0.40 -44.34 0.57 150.37 !'row 4

7.00000 0.50 136.69 0.45 -46.41 0.37 -99.09 0.62 -114.19 !'row 1

0.45 -46.41 0.50 136.69 0.62 -114.19 0.37 -99.09 !'row 2

0.37 -99.09 0.62 -114.19 0.50 136.69 0.45 -46.41 'row 3

0.62 -114.19 0.37 -99.09 0.45 -46.41 0.50 136.69 !row 4

Note that the data pairs do not have to be aligned in columns; the only requirement is that there be 3 (3-port
networks) or 4 (4-port networks) pairs of n-port parameters per dataline.

Rulesfor Version 2.0 Files:

As noted earlier and as required by the general rules, each group of network parameter datais preceded by
the frequency value at which the data was taken. The rest of the data for that frequency may follow on the
same line or be split across multiple lines with intervening line termination sequence or character. Each
frequency point shall begin after aline termination sequence or character, on the first column of theline.

For files using a[Matrix Format] of Lower or Upper, datais still represented in arow-wise format. “Row”
here refers to the arrangement of port data into rows and columns by relationship, not in terms of actual
lines of datain the Touchstonefile text (e.g., Sij refersto the S-parameters from port j to port i; the datais
therefore associated with row i and column j). InaFull Matrix, datafor al elementsin amatrix row shall
be shown before data for the next row are shown.

Matrices using the Upper format shall include explicit data for row 1 ports (i.e., S11, S12...S1n) before any
datafor row 2 isshown (i.e., S22, S23...S2n). In the Upper format, each successive row shall contain one
fewer element than the previous row. The element removed is the column number (current row —1). For
example, the first element of the second row of datais S22. S21 isnot shown, asit is assumed to be
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identical to S12 from symmetry. Thefinal element in an Upper matrix shall be Snn, where n isthe total
number of ports, representing the only data for that row.

In the Lower format, each successive row shall contain one more element than the previous row. The first
row consists of only one element, S11. Thefinal row shall contain elements for each column from 1 to n,
where n isthe total number of ports.

Therefore, for a 3-port matrix, data would be ordered as shown below.

[Matrix Format] Lower <frequency value> <N11> <N21> <N22> <N31> <N32> <N33>

[Matrix Format] Upper <frequency value> <N11> <N12> <N13> <N22> <N23> <N33>

where
frequency value frequency at which the network parameter data was taken or derived.
N11, N12, etc. network parameter data, where Nij represents a pair of data values.

5-port and Above Networks
The parameters for 5-port and above networks are also arranged in a matrix row-wise order.

Rulesfor Version 1.0 Files:

Version 1.0 files are limited to a maximum of 4 network parameter data pairs per line, additional entries
beyond the first four pairsin the matrix row shall be continued on the following line(s). Each row of the
meatrix shall start on anew line.

Rulesfor Version 2.0 Files:
Version 2.0 files may continue data on the same line or across multiple lines. Asusual, each group of
network data pairs is preceded by the frequency vaue at which thisdata was taken.

For filesusing a[Matrix Format] of Lower or Upper, datais still represented in arow-wise format, as
shown for 3- and 4-port networks above.

Theserules areillustrated by showing the format for a 6-port network:

6-port Full network format (single frequency point)

<frequency value> <N11> <N12> <N13> <N14> 'row 1
<N15> <N16>

<N21> <N22> <N23> <N24> Irow 2
<N25> <N26>

<N31> <N32> <N33> <N34> I'row 3
<N35> <N36>

<N41> <N42> <N43> <N44> Irow 4
<N45> <N46>

<N51> <N52> <N53> <N54> Irow 5
<N55> <N56>

<NB61> <N62> <N63> <N64> Irow 6
<N65> <N66>

6-port Lower network format (single frequency point)

<frequency value> <N11> Irow 1
<N21> <N22> Irow 2
<N31> <N32> <N33> Irow 3
<N41> <N42> <N43> <N44> Irow 4
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<N51> <N52> <N53> <N54><N55>
<NB1> <N62> <N63> <N64>
<N65> <N66>

6-port Upper network format (single frequency point)
<frequency value> <N11> <N12> <N13> <N14>
<N15> <N16>
<N22> <N23> <N24>
<N25> <N26>
<N33> <N34>
<N35> <N36>
<N44><N45> <N46>
<N55> <N56>

<NG66>

where

frequency value

N11, N12, etc.

'row 5
Irow 6

Irow 1
Irow 2
Irow 3
Irow 4

I'row 5
'row 6

Version 2.0

frequency at which the network parameter data was taken or derived.

network parameter data, where Nij represents a pair of data values.

In the example shown above, each row of matrix data extends over two lines of the file and each new row
of the matrix starts on anew line (thisis optional and not a syntax requirement). Asusual, n-port
parameter values are entered in pairs according to the format specified in the option line and each value is
separated by whitespace.

Following is amore detailed exampleillustrating the Full data matrix for a 10-port network. TheY-
parameter dataisin magnitude-angle format and is for a single frequency.

Example 15 (Version 1.0):
# frequency_ unit Y MA R impedance

freq magY¥ll angYll mag¥l2 ang¥l2 mag¥l3 ang¥Yl3 magYl4d ang¥Yl4

magY¥Y1l5
mag¥1l9
mag¥21l
mag¥25
mag¥29
magY¥Y31l
mag¥35
mag¥39
magY4l
mag¥45
magy¥49
mag¥51
mag¥55
magy¥59
mag¥6l
magY¥65
mag¥69
mag¥71
mag¥75
mag¥79
magy¥81l
mag¥85
magy¥89
magY¥9ol

angYl5
angY1l9
ang¥21
ang¥25
ang¥29
angY31l
ang¥35
ang¥39
angY41l
angy¥45
angyY49
ang¥Y5h1
angy¥bh5
angy¥59
angY61l
angy¥65
angY¥69
ang¥71
angY¥75
ang¥79
angyY81
ang¥85
ang¥89
angY9l

mag¥1l6 ang¥Y1l6 mag¥Yl7 angYl7 magY¥Yl1l8

mag¥l,10 ang¥Yl,10
mag¥22 ang¥22 mag¥23
mag¥26 ang¥26 mag¥Y27
mag¥2,10 ang¥2,10
mag¥32 ang¥32 mag¥33
mag¥36 ang¥36 mag¥37
mag¥3,10 ang¥3,10
magY¥42 angY42 mag¥Y43
mag¥46 angY46 magY47
magY¥4,10 ang¥Y4,10
mag¥52 ang¥52 mag¥53
mag¥56 ang¥56 mag¥57
mag¥5,10 ang¥5,10
mag¥62 ang¥62 mag¥63
mag¥66 ang¥Y66 mag¥o67
mag¥6,10 ang¥6,10
mag¥72 ang¥72 magY¥73
mag¥76 ang¥76 magY77
mag¥7,10 ang¥7,10
mag¥82 ang¥82 mag¥83
mag¥86 ang¥86 mag¥87
mag¥8,10 ang¥8,10
mag¥92 ang¥92 mag¥Y93

ang¥23
angY¥27

angyY33
angY37

ang¥43
angY47

ang¥53
angY¥Y57

angy¥63
angyYo67

ang¥73
ang¥77

angy83
angy¥87

angy¥93
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mag¥24
mag¥28

magY¥34
mag¥38

magY44
mag¥48

mag¥54
mag¥58

magY¥64
magY¥68

mag¥74
mag¥78

magy¥84
mag¥88

magY9o4

angyYl18

ang¥24
angy28

angyY34
angyY38

angY44
angyv48

angYh4
ang¥58

angY64
angyY68

angY¥74
angY¥78

angyY84
angy¥Y88

angY94

lst row

2nd row

3rd row

4th

5th

6th

7th

8th

9th

row

row

row

row

row

row
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mag¥95 ang¥95 mag¥96 ang¥Y96 mag¥Y97 ang¥Y97 mag¥98 ang¥Y98

mag¥99 ang¥99 mag¥9,10 ang¥9,10

110th row

mag¥1l0,1 ang¥10,1 magY¥1l0,2 ang¥1l0,2 magY¥1l0,3 ang¥Y1l0,3 magY1l0,4 ang¥1l0,4
mag¥1l0,5 angY¥10,5 magYl0,6 angYl1l0,6 magYl1l0,7 angY1l0,7 magYl1l0,8 angY¥1l0, 8
mag¥10,9 ang¥Y10,9 mag¥Y1l0,10 angY10,10

Introduction to Mixed-Mode Concepts
This section provides the basic definitions and terminology regarding mixed-mode n-port parameters.

A differentia port isformed from two single-ended ports having the same "reference” termina (also
referred to asthe"-" terminal). Electrical quantities associated with a differential port formed from two
single-ended portsi and j are established from the single-ended port quantities V;, 1;, V;, and |; as

common mode voltage Vo, =V +V,)/2 (a)
common mode current by =1+ 1, (b)
differential mode voltage Voij =Vi- VY, (c)
differential mode current I =i =1,)/2 (d)

The notation Ci,j and Di,j signifies the mode, common or differential, respectively, aswell asthe indices
and the order of the single-ended ports from which the differential port isformed.

For mixed-mode S-parameters, the rel ationships between the mixed-mode incident and reflected waves and

the af orementioned mixed-mode voltages and currents are similar to those for the conventional quantities,
specificaly

common mode incident wave A = (\/Ci'j + F\’CH ICiyj)/(Z\/Rcii,j) G
common mode reflected wave by ;= Me; — Rl Ci,j)/(Z\/Rcii’j) )
differential modeincident wave  ap ; = (Vp; ; + Ry ;| Di’]-)/(2\/R.fi’j) (@)
differential mode reflected wave by, ; = (Vp,; ; — Ry Di,j)/(z\/R.fi,,—) (h)

In general, and as is the case for the conventional S-parameters, the mixed-mode reference impedances Rg;
and Rp;; could be selected as any positive real numbers. However, thisis further limited in Version 2.0
files, as explained below. Furthermore, complex reference impedances are not supported.

The relationships between the conventional and mixed-mode incident and reflected waves depend on the
actual values of the reference impedances Rqi; and Ry relative to the reference impedances R, and R, for
the conventional incident and reflected waves for the two single-ended portsi and j forming the differential
port. One common selection for this relationship is such that R and R, are equal, R is half that value and
Roij istwice that value.

Specificaly, if

Condition 1: R=R =R

and
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Condition 2: Rij=R/2 and R, ;=2R

then
8. =(a+a)/2 (i)
ay; = (@ —a)/2 (i)
by = (B+b)/v2 )
bs ; =(b =b)/V2 ()

Version 2.0 files do not provide the means to specify directly the mixed-mode reference impedances R
and Ry;;. Instead the single-ended port reference impedances R, and R, are specified by means of the
[Reference] keyword or by the option line. Thus, the mixed-mode reference impedances need to be
unambiguoudy defined form the [Reference] data, and therefore Condition 1 and Condition 2 above are
adopted for Version 2.0 files. Note that under these conditions the relationships (i)-(I) do not depend on the
actual values of the reference impedances, and take avery simple form.

The value R in Condition 1 and Condition 2 may be different for different pairsi, j of the single-ended
ports forming different differentia ports.

Similarly to the conventiona n-port parameters the term mixed-mode n-port parameters refers to any one of
then x nmatrices S, Y, or Z linking the voltages, currents, or the wave quantities as

V=2I =YV b=Sa

The difference is that for the mixed-mode n-port parameters the vectors V, I, b, and a are defined using the
aforementioned common and differential mode quantities while the single-ended port quantities are used in
the conventional relationships. The mixed-mode n-port parameters may be the generalized mixed-mode
parameters when not all single-ended ports are combined into differentia ports. For those portsthat remain
single-ended, the single-ended quantities appear in the vectors V, 1, b, and a.

All the single-ended ports of any n-port circuit characterized by the Touchstone files are assumed to be
ordered with consecutive numbers from 1 to n. Thisis the “reference port order” which also determines the
matrix entries in the conventiona S, Y, or Z matrices. Specificaly, the kth elements in the vectors V, I, b,
and ain the conventional relationships are those of the kth single-ended port.

Version 2.0 files do not impose any specific order of the mixed-mode quantitiesin the vectors V, I, b, and
a in the mixed-mode rel ationships. Instead the [Mixed-Mode Order] keyword provides the means to specify
how these quantities are ordered with respect to the reference port order. The only requirement is that the
same order (specified by [Mixed-Mode Order]) appliesto all the vectorsV, I, b, and a.

Appendix A provides the formulas for the rel ationships between the conventional and mixed-mode n-port
parameter for the case when the Condition 1 and Condition 2 are satisfied.

[Mixed-Mode Order]

Rulesfor Version 1.0 Files:
The[Mixed-Mode Order] keyword is not permitted in Version 1.0 files.

Rulesfor Version 2.0 Files:
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The [Mixed-Mode Order] keyword and argument specify alist or vector of ports and port descriptors
described with mixed-mode network data elsewherein thefile. The [Mixed-Mode Order] list determines
the content and the row/column arrangement used for the network data.

The [Mixed-Mode Order] keyword is only required if mixed-mode datais present elsewherein thefile.

Port numbers used under [Mixed-Mode Order] are single-ended. No definition or syntax is used to define
mixed-mode ports, only mixed-mode rel ationships between single-ended ports.

Every single-ended port (the number described under [Number of Ports]) shall be mentioned in a descriptor
under [Mixed-Mode Order].

[Mixed-Mode Order] uses one of the following characters combinations to represent descriptors:

S<port>
C<port>, <port>
D<port>, <port>

where

CD,S specify whether the descriptor is common-mode, differential-mode or single-
ended. Legal argumentsare S (for single-ended), C (for common-mode), and D
(for differential-mode). If the letter Sis present and followed by asingle
integer, asingle-ended descriptor is being defined. A letter shall not appear by
itself, nor shall an integer appear by itself. When apair of portsis present, the
second port listed is assumed to be the reference port.

port an integer, specifies the number of the single-ended port(s) described in the
descriptor. The integer number correspondsto the order of the ports as described
under the [Reference] keyword. Only non-zero integers shall be used. For
single-ended descriptor groups, asingleinteger isused. For mixed-mode data,
two port integers are used, separated by a single comma without whitespace,
carriage returns, or line feeds. Multiple commas without separation by integers
are not permitted.

Descriptor groups are separated by whitespace, including carriage returns and/or line feeds.

Note that any one port number shall only appear in one single-ended or two mixed-mode descriptors.
Additionally, any common-mode descriptor present between ports necessitates that a differential-mode
descriptor be present between the same ports, and vice-versa. For example, if D1,3 isincluded under
[Mixed-Mode Order], C1,3 shall aso beincluded. S3 would be prohibited. C2,3 would also be prohibited.

The number of ports described under the [Number of Ports] keyword shall match the number of descriptors
described under [Mixed-Mode Order]. Similarly, the numeric value described under [Number of Ports]
shall match the highest integer port number listed in any descriptor under [Mixed-Mode Order].

[Mixed-Mode Order], if used, shall appear after the [Number of Ports] keyword and before any network
data

[Mixed-Mode Order] arguments may begin on the line following the closing bracket of the keyword (in
other words, after aline termination sequence or character).

Mixed-Mode Network Parameter Data
Rulesfor Version 1.0 Files:
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Mixed-mode datais not permitted in Version 1.0 files.

Rulesfor Version 2.0 Files:
Mixed-mode data consists of matrices using the relationships and order described under the [Mixed-Mode
Order] keyword.

Only S, Y-, or Z-parameter data shall be represented using the mixed-mode format.

Note that the port numbering does not necessarily determine the arrangement of data under mixed-mode
data. Only the[Mixed-Mode Order] keyword determines how mixed-mode datais arranged. Only
relationships and ports specified under [Mixed-Mode Order] shall appear as part of mixed-mode data.

Reference impedances for mixed-mode data are assumed single-ended, as presented under the [Reference
Impedance] keyword. For common-mode and differential-mode rel ationships, the same value of reference
impedance shall be used under [Reference Impedance] for both ports. Differential-mode relationships
assume an impedance across the ports of twice the single-ended value specified for either port in the
relationship. Common-mode relationships assume an impedance across the ports of half the single-ended
value specified for either port in therelationship.

The rules for presenting frequency, line breaks, and other aspects of formatting follow those for traditiona
single-ended network data.

[Matrix Format] may be used with mixed-mode data, so long as the data follows the keyword’ s symmetry
requirements.

The mixed-mode matrix arrangement assumes that the vector in [Mixed-Mode Order] describes the
diagonal of the mixed-mode matrix. In other words, theith value of the vector is used for both the stimulus
and response used for the resulting matrix value Nii. The matrix value Nij would result from vector valuei
as theresponse value in row i and the vector valuej asthe stimulus value in columnj. Thisfollowsthe
stimulus-response convention used both widely in the industry for proprietary mixed-mode data formats, as
well asthetraditional Touchstone 1.0 single-ended data format.

For example, for a 3-port network, the [Mixed-Mode Order] keyword would contain the values:
D1,23C1,2

This specifies adifferentia relationship for ports 1 and 2, followed by a single-ended data rel ationship for
port 3 and a common-mode relationship for ports 1 and 2. The mixed-mode data matrix would therefore
use the following format:

<frequency value> <D1,2 D1,2> <D1,2 S3> <D1,2 C1,2>
<3D12> <BS3> <BCL2>
<Cl1,2D1,2> <C1,23> <C1,2C1,2>

For each frequency value, where the “<” and “>" characters denote magnitude/angle or real/imaginary data
pairs or afrequency value, only for the purposes of this example.

Example 16 (Version 2.0):

l6-port component shown; note that all five ports are used in some
lrelationship

[Version] 2.0

# MHz Y RI R 50

[Number of Ports] 6

[Number of Frequencies] 1
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[Reference] 50 75 75 50 0.01 0.01
# MHz Y RTI R 50

[Mixed-Mode Order] D2,3 D6,5 C2,3 C6,5 S4 S1
[Network Datal

5.00 8.0 9.0 2.0 -1.0 3.0 -2.0 1.0 3.0 1.0 0.1 0.2 -0.2
2.0 -1.0 7.0 7.0 1.8 -2.0 -1.0 -1.0 -0.5 0.5 0.2 -0.1
3.0 -2.0 1.8 -2.0 5.8 6.0 1.2 0.8 0.9 0.7 0.3 -0.5
1.0 3.0 -1.0 -1.0 1.2 0.8 6.3 8.0 2.0 -0.5 1.5 0.6
1.0 0.1 -0.5 0.5 0.9 0.7 2.0 -0.5 4.7 -6.0 -1.0 2.0
0.2.--0.2 0.2 -0.1 0.3 -0.5 1.5 0.6 -1.0 2.0 5.5 -7.0

[Noise Data]

Rulesfor Version 1.0 Files:
The[Noise Data] keyword is not permitted in Version 1.0 files.

Rulesfor Version 2.0 Files:

The[Noise Data] keyword identifies the block of noise parameter data, if present in the file. Each
Touchstone Version 2.0 file shall contain one and only one [Noise Data] keyword, if and only if [Number
of Noise Freguencies] is defined.

[Noise Data] shall only appear after the [Network Data] keyword and arguments.

Example 17 (Version 2.0):

12-port network, S-parameter and noise data
!Default MA format, GHz frequencies, 50 ohm reference, S-parameters
[Version] 2.0

#

[Number of Ports] 2

[Two-Port Data Order] 21_12

[Number of Frequencies] 2

[Number of Noise Frequencies] 2

[Reference] 50 25.0

[Network Datal

2 .95 -26 3.57 157 .04 76 .66 -14

22 .60 -144 1.30 40 .14 40 .56 -85

[Noise Datal

4 .7 .64 69 19

18 2.7 .46 -33 20

Noise Parameter Data

Noise parameters may be included in Touchstone files. However, they shall only beincluded in files
describing 2-port networks. Noise parameters follow the G-, H-, S-, Y-, or Z-parameter data (Version 1.0
files) and the [Noise Data] keyword (Version 2.0 files) for all frequency points. Note that the rules for
noise parameters are significantly different than the rules for the S-parameter, Z-parameter, etc., data
elsewhere in Touchstonefiles.

Each line of noise parameters has the following five entries:
<X1> <x2> <x3> <x4> <x5>

where
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x1 Frequency, in the units specified on the option line, or GHz, if no units are
specified. Thefirst group of noise data shall have a frequency less than or equal
to the highest frequency used for the S-parameter, Z-parameter, etc. data earlier

inthefile.
x2 Minimum noise figure in decibels (dB).
x3 Source reflection coefficient to realize minimum noise figure. Thisisa

magnitude, regardless of the format specified on the option line. The values
used for x3 and x4 form a complex pair, taken with reference to the impedance
value specified on the option line. 1f no impedanceislisted on the option line,
the assumed reference is 50 ohms.

x4 Phase of the reflection coefficient, in degrees. Asnoted above, thisis taken with
respect to the reference specified on the option line or, if no impedanceis listed,
an assumed value of 50 ohms.

X5 Effectivenoise resistance. A simulator requires this parameter to meet physical
requirements. If the user-supplied x5 valueisless than allowed for this
requirement, then a simulator may force this x5 value to the lowest physical
limit. For Version 1.0files, thisis normalized to the impedance specified on the
option line, or 50 ohmsif no valueis given specified. No normalizationis
assumed for Version 2.0 files.

Note that the frequencies for noise parameters and network parameters need not match. The only
requirement is that the first noise parameter frequency be less than or equal to the highest network
parameter frequency. For Version 1.0 files, this allows the file processor to determine where the network
parameters end and the noise parameters begin. For Version 2.0 files, the [Number of Frequencies)
keyword specifies, the size of the network parameter data expected before any noise parameters begin. As
with network parameter data, all noise parameter data shall be arranged in increasing order of frequency

The [Number of Noise Frequencies] keyword isrequired if any noise parameters are present in thefile.
The [Number of Noise Frequencies] keyword is prohibited if no noise parameters are present in the file.

The [Reference] keyword has no effect on noise parameter data.
If noise parameters are present in the file, the [Number of Ports] keyword shall have “2" asits argument.

In both Version 1.0 and Version 2.0, each noise parameter frequency and associated data shall be grouped
into asingle line, terminated with aline termination sequence or character.

Example 18 (Version 1.0):

12-port network, S-parameter and noise data

'Default MA format, GHz frequencies, 50 ohm reference, S-parameters
#

! NETWORK PARAMETERS

2 .95 -26 3.57 157 .04 76 .66 -14

22 .60 -144 1.30 40 .14 40 .56 -85

! NOISE PARAMETERS

4 .7 .64 69 .38

18 2.7 .46 -33 .40

Example 19 (Version 2.0):
12-port network, S-parameter and noise data
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!Default MA format, GHz frequencies, 50 ohm reference,

[Version] 2.0

#

[Number of Ports] 2

[Number of Frequencies] 2

[Number of Noise Frequencies] 2
[Reference] 50 25.0

[Network Data]

I NETWORK PARAMETERS

2 .95 -26/ 3.57 157 .04 76 .66 -14
22 .60 -144 1.30 40 .14 40 .56 -85
[Noise Datal

! NOISE PARAMETERS

4 .7..64 69 19

18 2.7 .46 -33 20

[End]

Rulesfor Version 1.0 Files:
The[End] keyword is not permitted in Version 1.0 files.

Rulesfor Version 2.0 Files:

Version 2.0

S-parameters

The[End] keyword defines the end of the Touchstone 2.0 file. Non-comment text appearing after the

[End] keyword should be treated as an error.

Example 20 (Version 2.0):

12-port network, S-parameter and noise data
IDefault MA format, GHz frequencies, 50 ohm reference,

[Version] 2.0

#

[Number of Ports] 2

[Number of Frequencies] 2

[Number of Noise Frequencies] 2
[Reference] 50 25.0

[Network Data]

I NETWORK PARAMETERS

2 .95 -26 3.57 157 .04 76 .66 -14
22 .60 -144 1.30 40 .14 40 .56 -85
[Noise Datal

I NOISE PARAMETERS

4 .7 .64 69 19

18 2.7 .46 -33 20

[End]

Page 25

S-parameters

4/8/2009



Touchstone® File Specification Version 2.0

INFORMATION DESCRIPTION

Introduction

This section is reserved for future expansion with new informational keywords for specific applications.
While this information could be documented by comment lines, the keywordsin this section allow
descriptions to be standardized and to be electronically parsed. These keywords are optional and may be
ignored or be overridden by external references to the Touchstone 2.0 file.

[Begin Information], [End Information]

Rulesfor Version 1.0 Files:
The[Begin Information] and [End Information] keywords are not permitted in Version 1.0 files.

Rulesfor Version 2.0 Files:

The [Begin Information] keyword and associated data define information about the derivation and usage of
Touchstone data for specific applications. The [Begin Information] and [End Information] keywords are
optional for Version 2.0 files. If used, the keywords shall only appear after the [Number of Ports] keyword
and before any network data. Each Touchstone Version 2.0 file shall contain one and only one [Begin
Information] keyword. Each Touchstone Version 2.0 file that contains a[Begin Information] keyword
shall also contain one [End Information] keyword. The [End Information] keyword shall follow the [Begin
Information] keyword and shall occur before any network data.

The data between the [Begin Information] and [End Information] keywords shall consist of information
keywords and arguments as defined below. The arguments associated with each information keyword may
be on the same line as the information keyword or separated by line termination sequences or characters
prior to the next keyword. Each keyword or keyword and arguments within [Begin Information] and [End
Information] terminates either with another keyword or with the [End Information] keyword. Therefore,
information keywords and their arguments may apply to fewer than the number of portsin thefile
documented by the [Number of Ports] keyword.

Information Keywords
This section is reserved for future expansion.
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COMPATIBILITY NOTES

In the original proprietary Touchstone specification, several restrictions existed that may not apply across
implementations and do not apply to Version 1.0 or 2.0 files:
e ThedB/angle form was not alowed for G-, H-, Y-, and Z-parameters. Only magnitude/angle and
real/imaginary pairs were permitted for non-S-parameter data.
e Y- and Z-parameters were not allowed for 3-port networks or larger.
e Thetota number of portsthat could be represented in any Touchstone file was 99.

Version 1.0 and Version 2.0 files differ in three additional respects:
e G-, H-, Y-, and Z- parameters are normalized in Version 1.0 but are not normalized in Version 2.0.
o  Effective noise resistance in noise parameter datais considered normalized in Version 1.0 but is
not normalized in Version 2.0.

e Mixed-mode support is added in Version 2.0, so that network parameter datain thefileis
interpreted differently in the presence of the [Mixed-Mode Order] keyword.
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APPENDIX A: Examples of Mixed-Mode Transformations

Transformations Between Conventional and Mixed-Mode Matrices for a Pair
of Ports

For the discussion below, the pair of single-ended ports is assumed to have a common reference and to be
normalized tothe same impedance value rq. In its mixed-mode representation, the reference impedance for
the differential and common mode componentsis assumed to be 2ryand ro/2 respectively.

Shown below are the rel ationships between the vectors and matrices for a port pair, participating in
standard-to mixed-mode transformeation.

For convenience, two matrices are used:

— 1/y O
M:[V q and Kz[ r },Whereyzi.
y o7 0 ¥ V2

Theinverse of the matrix M isalso itstranspose: M 1 = Mt

S-parameters
Theincident and reflected waves in standard and mixed-mode are related as follows:

a'D:I.2 _al
a. = "?l=M|"|=M (S1)
£ _aj o
w1 Th
b = ""|=M }:Mb (S2)
b, | b *
Bgg = Sga@sa (S3)
Bom = Sn@mm (4)

By substituting (S1), (S2) into ($4), it is possible to find the relations between the mixed-mode and
standard-mode S-matrices:

S, =M'S, M (S5)
S, =MS,_ Mt (S6)

Y- and Z-parameters
First, the mixed-mode voltages and currents (vectors) are expressed via standard-mode vectors.

me: VD1,2 =|: 1 _1j||:vl:|=|:1/y O:||:;/ - :||:Vl:|=KMVSd (YZ:L)
Veio 0.5 05]v, 0O 7lly 7w
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_ iDl,2 _ 05 -05 il _ Y 0 Yy -V il =K-MI (YZZ)
mm ic1,2 1 1 I 0 Vylly vl *

Then, relationships are defined between voltages and currents, in standard and mixed-mode.

lga = YaaVad (YZ3)
Vaa = Zggl aa (YZ4)
Lo = Yoom Vi (YZ5)
Vom = Zom! om (YZ6)

By substituting (Y Z1), (Y Z2) into (Y Z3-6) relationships can be found between the standard and mixed-
mode Y - and Z-matrices:

Y. =(KM)Y,, (KIM) (YZ7)
Yoo = (KM)Y, .. (KM) (YZ8)
Z = (KM)Z 4 (KM)t (YZ9)
Zgq = (KAM)Z (KM) (YZ10)

Mutual Transformations in Cases of Several Port Pairs

All above relationships apply only to individual port pairs participating in MM to STD transformations. In
case of many such pairs, and also in presence of single-ended components together with mixed-mode, a
more general description is needed. The transformation matrix in this case consists of several 2 x 2
diagonal blocks - each one for every mixed-mode port pair - and a unit matrix diagonal block that
corresponds to single-ended ports.

For example, the combined mixed-mode vector X . and single-ended component vector X ., could
be related as:

Xp12 Xy
Xc1z T, 0 0|X,
Xmm_blk = XD3,4 = 0 Ty 0 xs =TXXstd_bIk (P1)
Xcaa 0 0 E, || X,
L XS | _X5_

Here, T,,isan elementary 2 x 2 transformation matrix block. Depending on the type of variablesin
X (incident or reflected wave, voltage or current), it is:

Ty,=Ts =M (for incident and reflected wave) (P2)
T, =KM (for port voltage vector) (P3)
T,=KM (for port current vector) (P4)
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E, isal x 1lidentity matrix. The size of it is defined by the number of individual single-ended portsin the

left side “ extended” mixed-model vector. The matrix components designated by zeros are square or
rectangular all-zero block matrices. Their size is determined by the size of the corresponding diagonal
blocks.

Note that (P1) only describes the case when variables on the left and right are “properly” ordered. The
proposed standard allows arbitrary ordering of components in the mixed-mode vector. In addition to the
block-wise transformation, as shown in (P1), achain of severa transformations may be considered,
including permutations and MM/STD transformations:

Xom & perm_mm= X . < MM _to_SID = X, ,, < perm_std = X,

mm_bl

For example, possible transformations are:

XD3,2 ><D3,2 XS xl
XD5,4 ><C3,2 ><2 X2
X || Xpsa || Xs || X, (P5)
xcs,z Xc5,4 X, X,
_Xc5,4_ L Xl ) _Xl_ _X5_

Givenavector X = (ontheleft) with components ordered as defined in [Mixed-Mode Order], first those
components is permuted so as to group the mixed-mode pairs and block of single-ended components (see
X next vector). Then, vector X, ., isrepresented as aresult of STD-to-MM transformation by

way of (P1) applied to respectively grouped vector X «d_bik - Finally, the single-ended vector is permuted so

mm_blk *

asto get the componentsin X, properly ordered.

Note that two permutations (with mixed-mode and standard-mode components) are independent and
therefore require two permutation matrices, P, and P, respectively. The chain of transformationsin
(P5), if seen from right to left becomes:

Xgd ik = PaaXgq (P6)
X mm_blk — T X sd_blk (P7)
X mm = PmmX mm_blk (P8)

For example, the matrices used in (P5) are:

00100 10000
01000 T, 0 O 00100
P,=|0 0001/ T,=[{0 T, O|. P =000 01
00010 0 0 E 01000
100 0 0] 000 1 0]

From (P6-P8):
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><mm = (PmmTX Psd )Xstd (P9)
X std = (P;dT)ZlPrEnm )X mm * (PlO)
For each type of data (S-, Y-, or Z-parameters) a certain type of input and output vectors has been defined.

Assumethat X isan input vector (a, V, or | respectively) and U is an output vector (respectively, b, I, or
V). Then, similar to (P9) and (P10) relationships exist for the output vector:

U mm = (PmmTU Pstd )Ustd (Pll)
Ustd = (Pstthljlpr‘tnm)Umm ' (P12)
Note, that permutation matrices are the same (since the components in the input/output vectors shall be
identically ordered) but the block-wise transformation matrix could be different. Asfollows from (P3),
(P4), in case of Y- or Z-parameters using different elementary transformation blocks for voltage and
current vectorsis necessary. However, in al cases the transformation matrices used in (P9-P12) obey the
relations:
T =T¢ (P13)
T =T (P14)

In addition to general typeinput and output vectors (general for S'Y/Z cases), general transformation
matrices, F 4 and F_ may be defined (where F standsfor S, Y, or Z):

Uga = FeaXad (P15)
Unm = FamX - (P16)
By substituting (P9), (P11) into (P16):
Fstd = (PstthJlPrtnm )me (PmmTX I:)std ) (P17)
me = (PmmTU Pstd )me (Pstth)zlprtnm) . (P18)

(P17) shows how the mixed-mode matrix, arbitrarily ordered, possibly with single-ended terms, is
converted directly into properly ordered single-ended form. (P18) shows the reverse transformation.

Note that because of (P13) and (P14) the side matricesin (P17) and (P18) enclosed in parenthesis are
mutually transposed: PL T P = (P T Pag)ts Prom TuPag = (P TP, )t . The property is
related to the fact that transformations (P17) and (P18) shall preserve matrix symmetry. For example, if the

standard-mode matrix is symmetric, so should be the mixed-mode matrix, regardless of the permutations
and the parameter type.

Example A-1:

If the vectors shown in (P5) correspond to incident and reflected waves, and the data consists of S
parameters then the el ementary transformation blocks are those of (P2), and therefore:
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y =y 0 O
y v 0 O
T,={0 0 y -y
0O 0 ¥y ¥y
0 0 0 O

R O O O O

Combining this matrix with permutation matrices shown above, (P15) reduces to:

0 0 1 00 0

-y 0 0 v O 0
Su=ly 0 0 y 0|S,.|1
O -y 00 vy 0

0 ¥y 00 7y 0

Example A-2:

O RXxR O O

o xR O

0

R O O =R

Let the Touchstone file contain Y -parameter data with mixed-mode order defined by:

[Mixed-Mode Order]
D2,3D6,5C2,3C6,54 S1

L et also the mixed-mode matrix at a certain frequency be defined as:

[ 8+9 2] 32 1+3

24 7+7 182 -1
v _| 3% 183 58+ 12408
m 1+3 -1 1.2+0.8] 6.3+§

By inspecting mixed-mode order, the mixed-mode permutation matrix P, .. may be defined as:

[ Xps,| [1 O

Xoes| |0 O

X = PrmX o i+ OF i“vz = 8 (1)
C6,5

X, 00

X, ] [0 0

1+0.1j -0.5+0.5 0.9+0.7] 2-0.5]
10.2-0.2) 0.2-0.1j 0.3-05 1.5+0.6]

O O O O+ O

Similarly, the standard-mode permutation can be seen from:
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1+0.1j

-0.5+0.5j
0.9+0.7j
2-0.5)
4.7-6]
-1+2

O r O O O O

O O O O O

0.2-0.2j |
0.2-0.1
0.3-0.5j
1.5+0.6j
-1+2
557 |

D3,2
C32

D6

XLXgXXXX

=

Version 2.0
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w
[

N
N

w

Xgd vk = PeaXgq O

IS
[$2]

(e}
O O O O O
O r O O O O
O O O O O

><><b><><><><

(2}

O O O O+~ O
O O O ©o O Bk
O O O r OO

><><m><><><><

e

The transformation matrices for voltage and current vectors are different:

1 -1 0 0 00
0505 0 0 00
0 0 1 -100
T, =diag{KM,KM,E.} =
v = diagf o} 0O 0 050500
0O 0 0 0 10
0.0 0 0 01
05 -05 0 0 0 O]
11 0 0 00
. . . 0O O 05 -05 0 0
T, =diag{K M ,KM,E,} = _a
0O 0 0. 0 10
0 0 0 0 0 1]

Since for Y -parameters voltage is considered as an “input” and current as “output”, in (P17) Ty isreplaced
with T,, and T, with T, . Then, (P17) simplifiesto:

[0 05 1 0 0 O] 0 0 O O 0 1]

0O 0 0 O 05 1 05 0 05 0 0O

005 -10 0 O 1 0 -1 0 00O
Ystd: Ymm

0O 0 0 O 05 1 O 0O O 0 10

0O 0 01 0 O O 05 0 0500

1 0 00 0 Of] |0 1 0 -1 0 O]

Finally, with given complex Y -
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Yoa =
[ 9.35+5.75
0.725-0.075
-4.05-4.25
-0.075+1.025
0.7+0.3j
4-2.5

0.725-0.075
5.675-6.5]
-0.775+0.225
-4.325+5 5
2.5+0.35j
0.7-0.15j

-4.05-4.25i
-0.775+0.225i
5.75+9.75i
-0.375-0.675j
-1.7-1.3]
-2+1.5

Version 2.0
-0.075+1.025) 0.7+0.3j 4-2.5 ]
-4.325+5.5) 2.5+0.35) 0.7-0.15j
-0.375-0.675 -1.7-1.3] -2+1.5
7.675-10.5) -0.5-0.85) 0.3+0.25
-0.5-0.85 6.3+8] 1+3]
0.3+0.25j 1+3] 8+9
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