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Summary

The context of the present thesis is the measurement of the scattering parameters of a
device-under-test (DUT) employing vector network analyzers (VNA).

The de-embedding of the DUT S-parameters from the total measurements that include
the test-fixture contribution is investigated in detail. The fixtures are required to phys-
ically connect the DUT to the instrument and make the data acquisition possible, but
their presence is making the measured S-parameters look completely different from the
actual DUT ones. The scope of the present work is to provide a strategy to de-embed the
DUT from the total, or fixture-DUT-fixture, measurements. In literature, the techniques
to pursue this goal are many and are considering most of the time the two-port case. In
this thesis, a simple and effective de-embedding strategy for multi-port measurements is
developed.

The most general topic of VNA calibration in S-parameters measurements is inves-
tigated first from a mathematical perspective. Then, the most classical state-of-the-art
de-embedding strategies are reviewed. These strategies are considering two-port networks,
such as filters or amplifiers. An environment able to perform the de-embedding in this clas-
sical way is implemented with a MATLAB® script, that takes in input the measurements
on the calibration structures and provides the DUT S-parameters. These methods are val-
idated in a SPICE environment and by measurements on real devices. The advantages,
disadvantages as well as limitations concerning other de-embedding strategies are studied.
A criterion for the definition of the calibration structures is developed, considering the
working bandwidth and the available reference impedances.

The core of this work is on the extension of the state-of-the-art de-embedding strategies
for a more general case. The proposed solution can be applied to a multi-port DUT with
an even or odd number of ports. The DUT can be embedded within test-fixtures for which
no hypothesis is made on their symmetry or type. The overall strategy can be used in a
bandwidth that extends from the ultra-low frequency (ULF) to the GHz range.

After the validation of this de-embedding technique, another one that minimizes the
number of built calibration structures and following associated measurements is proposed.
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Chapter 0

Introduction

0.1 Subject of the thesis work

At the time of writing, different paid software solutions are available on the market for
de-embedding the scattering matrix of a device-under-test (DUT) from the fixture-DUT-
fixture measurement. As far as the candidate knows, there is no a ready-to-use procedure
to perform de-embedding of a multi-port DUT in a coaxial or planar environment, when
the S-parameters of the fixtures are not available or cannot be directly measured. A
calibration procedure, with the description of how to build a calibration board for the
de-embedding of multi-port networks, will be introduced. The algorithm to post-process
the measurements acquired with a vector network analyzer will be presented. The goal of
this work is to address the problem of de-embedding of the S-parameters of the DUT from
its test fixtures, with the following characteristics: wide bandwidth (kHz to GHz range),
DUT with even or odd number of ports, asymmetric test-fixtures, minimum number of
required calibration structures. This goal is pursued by extending the algorithms that
provide the foundation of the de-embedding problems solution to work in a more general
case.

A brief background information to frame the context of this work is now provided. The
topic of the de-embedding, which is the subject of this thesis, is of extreme importance
during S-parameters acquisition using a vector network analyzer (VNA). In fact, VNAs
are measuring RF devices when they are mounted on test fixtures. Test fixtures are most
of the times required to connect the DUT to the measurement system. The most classical
case is when the network analyzer has a coaxial interface and the DUT is mounted on
a printed circuit board (PCB). In this case the PCB traces from the coaxial connector
to the DUT pins are representing the test fixtures. Another example of fixture could be
an on-board bias tee used to provide an RF and DC path to the input of an amplifier
mounted on a PCB. In this case, the amplifer S-parameters needs to be de-embedded
from the contribution of the non-ideal bias tee. Test fixtures are then expensive, difficult
to design, and cloud the performance of the DUT. Due to their inevitable presence, the
measured S-parameters look nothing like the DUT ones. Even if it might sound easy,
de-embedding hides difficulties which are related to the techniques to make it done, which
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Introduction

can be difficult to understand and implement.

Recently, the topic of the de-embedding has gained importance. The recent (2020)
IEEE Standard for FElectrical Characterization of Printed Circuit Board and Related In-
terconnects at Frequencies up to 50 GHz [1] describes the requirements for designing test
fixtures and removing test fixture effects, to ensure the quality of the DUTs measured
data. The standard provides the rigorous definitions of the most important terms that
will be used in this thesis. The test fizture is the "structure used to connect test equipment
cables, typically coaxial, to a non-coaxial DUT. The fixture is in many cases constructed
using a PCB". The de-embedding is the "process by which the characteristics of the test
fixture are mathematically removed from the measured data, leaving the characteristics of
the DUT" [1]. To isolate the DUT the de-embedding requires extra measurements of de-
vices called standards Another term which in this field is often used interchangeably with
the de-embedding is the calibration, defined as "The process of characterizing the system-
atic errors of the instrument by measuring known devices (calibration standards)". The
following chapters will intend these terms exactly as described above, to avoid confusion
as can easily happen for this topic.

This thesis is organized as follows. In the next paragraph, a literature review on the de-
embedding and calibration topic is provided, acknowledging the previous work on which
this thesis is building. At this point, it will be clear when the contribution provided by the
thesis begins. The thesis goal concerning the solutions found in literature is then better
explained, along with what will and will not be included. Chapter 1 will mainly provide the
description of the theory and the mathematical foundations for the de-embedding. First,
the concept of microwave circuits and scattering parameters are recalled. Then, the VNAs
are described, with an emphasis on their calibration. The short-open-load-thru (SOLT)
calibration technique is studied, as it is the one most used nowadays by VNAs. The
reasons for this focus are two: first, in any case, calibration has to be performed before
making any measurement with the instrument; second, de-embedding theory is based
on the common concepts that calibration uses. For instance, both calibration and de-
embedding use standards to calculate a model of the test fixture called an error box. The
error box or fixture model is then mathematically used to de-embed the DUT. The theory,
procedure, and calculations of the main methods available in the literature to perform de-
embedding are described. An important focus is made on how to choose the standards.
The advantages and limitations of these techniques are investigated. It will be shown that
de-embedding algorithms are mathematically perfect, and in a simulation environment can
remove complex test fixtures without errors. After this prior analysis, it begins the new
contribution of this thesis. It is described a de-embedding procedure that can be applied
for multi-port networks, extending the basic literature de-embedding techniques. First,
the basic idea and mathematical foundations are provided, then this procedure is validated
in a simulation environment. Also, one practical example of fixture design is provided. It
is considered the design of a bias tee made with discrete off-the-shelf components that will
be used to measure the S-parameters of an active device. Chapter 2 is dedicated to the
measurements on real devices, to validate the theory. This is a very important part, as it
will be shown that in the real world, de-embedding without error is not achievable. This is
often due to poor measurements and standards that are different from the fixtures that are
actually connected to the DUT. In any case, measurements will confirm a good accuracy
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0.2 — State of the art

provided by the de-embedding methods defined in the previous section. Appendix A
presents the mathematical derivation of the expressions that are described in chapter 1.
Appendix B is instead providing the MATLAB®© codes corresponding to the de-embedding
strategies described in this thesis.

0.2 State of the art

Before the acknowledgment of the previous work on which this thesis is built and the
review of the state-of-the-art solutions, it is first described of the context in which this
work is framed.

0.2.1 Motivation

The field of radio frequency (RF) and microwave engineering is fast-growing nowadays, due
to the diffusion of wireless communication systems. The RF system bandwidth is covering
frequencies between the range going from 30 MHz to 3 GHz, while the microwave range is
extending from 3 GHz to 300 GHz [2]. Microwave technologies are indispensable in a good
part of areas of electronics. Cellular systems work with microwave transceivers and digital
systems have clock frequencies in the GHz range, requiring distributed circuit concepts
for their design. The components (lumped or distributed) involved in the design of these
systems, and many others working at microwaves, are characterized by measurement
instruments that are functioning at these frequencies, and in particular by vector network
analyzers. Microwave measurements are not only important for design applications, but
also for the electromagnetic interference (EMI) and compatibility (EMC) fields. The EMC
field is of growing importance. Electromagnetic pollution has increased over the last
decades, due to the diffusion of wireless communication systems, in which are working
modules such as BlueTooth, GSM, wifi, etc. that need to coexist in the same system
without causing interference. Moreover, integrated circuits are used in any given electronic
system. Due to the growing complexity and scaling, they are becoming directly affected by
radiated disturbances themselves since they can work as effective antennas. PCB tracks
used to interconnect them can also collect EMI disturbances and conduct the resulting
voltages and currents which can be of amplitude comparable to the nominal signals. To
comply with regulations, ICs must be able to not generate too much emission while keeping
the immunity to disturbances. The trend is to pursue a PCB design oriented to minimize
EMC problems, along with the design of analog IC which achieve a higher degree of
immunity against EMI. For measurements in this field, handled spectrum analyzers and
VNAs have been used extensively in the past few years.

A traditional electrical measurements laboratory includes instruments like oscillo-
scopes, multimeters, and signal generators. At high frequencies, where the wavelength
is no more very large with respect to the system dimensions, the measurement procedures
change drastically. The lumped elements approximation of classical circuit theory is no
more valid: microwave components will act as distributed elements, where the voltages
and currents will change along their physical dimensions. This makes it impossible to
measure (or even define) voltage or current at a particular point. At these frequencies, it
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results in easier to sample forward and backward power waves that are propagating along
a transmission line. For linear networks, the DUT is viewed as an N-port, where a port is
defined as "a structure by which a test signal is applied to or observed at the interface of
the DUT" [1]. The DUT can then be described by relating forward and reflected power
waves at the ports through the scattering matrix: a matrix of complex quantities that
quantifies how RF energy propagates through a multi-port network, at specified frequen-
cies. Each component of the matrix is corresponding to the ratio of the reflected power
wave to the incident power wave for a given pair of input ports and output port, and at
a given frequency. The instrument that makes this measurement is the VNA.

Vector network analyzer

The vector network analyzer is the most important instrument in microwave measurements
today. Regarding this thesis work, it will be used to measure the S-parameters that are
used to perform the de-embedding of the DUT from its test fixtures.

The VNA revolutionized the design of high-frequency components, allowing the mea-
surement of the properties of transmission, reflection, and impedance. In the 1940s and
1950s, the construction of a Smith Chart required hours of hand-tuned measurements
to be done one frequency at a time. The network analysis, that is the measurement of
amplitude and phase of power waves, was made by combining a swept scalar analyzer for
magnitude measurements with a manual point-by-point reconstruction of the phase [3].
By the 1960s, thanks to the advantages of semiconductor technology, samplers based on
semiconductor diodes allowed the sampling of waveforms enabling relative amplitude and
phase measurements on signals. In 1967 HP introduced the 8410 network analyzer, con-
sisting of a benchtop system based on multiple boxes, which allowed the comparison of
amplitude and phase of two waveforms up to 12 GHz. The first VNA including error-
correction mathematics was the HP 8542 (1970). In 1984, the 26 GHz HP 8510 VNA was
introduced. It included error correction, time domain, and pulse measurements. It al-
lowed to choose the frequency range (down to 45 MHz) and the number of points, with an
IF fixed to 20 MHz. The S-parameters were already popular and the VNA was provided
by a display able to put transmission, reflection, and impedance into a single representa-
tion that could be in the format of a rectangular graph or smith-chart. This instrument
became the metrology standard for microwave systems measurements. In the 1990s, wire-
less device deployments had a boom due to the diffusion of communication networks, and
VNAs (once an R&D tool) start becoming a device used in industry. In 2001 came out
the first four-port network analyzer (E5071A). In successive years an effort was put into
developing systems with higher port counts (N), with a particular eye on calibration. As
will be explained in chapter 1, traditional calibration requires more than N? connection
steps. Eventually, the required connection steps became N [3]. New systems can ensure
a broader dynamic range. The dynamic range is the range of power that the system can
measure, which is limited by P4, (the highest input power level the system can measure)
and Py, (the minimum input power level measurable, which depends on the noise floor of
the system). The dynamic range can be improved by reducing the IF system bandwidth.
Since 2010, new trends are going towards the measurement of multi-port devices in less
time without sacrificing accuracy. Recently, nonlinear vector network analyzers (NVNA)
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0.2 — State of the art

are being developed, bringing the VNA evolution moving into the measurement of non-
linear features of the components. The biggest disadvantage of traditional S-parameters
is that they are only defined for linear networks [2]. Nonlinear component characteriza-
tion is important to describe active devices. Nonlinear X-parameters are the extension of
S-parameters to work into large-signal conditions and can be measured by NVNA.

The vector network analyzer is the most important test equipment in today’s microwave
measurements, and it is probably the most advanced one. In this thesis, the emphasis is
given on the VNA calibration (or error correction), which concept is now briefly described.

Calibration

As reported in [4], the calibration procedure is mandatory to obtain correct measurements
from the VNA. Strictly speaking, calibration means to shift the reference planes at which
the S-parameters are measured up to the intended location (i.e. the DUT interface). If
a coaxial cable is connecting the VNA ports to the DUT interface, its presence will have
an impact on the magnitude and phase making the measurement quality unacceptable.
By calibration, the measurement system is characterized to remove the systematic error
from the measurement result. From the 1980s on, with the introduction of computer-
controlled VNAs, calibration algorithms were included in the firmware for one or two-port
cases. The most popular calibration routines are the thru-reflect-line (TRL), short-open-
load-thru (SOLT) and line-reflect-match (LRM). These routines consist of two steps: in
the first one known standards are measured. The second step uses these measurements
to make computations from this acquisition to correct the result. The meaning of the
term calibration in the VNA measurement context is different from the usual meaning.
Typically, most electronic measurement equipment is calibrated by measuring with other
equipment with lower uncertainty, typically once a year. The calibration of the equip-
ment is certificated by the application of a calibration label. In the context of VNAs,
there is at least another meaning for the term calibration. The calibration concept in its
traditional meaning is still valid, as the VNA can be sent for calibration every year. For
VNAs, another form of calibration that is performed in-site each time the system is set
up for making measurements is referred to with a more proper term: vector error correc-
tion. This process is used to characterize systematic error which is present when making
measurements using the VNA. This calibration is needed because of two reasons:

 Imperfections of the VNA hardware (for example the finite directivity of the internal
directional coupler).

o Presence of cables connected externally to which reference planes shall move past.
For example, the cables that have to be connected to the front-panel VNA connectors
before making the measurements possible.

The calibration will remove the effect of these impairments, to obtain high quality DUT
measurements. The vector prefix is used as the error correction is both for amplitude and
phase response of the data acquired from the VNA. [5].
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De-embedding

De-embedding and calibration are similar concepts, but their scope is different. Consider
figure 1.

VNA calibration De-embedding
-“Measure of known “Measure of the fix-dut-fix
structure
standards —"\ -“Measure of known standards
-Error correction 4
-De-embed the DUT S-parameter:

Figure 1: Steps of two-tier calibration.

To obtain the DUT S-parameters, it is possible first to calibrate in a common coaxial-
SMA environment and second to measure the combination of the fixture and DUT (fix-
DUT-fix) [6]. If the fixture can be characterized, its effect can be removed and the DUT
response is de-embedded from the measurements. This process consisting of two steps
is referred to as two-tier calibration [7]. Each step moves the reference planes of the
measurements closer to the DUT. This requires two sets of calibration standards: the first
one is made by high accuracy and repeatable typically coaxial standards, the second one
instead uses insitu calibration standards (that provide more precise characterization in
a particular environment). The fixture characterization can be accomplished in different
ways as will be discussed in later sections. The best possible way to de-embed the fixture
is to determine the exact s-parameters of the fixture [6]. Usually, direct measurement
is not possible. The approaches for the second-tier could be to model the fixture in
an EM structure simulator to estimate the S-parameters, port-extension techniques to
characterize loss or fixture delay, or time-domain gating applied to a 2x-thru back-to-back
connection of the fixtures [1].

0.2.2 Literature review
Early VNA calibration

At the end of the 1960s, it was introduced the first calibration techniques for automated
vector network analyzers measurements. These techniques worked for two-ports mea-
surement systems, and were already introducing the concept of "error network' [8]. The
concept of "error network" is still used in recent works to gather the imperfections of the
VNA and the effect of test cables in two fictitious two-port networks in the front of the
DUT. This work [8] and those available at that time (like [9, 10]) were developed to re-
move the test-set errors occurring in the measurements of linear two-ports. The systematic
measurement errors were represented using imaginary two-port error networks, described
by their S-parameters. These parts have to be removed from the measured quantities as
they are not related to the DUT. These deviations stems from stochastic (like noise) and
drift (like environment variations) causes but also from the instrument itself. Random
uncertainties cannot be removed but can be estimated. The latter contribution (from the
instrument effects) is repeatable and thus corresponds to a systematic error that can be
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removed by calibration, which is made by measuring known standards and applying the
correction. In [9] the calibration standards for two-port network calibration were a sliding
load (which reflection is measured in three different positions), a short, an offset-short
(a shorted coaxial line one-quarter wavelength long at mid band), and a thru (a direct
connection of the two-ports). Then, reflection and transmission measurements are made
on the DUT and an iterative process solves for its scattering parameters s11, S12, S21,522
using the coefficients acquired during calibration standard measurements. These solutions
were using numerical and iterative computations, making the calibration of a VNA a long
process. The sliding load was used to simulate a match termination. It is difficult to
realize a perfect matched load. A sliding load is a transmission line with a load that
can slide along it: this provides a constant magnitude reflection coefficient and the slider
can change the phase angle according to a 28l variation. By measuring the device for
different load positions it is obtained a circle on the complex plane, which center point is
the coeflicient to be used in the calibration process.

In [11] a simpler technique for directly solving for the scattering parameters of a two-
port DUT was developed. This method used the calibration standards of an open, a short,
a match (each at both VNA ports), and a thru. The "error network" was still the same
as [8], containing eight terms (the four S-parameters for each fictitious error network), but
the expressions of the two-port DUT S-parameters were obtained for the first time in an
explicit form. This has proven to save a lot of computer time, as the DUT S-parameters
have to be determined at every frequency.

The following works provided a variation on the calibration standard used and on the
error network model. In [12] closed-form formulas and procedures were provided for two
cases: two known standards and a sliding termination and one known standard and two
sliding terminations. For the calibration, the magnitude and the initial phase angle needed
not to be known but were required to be constant. Closed-form expressions were derived
to calibrate the VNA for one-port measurements, requiring in this case just only one
error network [5] described originally as a matrix of four S-parameters. In [9] turned out
that for one-port reflection measurements the error correction required only three terms
from the error network: si1, S92 and the product s12891. This three-term error model
is still nowadays the most common representation of one-port calibration for reflection
measurements [5]. For one port devices, the reflection measurement can be performed
without having a complete two-port calibration.

While one-port calibration uses the three-term error model, regarding two-port mea-
surements the situation is different. There are alternative error adapter models which
were developed, that mainly depends on the VNA internal architecture. Nowadays, the
most used calibration routines use the twelve-terms or the eight-terms error model.

In [13] it was considered a two-port error model that included leakage paths: this
contribution, that increases the number of error terms in the error model, is nowadays
typically neglected (as the crosstalk of modern VNAs is lower than the noise floor of the
instrument) but in the earlier VNA systems it was shown to improve the measurement
accuracy. It is proven that an increased measurement accuracy from the VNA can be
acquired by improving the hardware or the calibration standards, but also by increasing
the number of error coefficients included in the error model [5]. This number depends on
the hardware topology of the VNA, in particular the number of measurement receivers,
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the number of ports, and the required accuracy. Nevertheless, this work proposed for
the first time a twelve terms error model that is still used today. Two different VNA
architectures represented with different flow-graph models were considered. The first is
the one considered in [9], where the reverse measurements of the DUT S-parameters are
made by manually reversing the DUT to allow measurements in both directions. The
error model for the forward (s11, s12) and reverse (sa1, So2) direction measurements were
considered. For each direction, the error model includes six terms, reducing to only five
if the leakage term (also called crosstalk one) representing the signal leakage between the
measurement ports is not considered.

The 12 error terms are computed using the expressions of [9], but the DUT S-parameters
are now found by a direct (non-iterative) computation according to the expressions in [13].
The second one considers the presence of a coaxial switch that automatically allows the re-
verse measurement of the DUT S-parameters, as in modern VNAs. Again, the calibration
standards were a short, an offset-short, and a match termination simulated by a sliding
load. The error terms included in the model are ten if the leakage in both directions
is considered, or eight if it is neglected (like [8]). The DUT S-parameters are obtained
directly from formulas accounting for the 8(10) error terms.

Summing up, at this point the models used for calibration were the following. For
one-port measurements, a three-term error model still used today was introduced. For
two-port measurements, it was not initially provided a unified error model for different
test sets. It was available an eight-term one, ten if crosstalk is included, that modeled
the bidirectional measurement of two-port devices. It required the knowledge of all four
S-parameters for each fictitious error adapter put in front of the DUT. For unidirectional
DUT measurements, a five error term (six when considering crosstalk) model was devel-
oped. Other models made a distinction between the presence of a coaxial switch inside
the VNA architecture or not. The twelve terms error model [13] unified the description of
the measurement system and became the standard model for the description of two-port
VNA [5], being independent of the test set configuration. This model is still in use today
to calibrate modern VNAs, under the name of SOLT (short-open-load-thru) or TOSM
(thru-open-short-match) calibration.

In general, the calibration procedures developed so far are using two categories of
models. The ones employing twelve error terms (made with two separate six terms models
in forward and reverse measurements), aim to model the error network according to the
internal architecture of the VNA. As will be described, the error terms are directly linked
to the characteristics of the reflectometers (or directional coupler) that made up the VNA.
This model can be adapted to different VNA architectures providing in this way a unified
error model. The models employing eight error terms were initially based on a purely
mathematical approach, as they are represented by two imaginary error boxes with their
respective S matrices. These models can be used directly only on VNAs with a complete
reflectometer on each port. Each model needs different calibration measurements. The
calibration based on the twelve terms error model requires six independent measurements
for each direction [13] (or five each if crosstalk is neglected). As seen from the cited
works, the most common one-port standard used are the open, the short, and the load
(for each port), and a thru for the two-port connection. Those one-port standards were
the most commonly used as they provide good separation of variables. For the eight-term
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error model, it will be seen now that they rely more on two-port standards rather than
requiring precise open, short, or load reflection coefficients.

In general, the eight-term and the twelve-term model can be both applied and be
interchangeable only for the VNA architectures with a reflectometer on each port [4]. For
VNA with only one reference coupler, the twelve-term model can be used.

Calibration with the seven-term error model: self-calibration

The equations that represent the link between the DUT and measured S-parameters of
a DUT embedded in the twelve terms error model are particularly complicated. The
eight terms error model can provide advantages in the calibration procedure. The big
advantage of this representation is that the system can be modeled as a cascade of three
two-port networks, the DUT and the two error boxes representing the instrument im-
perfections. In this way, the vector error correction and be applied using transmission
parameters [14]. Another advantage is that to perform a full two-port calibration, only
seven out of eight error terms are required [5]. To distinguish these new approaches from
the old eight-term error models, these are called seven-terms models. The basis of this
new approach was first proposed in 1975, when a work carried in the "Analog Techniques
Department' of Tektroniz [15] described a new procedure for system calibration in au-
tomated S-parameters measurements, employing this concept. This procedure used only
three standards, the "through', the "short" and the "delay"'. A closed-form mathemati-
cal expression for calibration was found. "Through" indicates the "thru" connection, the
"short" an ideally perfect short termination at both ports, and the "delay" a 50 Q line
of arbitrary length and unknown propagation constant connected between the two in-
strument ports. An algorithm to obtain directly the S-parameters of these networks was
provided. For the first time, the procedure employed the conversion of the scattering
parameters into transmission parameters. With respect to previous works, the standards
do not include mechanical parts as the sliding loads, but it requires a good accuracy in
the "delay" standard characteristic impedance and on the short quality. In any case, the
most important feature of the standards is that for the first time they were not required to
be fully known. In fact, in this work, the knowledge of the "delay" standard propagation
constant is not required. The techniques that use the seven terms error model to calibrate
the VNA with standards only partly known are called self-calibration techniques.

Thru - reflect - line calibration

Probably the most important self-calibration technique is the TRL (thru-reflect-line) cali-
bration, first introduced by G.F. Engen and C.A. Hoer in 1974 [16]. It used the seven-term
error model to calibrate the VNA. The only one-port standard used is the "reflect” one,
which can be only partially known. The two-port standards are the "line" one (a transmis-
sion line of known impedance and partially known propagation constant) and the "thru".
This feature is possible thanks to the redundancy of measurement results. Another pe-
culiarity of the TRL is that it is the only technique that employs a distributed standard
(the line) to fix the characteristic impedance of the system. This fact made it possible to
achieve measurement traceability using well-defined air-isolated line standards [5]. The
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TRL calibration is used when classical standards like open, short, load cannot be realized
(for example when measuring devices with non-coaxial interfaces). The TRL can work
for higher frequencies than the SOLT, as the accuracy of the SOLT calibration depends
on the accuracy of its standards, which inevitably degrades when the frequency increases.
After the TRL was introduced, many others self-calibration techniques came out, in par-
ticular the TRM (thru-reflect-match). This strategy replaces the line standard, which
is a two-port one, with two measurements of one-port standards, the "match"'. This and
other self-calibration techniques, using the seven-term error model, such as the LRM (line-
reflect-match), SOLR (short-open-load-thru), LRRM (line-reflect-reflect-match), QSOLT
(quick-short-open-load-thru) are providing flexibility regarding the type of standards (e.g.
coaxial or wafer-level, known or partially known), the frequency range, speed, cost, and
accuracy.

The TRL calibration (and all the other self-calibration techniques) can be applied
for VNAs that have four reflectometers, described with the seven-terms error model.
However, the TRL provides flexibility, as it can still be used on cheaper VNAs with only
three reflectometers under the variation of "TRL*" [17]. In the same way, also the LRM*
is available. The TRL* calibration results in the same twelve-terms error model as the
SOLT. This allows the extension of the TRL to the three reflectometers VNA, however, it
cannot correct for the change in the impedance of the switch when it is thrown between
the forward and reverse directions. The result is that the source and load match get
averaged for each port. All the self-calibration techniques can work for a twelve-term
model description (three reflectometers) assuming that the VNA port matches are the
same when making measurements in the forward or the reverse direction. This fact is
never true, as the match of the source and load changes when the switch is thrown.
Since the source and load match are not corrected, SOLT can provide the most accurate
calibration since it can perform a full twelve-term error correction for three receivers VNA,
and the TRL* is used when the SOLT standards are not available [17]. Instead, for VNA
with four receivers, the TRL technique can correct this changing port match [18]. The
TRL* assumes a perfectly balanced test set architecture. The TRL* is used in VNAs that
have three measurement receivers, instead of the SOLT calibration, when it’s difficult to
have precise one-port standards.

In conclusion, the TRL* determines the parameters of the seven-term model, but they
can be transformed into the error terms of the twelve error model. The source match and
load match, however, cannot be computed.

Multi-port calibration

More recently have been developed VNAs with four, eight, and even twelve ports. The
need for VNAs with a greater number of ports is due to the benefits in terms of measure-
ment time and data post-processing time that is gained when making a single measurement
per DUT. It is possible to measure multi-port DUTs with a two-port VNA, but this re-
quires to make multiple measurements to be combined to produce the desired result. Of
course, the calibration of a multi-port VNA has to be addressed. The most important
techniques are described in [19]. The multi-port calibration techniques are still based on
the TRL and SOLT for two-port systems.
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De-embedding of the DUT S-parameters

A different topic from the calibration is the de-embedding. The need for de-embedding
is having growing importance nowadays. Traditionally, RF and microwave components
have been designed with a coaxial interfaces. Their direct measurement is possible once
the VNA, which has a coaxial interface, gets calibrated with one of the state-of-the-
art techniques. Modern systems are providing higher component integration and lower
manufacturing cost [20]. Expensive coaxial interfaces are being replaced with designs
that use PCB and surface mount technologies (SMT). The problem is then to measure
the performance of these components with the coaxial interface measurement system.
A test fixture is required to interface the DUT placed on a PCB with the VNA. As a
consequence, the DUT characterization requires removing the test fixture contribution
from the measurements.

The problem of de-embedding is different from the calibration, as the latter aims to
correct for the systematic error introduced by the imperfections of the test equipment.
Nevertheless, they are strictly linked, and it’s possible to find a mathematical equivalent
between these two topics. A DUT embedded in a test fixture can be represented as the
cascade between three networks [20]: the left fixture, the DUT itself, and the right fixture.
This representation is equivalent to the eight-term error model used for VNA calibration.
In the same way, the VNA calibration can be viewed as a de-embedding of the correct
measurement from the error boxes. The model can contain also two additional terms, the
crosstalk ones. They are usually not included in the fixture model as they are not a source
of an error, unless when measuring DUT with very large insertion loss (on the order of
the test fixture isolation).

The de-embedding techniques found in the literature fall intp different categories [21,
22]: modeling, direct measurement, and in-fixture calibration (also called two-tier calibra-
tion). The mathematics used to de-embed the fixture is common to each of these tech-
niques, instead, the difficult part of the problem is to determine the scattering parameters
that describe the test fixture. The object of this thesis work is the last technique.

Modeling-based de-embedding is based on creating a model of the test fixture S-
parameters. The approach to this problem strongly depends on the type of the test
fixture. The simplest case is when the fixture can be modeled as a lossless transmission
line, of matched impedance and electrical length. In this case, de-embedding is made
by shifting the reference planes [2] after the VNA has been calibrated at the ends of the
test cables, correcting the phase of the measured S-parameters. Modern VNAs can make
this correction real-time, using the port extension feature [20]. If the test fixture is more
complicated, the port extension leads to inaccurate results. Usually, this is the case, as
at least the coaxial transition to the PCB is part of the test fixture to model. In this
situation, 2D or 3D electromagnetic simulators can be employed, but the accuracy of
the results will depend on the accurate modeling and description of the fixture (material
and physical dimensions). This approach is better applied for test fixtures that are quite
simple, due to the cost and complexity of electromagnetic modeling.

The de-embedding based on direct measurement requires test equipment able to mea-
sure the fixture on which the DUT is mounted. In practice, it requires expensive and
dedicated test equipment (such as an RF probe). This is the strategy that provides the
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highest accuracy [6].

The approach of in-fixture calibration, or two-tier calibration, is employed in this work.
The in-fixture calibration, or calibration on board, requires to realize calibration standards
on the test board. It uses the conventional SOLT or TRL calibration approach. While
this solution implies a more complex test board, it has the advantage to remove the test
fixture effect using a more accurate method than the modeling. To apply an in-fixture
calibration, it is required a PCB that is used as a calibration board, where the standards
of the SOLT or TRL are fabricated. This de-embedding strategy requires the creation of
an in-fixture calibration kit. Then, the calibration algorithms used for VNA calibration
can be adapted for the de-embedding of the DUT measurements. The most effective
solution for SMT components is to realize a TRL-TRM calibration kit [6]. The reason
is that the standards need not to be characterized, unlike SOLT, fitting better for on-
board calibration. The kit consists of a PCB on which the standards of the thru, reflect,
match, and line are realized. This set of standard is measured and the data is used to
compute the scattering parameters of the fixture. Then, the measurements made at the
plane where the VNA is calibrated are exported and processed, to de-embed the DUT.
To examine the de-embedding response in real-time, it has been proved that is possible
to include the test fixture S-parameters in the error terms (twelve or eight) used by the
VNA for calibration [20]. In this case, is the VNA that performs all the de-embedding
computations.

0.2.3 Position of the work among the literature

The procedure to perform a de-embedding with in-fixture calibration is available in the
literature for two-port networks. Some examples can be found in [23, 24, 25]. These
two works show the implementation of the TRL calibration on a PCB on which SMD
components are mounted. The interface with the VNA is possible thanks to female SMA
connectors that are soldered on the board. The first work considers two symmetrical
fixtures (or error networks), consisting of a microstrip transmission line with a series
SMD capacitor. The error networks connected to the correct calibration standards are
replicated on a second board. Due to their symmetry, the open short and load standards
are just created for one error network. The calibration standards are measured and
the correction is applied in real-time by the VNA, through the correction of the error
terms of the calibration. The S-parameters of a two-port DUT, a low pass filter, are
extracted from the total measurement. In [24], the calibration structure to de-embed a
bandpass DUT is placed on the same board of the DUT, to have a better accuracy. In [25],
a solution is proposed to account for the finite length of the thru standard. Another
work [26] is performing the de-embedding realizing the SOLT standard onboard. In this
case, the calibration is improved by providing to the VNA software the model of the open
termination, the most critical one, providing a fringe capacitance value.

Other than the SOLT and TRL, other techniques have been developed for the de-
embedding [1]. For two-port DUTs, a new technique is the "2x-thru" [27]. The most
important advantage consists in the fact that de-embedding is performed using just one
standard made up by the back-to-back connection of the two fixtures: this structure
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is called "2x-thru'. The technique allows the computation of the complete fixture S-
parameters, unlike the de-embedding with the normalization technique. However, the
"2x-thru" de-embedding has some disadvantages. First, it requires the acquisition of the
S-parameters of the calibration structure with a large frequency span, starting close to DC,
and high resolution to achieve better results since it performs time-domain computations
to characterize the fixture. Second, this technique provides accurate de-embedding only
when the test fixtures are transmission lines, without discontinuities [28]. A similar de-
embedding strategy is known as the "lx-Reflect" [1]: this does not require a separate
de-embedding calibration structure as it uses DUT test fixture itself to compute the error
model. To apply this technique, it’s required that the DUT is removable. In any case, it
has the same limitations as the "2x-thru" method.

Considering the available research, the most accurate method for de-embedding a DUT
from a general error network is the TRL/TRM. This strategy is the chosen one for this
thesis.

Regarding multi-port de-embedding, in literature are not available many research pa-
pers. The most general one is [29]: it is provided a strategy to de-embed a DUT from N
fixtures. The considered case is taking a DUT embedded within three identical fixtures
made by a microstrip line. The technique requires the knowledge of the scattering param-
eters of the fixtures, which were obtained using a "2x-thru" calibration. However, there is
no indication on how to realize a calibration board if the error networks are asymmetrical
or are not consisting of simple transmission lines. This is showing a research gap that this
work is trying to fill. The point is to determine which calibration structures to realize,
which measurements to make and which math to apply when the DUT is embedded in
more than two different error networks.

The work presented in this thesis will describe how to realize a calibration board to
de-embed N-ports DUTs from its test fixture, starting from the classical TRL and TRM
strategies.
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Chapter 1

Test fixture de-embedding

1.1 Summary

This chapter is dedicated to providing a rigorous and complete description of the cali-
bration procedure that will be used for the de-embedding of multi-port DUTs. First, it
will provide a short description on the characterization of microwave circuits with the
scattering parameters. Then, it will be provided a detailed description of the error models
used for VNA calibration. After describing the need for the de-embedding for in-fixture
measurements, the strategies of modeling and direct measurement are quickly reviewed.
Then it will be described the two in-fixture calibration techniques proposed in this work,
the TRL and the TRM. They are first analyzed for the case of two-ports DUT, in the
case of symmetric and unsymmetric test fixtures. A mathematical, as well as a simulation
(SPICE) approach, is used to investigate on their characteristics. After this, the con-
cept of multi-port de-embedding is introduced by extending the two-port de-embedding
to work for 2N and 2N + 1 networks. It will be described the calibration structure used
to apply TRL and TRM to an N-port DUT. This approach is validated in a simulation
environment. At the end of this chapter, it is provided a step-by-step procedure required
to de-embed the DUT.

1.2 Introduction

Nowadays vector network analyzers (VNA) are one of the most advanced measurement
systems that are used at microwaves. They are primarily used to measure the scattering
parameters of microwave circuits. The scattering parameters are used to characterize
microwave circuits using the concept of traveling waves [30]. A review of the description
of N port networks with scattering parameters is now provided.
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1.2.1 Microwave circuits
N-port analysis

Considering an electrical network, made up by the interconnection of electric elements
connected to a generator, the surrounding space internally or externally these elements
is home to electromagnetic fields. Maxwell’s equations and constitutive relationship of
mediums are describing the distribution of the electric and magnetic fields. In principle,
to fully describe a circuit, the solution of these equations to determine the field distribu-
tion is required. However, to determine the current and voltage of the individual circuit
elements it is sufficient to work with a lumped-parameter model. Circuit theory employs
this model to provide the equations of N-pole elements without taking into account the
electromagnetic field in space. The lumped-parameter model can simplify the description
of the spatially distributed physical elements that made up the electrical network. The
assumption under which this model is valid is that the physical dimension of the electrical
network has negligible size compared to the wavelength of the electric signals that interest
it. These circuits operating at low frequency are described using Kirchoff voltage and
current laws and the impedance concept of circuit theory. As the operating frequency in-
creases, these techniques can’t be applied as they are for microwave circuits. As explained
in [2], basic circuit concepts can be adapted to describe microwave problems of practical
interest. This operation is welcome since it is much easier to describe a microwave net-
work employing the familiar concepts of lumped-element analysis than to solve Maxwell’s
equation: this solution is made possible by adopting the concept of microwave circuit. In
addition, usually, the knowledge of the electromagnetic field in all the points in space is
way more information than needed for the design or analysis of a microwave circuit. Most
of the time, we are only interested in how the voltage, current, and power at the externally
available terminals of the network are related. As reported in [31], we define a microwave
circuit as a "region of space confined by perfectly conducting walls, enclosing an EM field
and connected to the external space by N transmission lines', as depicted in figure 1.1. At
each line, we define a reference plane T; sufficiently distant from the circuit such that only
the dominant propagation mode is present, which can be described in terms of equivalent
voltages and currents. The volume that encloses the distributed-element circuit can be
represented as an N-port network.

Figure 1.1: N-port representation of a microwave circuit [31].

28



1.2 — Introduction

Matrix representation

A microwave circuit with N apertures can be represented as an N-port network [31].
To completely characterize a linear circuit, the relationships between the 2N voltages
and currents at each port are employed and linked to each other by parameters that are
extracted by measurements under specific conditions. This procedure will lead to a matrix
description of the network. These parameters are then used to completely describe the
electrical behavior of the network even when the source and load conditions change with
respect to the ones used for the measurements. The most employed parameters are briefly
described in the following sections.

The impedance matrix The impedance matrix Z of the N-port network relates the
voltages and currents:
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sz ZQl Z22 ZZN ]2

=1 . . (1.1)
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Each element Z;; can be found as:
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Zij = TZ (1.2)
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The Z;; element is found by driving the port j with a current source I; and computing

the ratio V;I; with other ports loaded with an open circuit.

The admittance matrix The admittance matrix Y of the N-port network relates the
voltages and currents:
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Each element Yj; can be found as:
I;
Yij = - (1.4)

V} Vie=0fork+j

The Yj; element is found by driving the port j with a voltage source I; and computing
the ratio I;V; with other ports loaded with a short circuit.

The scattering matrix The main problem of Y, Z, and other similar representations
such as ABC'D and h parameters is that at microwave frequencies it is difficult to mea-
sure total current or voltage. Open-circuit and short-circuit conditions are difficult to
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A
be created above 300 MHz, since after a displacement of 1 an open becomes a short.

Furthermore, active devices employed in amplifiers have to deliver power to avoid oscil-
lations (instability), and this can’t happen when the load is an open or a short. At high
frequency, power, reflection coefficient, gain, and loss are easy measured, so a matrix rep-
resentation that employs these familiar quantities is desirable. S-parameters deal with
incoming and outgoing waves at the network ports. While voltages and current can’t be
measured directly, this is not true for the amplitude and phases of the waves that travel
along the transmission lines connected to the N ports, which can easily be measured [31].
Forward waves are the ones traveling towards the network, while the ones coming from
the network are called reflected waves. Considering the microwave circuits in figure 1.1,
the forward and reflected waves at each reference plane T; are defined as:
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The scattering matrix expresses the outgoing power waves b; as linear functions of the

incoming ones a; [31]. In this way, they provide a complete description of the N-port
network (and can be converted to other matrix parameters, if needed):

by = s11a1 + S12a0 + - - + S1NvaN

by = sp1a1 + s22a0 + - - + Sanan

by = sy1a1 + Sno2ag + - - - + SnyNan

The S-parameters are defined when the characteristic impedances of the lines connected
to the ports are determined: the set of values Zy; (all considered to be real !)is also called
the reference impedance, and the value of the S-parameters depend on the choice of it.
Usually, the reference impedances are chosen to be all equal to 50 Q. Each term of the
matrix is computed in the following way:

Sl] = ;j al:dz:;é-:an:o <1'7)
a;#0

In the most general case the reference impedance can be complex (as in the case of lossy lines

or lumped elements circuits), resulting into Zgr = Rr + jXgr In this case, a = V+2Zrl while b =
2v/Rpgr

V= Zpl [2]. The reflection coefficient can be found as: Ty, = b_V=Zpl_ Zn— ZR. With this
2v/Rr a V+Zrl Zp+Zgr

R
definition of the forward and reflected power waves, the concept of scattering matrix can be applied
also to lumped-elements circuits, when no transmission lines are present. However, only in the latter
case a and b are quantities are representing the actual waves that are propagating along the lines.
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So s;; is computed by evaluating the ratio between the power wave coming out of port
1 and the one going into port j, when no other wave is incident on the remaining ports,
condition that is met by closing them on a termination equal to the respective character-
istic impedance Zy;. This is the only conditions that guarantees that no power is reflected
from each port towards the network, making a; = 0.

Physical meaning of the scattering parameters and incident and reflected waves . The
scattering parameters s;; are related to power traveling through the network. The incident
and reflected waves b; and a; have the dimensions of v/, and they are defined such that
their square of the magnitude (]a;]?, |b;]?) is representing power (W) that is traveling in
the forward or backward direction.

To show this concept, the power delivered to the load connected at the end of a trans-
mission line is considered. In particular, the total voltage and current on a transmission
line with characteristic impedance Zy can be written in terms of forward and backward
voltage waves as:

V=V +Vy (1.8)

1
=7

Where the net power delivered to a load is written as:

1 Vo =Vo) (1.9)

11 e
P = 5%(‘/1 ) = %%(Woﬂz —ViVe VeV = Vg ) =

1 (1.10)
= — (Vo' P = Vg |H) =P - P
7 (Vi P =1V )
So Pr, the average power delivered to the load, is obtained as the difference between the
incident and reflected powers [2]. This result can also be applied when Zj is complex (lossy
line) or when does not exist a transmission line between a generator and a load? by the
definition of the incident and reflected power waves a and b, linked through a generalized
reflection coefficient, the scattering matrix. In fact, the voltage and current are expressed
in terms of power waves amplitude a; and b;:

Vi = (a; + b))V Zoi (1.11)

(a; — bi)

L=
Zoi

(1.12)
Considering the power transfer between a source E with internal impedance Z; that is
chosen as the reference impedance for the scattering parameters and a load Z, (as depicted
in figure 1.2):

2In this case a and b waves are not representing physical traveling power waves.
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Figure 1.2: Generator providing power to a load.

1 1 1 1 Zr|? R 27,
P = 7%(‘/1*) _ §|V’2§R () | L’ |2’E|2 L 0

2 Z; ) 20Z0+ Zs (R2 + X2)2Zy (113
|E|>  2ZyR; e 2Z0Ry, '
= = |a
4Zy (R7 + X})+ X} (R2 +X32)+ X?
Where the last equality comes from:
1 1
= ——=(V+24y]) = —F—=F 1.14
"z vz 1
In maximum power transfer condition Zj, = Z;:
1
P = Py, = 5ya|2 (1.15)

Z1=7

1
So the available power of the generator connected to port i is expressed as Pa,,; = §|ai|2.

Now, considering the difference between |a;|* and |b;]?:

1
§(|ai|2— b:[*) =
1 2 * * 2 2 2 * % 2 2
:2,420(\V| + ZoVI* + ZoIV* + Z2|I)? = V)2 + ZoV I+ ZoIV* — Z3|1)?) =
1 1 1
4Z0 4 2

(1.16)
The equation above is representing the net power delivered to the load as the difference
between the incident and reflected powers [2], and the quantities a; and b; can be regarded
as power waves. The average power delivered to the load is the difference between the
powers of the incident and reflected power waves. When Z;, = Zj there is no reflected
wave(b; = 0), and the power delivered to the load is the generator’s available power.
The physical meaning of the scattering parameters can be investigated by applying the
definition of them.
Considering the diagonal elements of the matrix:
< b ~ Vi— 2ol  Zi— Zy
u a; a1=as=--=a,=0,a;#0 V; + ZOIZ a1=as=+-=a,=0,a;7#0 ZZ + ZO a1=az2=-=an=0,a;#0
(1.17)
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So the term s;; is the reflection coefficient seen looking into port ¢ with all the other ports
closed on their reference impedance, to make a; = 0. Considering that |a|? and [b|? have
b; |?

? == is
012012:"':@71:0’@1'5&0
representing the ratio of the power reflected from port ¢ to the power available at port .

For the elements outside the diagonal:

the meaning of forward and backward power waves, |s;;

i

5 bi Vi — Zol; 2V,
a; a1=az=--=a,=0,a;%#0 ‘/J + ZOI] a1=az=--=a,=0,a;%0 EJ a1=az=--=an=0,a;%#0
(1.18)
So the term s;; is the transmission coefficient between port j (input) and 4 (output), with
2
b,
all the other ports closed on their reference impedance. |s;;|? = |—
aj a1=az=--=an=0,a;#0

is representing the ratio of the power delivered to the load on port 7 to the available power
of the source connected at port j, also called the transducer power gain.

1.2.2 Vector network analyzers

The vector network analyzer (VNA) is the instrument that can measure the S-parameters
of microwave devices, both in magnitude and phase. This is done by measuring the
incident and reflected waves at each port of the device under test (DUT) while providing
the required input signal at the different ports. It is a stimulus and response system,
with one RF source and multiple measurement receivers. A very simple description of the
components that made up a VNA is reported in [4]:

e One (or more) continuous wave sources with controllable frequency. It is imple-
mented as a continuous wave synthesizer (CW): a pure sinusoidal tone that is swept
over a broadband.

o Directional couplers for discriminating between the incident and reflected waves at
the ports are representing a key component of a VNA. They are three-port devices
that separate the incident wave from the reflected wave while a small portion of the
forward wave is coupled out.

e One or more receivers to take the incident and reflected waves, performing down-
conversion to IF for processing.

e An IF section and digitizer to process the converted wave amplitudes into a form
useful for display.

Directional coupler

The directional coupler is the most important passive component in the microwave mea-
surement field: it is the device that can separate the incident and reflected waves [4]. The
four-port directional coupler is schematized in figure 1.3.
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Figure 1.3: Schematic of a directional coupler.

The scattering matrix of a reciprocal and symmetrical directional coupler is the follow-
ing [4]:

511 S12 813 S14 p b koo

S21 S22 523 S24 | _ L opr v kK (1 19)
531 532 533 S34 kv p2 o '
S41  S42  S43  S44 L kol po

The diagonal terms represent the matching (p; ~ ps ~ 0) and the terms [; and [y are
the losses of the main line (between ports 1 and 2) and the coupled line (between ports 3
and 4). For simplicity it’s possible to consider [y ~ Il ~ [. The scattering matrix of the
directional coupler becomes the following:

511 S12 513 S14 0 1 k

So1 S22 S23 saa| _ |1 O 0 K (1.20)
531 S32 533 S34 E v 0 1 )
S41 S42 543 Sad4 ¢ k10

The term £k is called the coupling factor and ¢ is the isolation factor.

The most important use of a directional coupler is when it works as a reflectometer,
a device capable of separating the incident and the reflected waves on a device under
test. Let’s consider a load with reflection coefficient I' = 32 connected to the direct port,
the isolated port connected to a matched termination Z;, a power meter with the same
impedance connected to the coupled port, and the input port connected to a source Ej

with internal impedance Zy. It’s possible to write:

bs =k ~k
3 aq -+ Lag aq (121)
by = tay + kao ~ kas
The last equality stems from considering ¢ ~ 0. Since by = la; it results:
— —k
by = kar = 7bs (1.22)
b4 = ]{?CLQ = krbz

The reflected waves at ports 3 and 4 are proportional to the reflected and incident waves
at port 2. This can be used to measure the reflection coefficient I'. In fact:

Vi+ 2ol  Ep
— A 1.2
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_ ZolIaP? _ [ba® _ |RPICPB2  [RPTPEPlaa*  [RPTPE Eof

Prcter = = Ppaz|T|?
meter 2 27, 27 27, 870 mas T

(1.24)

The power P, is the power measured by the power meter when a load with || = 1

(short or open) is connected. After P, is measured, the magnitude of the reflection
coeflicient of the load connected to the direct port can be obtained as:

P’meter

r:
|’ Pmax

(1.25)

It is noted that even if the directional coupler is ideal and only the magnitude of the load
reflection coefficient is being measured, a calibration by connecting a one-port standard is
already required. Real reflectometers have a source and isolated impedances different from
Zy (mismatch error) and are asymmetrical (the s-parameters are not close to the ideal
ones). This system can be extended for the measurement of the phase of the reflection
coefficient. The phase measurement can be theoretically done in the analog domain, but
the best results are obtained when this operation is done digitally [32]. The goal is to
measure the phase shift between two signals at microwave frequencies, 1 = Ajcos(wgt +
01) and xo = Ascos(wpt + 63). Since they can’t be directly digitized, they first need to
be downconverted by a mixing operation with a local oscillator (wrp) to an intermediate
frequency (IF). The phase shift between two signals is kept after this operation.

y1 = Ajcos(wrt + 01)Apocos(wrot) =

1.26
- AV;LO (cos((wr +wro)t + 01) + cos((wr — wro)t + 01)) .

Yo = Agcos(wpt + 03)Apocos(wrot) =

27
- % (cos((wr + wro)t + 02) + cos((wr — wro)t + 62)) e

These signals have an high-frequency component and a low-frequency one (at the frequency
difference). The latter is called the downconverted signal. The important point is that
the phase difference between these two (6; — 63) is the same as the original signals 27 and
xg, even if they are now at a very low frequency (kHz range) suitable to be digitized. The
phase difference is determined by digital processing [32].

A one-port VNA is realized by combining a directional coupler used as a reflectometer,
an RF source, the down-converter, and the ADC for the digitalization. This structure is
reported in figure 1.4.

35



Test fixture de-embedding
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Figure 1.4: Architecture of a one-port VNA.

This arrangement is able to measure the magnitude and phase of the DUT reflection
coefficient. In fact b3 = kaq, by = kas = kiI'a; from which:

by
2
e

[ == [bs =L —n
Knowing ¢, again by calibrating the system with a known T, it’s possible to obtain the

DUT reflection coefficient in both magnitude and phase. To allow for transmission and
reflection measurements, the system is arranged as in figure 1.5.

(1.28)

‘LO

ADC ADC
50 0 inpus 3 4 ?ﬁ
cou plwolated
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input direct O DUt "’
En@/\/\/\,_(>1 '—r| 2

Figure 1.5: Architecture of a VNA for unidirectional two-port measurement.

This arrangement can provide the measurement of the s1; and the so; of the DUT.
These measurements are referred as forward diirection. To measure s1o and sqp (reverse
direction) the DUT has to be manually turned. Early VNAs used this structure, as there
are research papers describing their calibration [13].

VNA architecture for vector error correction

In this section, it is presented the architecture of nowadays two-port VNAs, from the
point of view of vector error correction (or calibration). To measure the S-parameters of
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the DUT without manually reversing it, two reflectometers along with an RF switch are
used. The most common architectures are the following (figure 1.6 and figure 1.7).

® 4, ;
swiﬁ;? x| ouT
-
A

;

a2 | b2

Figure 1.6: VNA with a complete reflectometer on port 1 and port 2.
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Figure 1.7: VNA with a reference channel put before the switch.

The error models used for calibration are different according to the VNA architecture.
The first one (figure 1.6) has a complete reflectometer on both ports. This architecture
can be calibrated using a seven-term error model, with a self-calibration technique. The
second one (figure 1.7)is a less expensive configuration: it uses fewer components by
putting the reflectometer for the reference signal before the RF source switch [14]. This
model does not allow the use of modern calibration techniques, and it is calibrated using
a twelve-term error model. Self-calibration techniques are possible but do not correct for
the switch imperfections, as will be described.

VNA calibration

Today VNAs are used to capture S-parameters over a broad frequency range starting
from KHz up to millimeter waves. To provide meaningful measurements, a VNA requires
a calibration procedure which is mandatory due to the enormous systematic error caused
by working at microwave frequencies, where the components into play are distributed.
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For example, test coaxial cables used to probe the DUT will introduce a systematic phase
shift and attenuation that greatly affect the measurements: this error has to be corrected
to avoid jeopardizing the accuracy of the results. For performing accurate measurements,
there’s the need to calibrate the test system. By calibration is intended the mathematical
procedure that quantifies imperfections in the test systems applying the correction to
move the reference plane of the test system. Network analyzer vector error correction, or
calibration, is based on the measurement of known electrical standards, such as through,
open circuit, short circuit, and precision load impedance [33].

Calibration means removing imperfections from the test system [34]. Imperfections
include systematic errors that are caused by the non-idealities of test equipment and test
setup: if these do not change in time, they can be characterized through calibration and
be compensated during the measurement process. The DUT is connected to the network
analyzer ports via a test fixture that may consist of coaxial cables and adapters or other
coaxial components. But the test fixture is not part of the DUT so its contribution must
be removed by the calibration. An elegant way to cope with this topic is to employ signal
flow graphs and associate error terms to the test fixture. These error terms are extracted
by measuring calibration standards with a known electrical performance, then are used
for applying the needed correction that sets the electrical reference plane at the DUT.
The calibration routine can be summed up in the following steps:

1. The VNA measures known calibration standards.
2. The results are stored in memory and used to calculate an error model.

3. The error model is employed to remove the effect of systematic error from the mea-
surements.

VNA error model A very efficient way for describing the imperfections of the test system
is to introduce a fictitious error adapter, which is placed between the two-port DUT and
the VNA measurement ports. The error terms are related to the six types of systematic
errors. The first is the directivity. This is telling the capability of the reflectometer to
discriminate forward and reflected waves. For example, a small portion of forward power
could appear in the coupled path, causing an error in reflection measurements. This effect
will be studied in section 2.3. The second one is the transmission and reflection tracking
errors, they are due to the different frequency response of the VNA receivers. A third error
contribution is made by the source and load match errors, as the system characteristic
impedance is not matched to the load port and the source port. For example, on the
source match side, the incident signal to the DUT is reflected from it, returns to the
source port, but due to the mismatch, it is re-reflected back to the DUT, causing an error.
The latter contribution is the leakage or crosstalk error which is usually ignored.

For describing the error models, it’s possible to model the real VNAs of figures 1.6
and 1.7 as a perfect reflectometer that interfaces an error adapter before the DUT [14].
This is represented in figure 1.8.
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Figure 1.8: VNA architectures with four (a) and three (b) ideal reflectometers cascaded
with an error network.

One-port error model To have a better insight on the calibration of two-port VNAs, let’s
consider first the measurement of a one-port DUT (a reflection measurement). The one-
port calibration is made by characterizing and removing four systematic error terms: direc-
tivity (egp), transmission tracking (ejg), reflection tracking (eg;) and port-match (e11) [14].
The most used one-port calibration is the SOL one (short-open-load). This is made by
measuring open, short, load standards and deriving three equations in three unknowns,
terminating the unused ports of the VNA on 50 Q. The one-port error adapter is used
as the interface between the DUT and the VNA port [34]. The goal is to calculate the
terms eqg, €11, €10€p1 that will allow us to transform the incident and the reflected signal
ag, by inside the VNA to the corrected signal aq,b; of the DUT. These terms are called
directivity egg, port match e;1, and tracking ejgeqr.

DUT
do—» » > ER
€10

Y€ €114 a8
€01
bg-—e < <+« b,

Figure 1.9: Error model for one-port measurements [14].
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If we solve the flow graph we obtain:

bo €oo — Ael"

Ih,=—=——"— 1.29
" ap 1— 6111" ( )

L — €00
lh=—"-— 1.30
Lnein — Ae (1.30)
Ae = egoe11 — €10€01 (1.31)

These are combined in the following generic form:
€00 + leen — FAE = Fm (132)

This serves as the basis for calculating the three error terms. In fact, this equation can be
inverted to solve for the actual reflection coefficient, given the I, and eqg, €11, €10€01. Mea-
suring the known standards as OPEN, SHORT, LOAD we have a system of 3 equations,
to be solved for the 3 error terms:

eoo + Iilnienn —T1Ae =L (1.33)
oo + Lolngerr — Ae = Lo (1.34)
oo + Ishnzenn — [3Ac = Lng (1.35)

Solve for the three error terms that represent the independent variables and finally calcu-
late the corrected DUT reflection coefficient. Such measurements and correction routines
are implemented in all modern vector network analyzers when performing a one-port cal-
ibration. An important point is that even if the one-port model used has four error terms
(€00, €01, €10, €11) they are not all independent: to obtain the DUT reflection coefficient
only eqg, e11, and A, are required.

Looking at the signal flow graph of figure 1.9, it’s possible to consider the ideal case
when there is no systematic error present. The error box would behave like as an ideal
"thru" network. In this case, egg = 0 means that no part of the transmitted signal would
directly transfer into the reflected one, e;; = 0 that there is no impedance mismatch
between the components, eg; = e;g = 1 that the transmission and reflection from the
DUT would not be distorted [14].

Twelve-term error model The twelve-term error model is used to describe a two-port
VNA. As shown in figures 1.6 and 1.7, there are two types of VNAs, one with a complete
reflectometer on each port and the other with a reference coupler and a single coupler
on each port. The twelve-term error model was derived for the calibration of this second
kind of VNAs, for the first time in [13]. For cost reduction, these VNAs are realized with
just three receivers. Two of them are getting the reflected waves from the DUT, while
another one is switched to measure the incident wave only at the port where the RF power
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is applied. When the switch in figure 1.7 is thrown, the error model to be used changes
between forward and reverse direction (figure 1.10).

ai b’ '
. . . , —Dbs
a a T b b Sz €32
0 €10 Sy €32 3 €4 1S11 So2f 1€z exn
Y€ €114 YS11 Sz €22 b 8'91 B Si2 _ e’;a s
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0 b| as e'
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Figure 1.10: VNA error adapter terms for the forward (a) and reverse (b) operation [14].

The error terms can be identified as reported in table 1.1.

ego | port-1 directivity e5q | port-2 directivity

e1o | port-1 transmission tracking | eh; | port-2 transmission tracking
eo1 | port-1 reflection tracking 5y | port-2 reflection tracking
e11 | port-1 match ehy | port-2 match

g2 | port-2 match ey | port-1 match

ess | port-2 reflection tracking ey | port-1 reflection tracking
eso | port-1-2 leakage s | port-2-1 leakage

Table 1.1: Name of the terms of the twelve-term error model [14].

The leakage terms ez and ef; are usually neglected and the errors in the models
are effectively twelve. This error model can account for the switch imperfections in the
reference coupler VNA. In fact, the match error at one port of the VNA changes when
that port is acting as a source or as a termination. These error terms are shown in the
error model as ejq, eg, €5, and €];. A typical example of a 12-error term calibration is
the SOLT (short-open-load-thru) technique that uses the four calibration standards for
calculating the error terms. It can be viewed as an extension of the SOL standard for
one-port calibration. The three one-port standards are connected to each of the two VNA
ports and measured. Equations 1.33 to 1.35 are used to obtain the terms ey, €11, and
e1peo1- The same applies to the corresponding terms in the reverse error model. Then it is
measured the two-ports directly connected (thru), to obtain egy and ejgese. The isolation
terms can be obtained by connecting a matched load simultaneously at the two-port and
measuring the transmission. In a similar way to the one-port error model, it can be shown
that the unknowns to calibrate the system and obtain the DUT S-parameters are just ten.
For this reason, the error model is shown in its normalized form (figure 1.11).
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Figure 1.11: Normalized VNA error adapter terms for the forward (a) and reverse (b)
operation [14].

Eight-term error model The eight-term error model is another model used to describe
a two-port VNA (figure 1.12).

a DUT b
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0— < ot < «—2a3

Figure 1.12: Signal flow graph of the eight-term error model [14].

The error terms can be identified as reported in table 1.2. The errors of directivity,
tracking and match terms are taken into account in the same way of the twelve-term error
model. The terms that are missing are the ones related to the RF switch. These terms are
not included in the VNA architecture with two complete reflectometer since the port-1
match, when it is acting as a source, is the same as the port-1 match when the same port
behaves as a termination (e;; = €/;). The same applies for port 2 (e = €b,). This is the
same as considering a perfect switch that does not change the port match of the network
analyzer as it is switched from forward to reverse measurement. This assumption is valid
if the VNA has two complete reflectometers on the DUT side of the switch. In this way,
the switch imperfections are ratioed out from the calibration.
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ego | port-1 directivity

e1o | port-1 transmission tracking
eo1 | port-1 reflection tracking
e11 | port-1 match

€92 | port-2 match

e3o | port-2 reflection tracking
€93 | port-2 transmission tracking
es3 | port-2 directivity

Table 1.2: Name of the terms of the eight-term error model [14].

The eight-term error model directly applies to VNAs with a complete reflectometer on
each port (figure 1.6). It is still possible to calibrate a VNA with one reference coupler
with the eight-term model, assuming that the switch is perfect (e;; = €}y, ean = €y).
The calibration will be less accurate than a full twelve-term one, as the perfect switch
assumptions is just an approximation. The reason for which it could be convenient to
apply an eight-term error model for the calibration is that this model has a series of
advantages that are described below.

e The eight-term error model represents the system as a cascade of three two-port
networks. This representation allows the use of transmission parameters to apply
the vector error correction. In this way, it is easier to compute the new error terms
when additional two-port error boxes (cables, adapters...) are added at the reference
plane.

e The eight-term model directly applies to de-embedding problems. In fact, for the de-
embedding, the fictitious error boxes correspond to physical two-port fixtures that
are connected to the DUT. The eight-term model is useful when the interest is to
characterize the S-parameters of the two fixtures rather than their effect on the DUT
measurement.

o The most accurate self-calibration techniques (TRL, TRM, LRRM, LRL) can fully
characterize a system described with the eight-term model.

Error model conversion The twelve-term and the eight-term error models can be related.
In fact, they describe a similar system. To obtain the relationship between the two, first,
the crosstalk must be neglected in the twelve-term error model. Using signal-flow-graph
manipulation, the conversion is made according to the following table 1.3 [6].
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normalized twelve-term model | eight-term model
€00 €00

€01€10 €01 - €10

€11 €11

ehq €33

€y €22

6’236/32 €23 - €32

€22 €22 + %
€10€32 €10 T
it e+ Su
€23¢01 - et

Table 1.3: Error terms of the twelve-error model in function of the eight-term one.

In [6] is also reported how the eight-term error model is modified to include the switch
terms.

1.2.3 Removing fixture contribution

Before starting the measurements, the first tier of calibration is performed, for example
by using the SOLT technique to compute the quantities included in the twelve-term error
model such to calibrate up to the ends of the coaxial cables attached to the VNA. This
operation moves the reference planes at which S-parameters are linked up to the ends of
such cables. As explained, usually there is the need of a second step of calibration (second
tier), which is referred to as the de-embedding. As reported in [1], the test fixture is the
structure used to connect test equipment cables, that have a coaxial interface, to a DUT
which is typically non-coaxial. The test fixture is made using a printed circuit board
(PCB). The de-embedding is the process that removes mathematically the test fixture
effect from the measured data, providing the DUT contribution only. There are different
possibilities to remove the fixture contribution [35]. If the test fixture S-matrix is known,
the de-embedding consists of the following steps:

« Transformation of the S-parameters into T - parameters [30] : The transmission
parameters can be obtained from the scattering ones as follows.

1 S»
|:T11 T12:| _ 521 521 (1 36)
To1 Th & g 511599

Sy P Sa1

o Inverse multiplication of the matrices : If T and T5 are the transmission matrices of
the left and right fixtures, then the DUT can be de-embedded from the fix-DUT-fix
measurement as follows.

Tear = T1TpurT2 (1.37)
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Tpur = T1 'TeasrT2 ! (1.38)

Considering figure 1.13, the difficult part is then to obtain the fixture scattering parame-
ters, that can’t be directly measured by the VNA since they do not have coaxial interfaces.
As explained, there are three possibilities to obtain the information on the test fixture
scattering matrix: modeling, direct measurement, and in-fizture calibration. The latter
technique is also called two-tier calibration.

Measurement Device Measurement
Plane ' Ptane\ Plane
: i Device i :
Coaxial M Coaxial
Interface ' : Interface

TEST FIXTURE

Figure 1.13: Illustration of the de-embedding of a DUT: test fixture effects are removed
by moving the reference planes [35].

The direct measurement approach is not always practial, as it requires expensive RF
probes to measure on-board fixtures (such as PCB traces). The modeling approach means
to obtain the scattering parameters of the test fixture through a 2D /3D electromagnetic
solver. This technique strongly depends on the complexity of the test fixture. A particular
case of this approach is the port-extension, which is available in every VNA and described
below.

1.2.4 Port-extension

If the test fixture can be approximated to a lossless transmission line, with flat magnitude
and linear phase response, with constant characteristic impedance, the de-embedding is
simply performed by moving the reference planes through the electrical length of the lines.
The process is described with reference to figure 1.14.
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il

5|:

N ports

Figure 1.14: Moving the reference planes for eliminating the fixture contribution.

If 7; is the time delay of the i-th line (that depends on its electrical length and phase

velocity)
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From which it’s possible to write:
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(1.39)

(1.40)

(1.41)

(1.42)

(1.43)

(1.44)

The last equation provides the scattering matrix evaluated at the DUT reference planes.

1.3 TRL de-embedding for two-port networks

1.3.1 In-fixture calibration

The approach of in-fixture or two-tier calibration is employed in this work. This means
characterizing the test-fixture attached to the DUT by using one of the calibration tech-
niques described in the previous section: this requires a special calibration board. The
goal of the de-embedding of a multi-port DUT is pursued by first considering the two-port

case.
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The two-port fixtures connected to the DUT can be modeled as error-boxes, each
made up by four terms: s11, S12, S21 and sg2. The error model which better describes the
arrangement of a DUT and its fixtures is the eight-term error model shown in figure 1.12.
This allows the use of the self-calibration techniques, such as the TRL. The TRL does
not require precise standards as the SOLT and thus allows better results when calibration
involves non-coaxial measurements. Moreover, it will make it possible to characterize the
test-fixtures as two-port networks rather than just get rid of their effect on the DUT
measurement: this will be essential to extend the calibration to the multi-port case.

1.3.2 Theoretical derivation

With reference to figure 1.15, the goal is to measure the scattering parameters of the DUT
at the reference planes [2]. Typically, the device under test is non-coaxial and mounted
on a coaxial test fixture to be measured as in figure 1.13. The system can be calibrated
up to the ports of the test fixtures. Reference planes are now on the coaxial cables ends
but the measurement will include losses and phase delays caused by the effects of the
connectors, cables, transitions of the test fixture that must be used to connect the DUT
to the analyzer. At this point the problem is to separate the effect of the test fixtures from
the response of the DUT, using de-embedding. As explained in section 1.2.3, if the test
fixture is low loss and well-matched, simple port-extension can be performed. In general
the test fixture is not ideal and will introduce discontinuities and attenuation that cannot
be modeled easily. These effects can be lumped in a two-port error box placed at each
port between the actual measurement reference plane and the desired reference plane for
the DUT. These error boxes must be characterized before the DUT measurement can be
extracted.

A" B”
c™ p”
A
r A}
[mp L Ei ]l Devi l Ej Irml']
a ITOr EYICE i ITOT __J
! | box | under | box | b2
| [5] 1 O test @ | [5] I
b | AB | A'B | DB |
! Jl_' [CD : c'p : CA _l“"uu “
Measurement Reference Reference Measurement
plane for plane for plane far plane for
port 1 device port 1 device port 2 port 2

Figure 1.15: Block diagram of a network analyzer measurement of a two-port device [2].

The "thru-reflect-line" (TRL) calibration does not rely on precise impedance standards
but on simple transmission line standards [36]. The advantages are that transmission
lines are the simplest elements to realize in non-coaxial media and that their characteristic
impedance of the transmission line can be accurately determined from measurements of
physical dimension and materials or through VNA measurements (section 1.3.3). The
"TRL" denomination refers to the three calibration standards required, reported below.
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Figure 1.16: Block diagram and signal flow graph for the Thru connection [2]
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Figure 1.17: Block diagram and signal flow graph for the Reflect connection [2]

48

r - a
\ | b
| Frror Error | |
| box | ] box
! (5] ) 1} 18]
\ AR | | DR
cD C A
| @ 1@
Refercnce
planes
lfor DUT
32 Sia
(I o
Y S 512 A Y 55 S A
Si2 512
(b}

hg

€



1.3 — TRL de-embedding for two-port networks
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Figure 1.18: Block diagram and signal flow graph for the Line connection [2].

Thru: Connect directly port 1 to port 2 at the desired reference planes, directly. If
a short length of a transmission line is used, the de-embedding algorithm is called
"line-reflect-line" (LRL) [37].

Reflect: Port 1 and port 2 are terminated on a large I'7, load like an open: its value
will be determined by the TRL calibration process. The advantage of the TRL over
other de-embedding techniques is that the reflect standard needs not be accurate,
avoiding the difficult requirement of a precise open or short load at high frequency.
What it’s strictly needed for the algorithm to work it’s to know the sign of the real
part of I',. For example, if a short circuit is employed as a reflect standard, its
reflection coefficient must remain in the left half-plane of the smith chart for the
frequency range of the de-embedding.

Line: The two-ports are connected together through a transmission line. The charac-
teristic impedance of the line shall be known and equal to 50 Q, as it will determine
the reference impedance of the calibration. The line length does not need to be
known and a lossy line can be employed.

Figure 1.16 to figure 1.18 show the application of the thru, reflect, line connections at
the reference plane for the DUT. As stated previously, the big advantage of the TRL
algorithm is that the only precise standard required is the knowledge of the Z; of the
line standard. The following section explains why is this the case. In fact, at this point,
ten measurements have been made that result in ten equations: 2 measurements on the
reflect, 4 from the thru, and 4 from the line. The basic TRL error model (described below)
has only eight unknowns. Having more measurements than unknowns, the two constants
defining the calibration results can be determined: the complex reflection coefficient of
the reflect standard and the propagation constant 7 of the line are determined [36]. So
while in other calibration approaches the accuracy depends on how well the standards are
known, in TRL this doesn’t happen as the line and reflect are only partially known.
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Relationship with the eight-term error model Differently from the twelve-term error
model, there is no need to consider individual error adapters in the forward and reverse
operations [34]. The flow graph (figure 1.12) consists of an error adapter at the input and
output of the DUT. It can be seen that the signal flow graph is a cascade of the input
error box X, the DUT, and the output error box Y: the cascade can be described with
transmission parameters. The T-parameter representation permits to relate the measured
data T} to the actual DUT T-parameters by using the input error adapter T'x and output
error adapter Ty .

Ty =Tx xT xTy T=Tx"x Ty x Ty* (1.45)
1 —Apn SllM:|

Thr = 1.46
M S {—522M 1 (1.46)
Ay = StimS22om — S12m 21 M (1.47)

1 —AX 600] 1 1 |: 1 _600:|
Ty = — Ty = ——— 1.48
X €10 [—611 1 X e10 - erpeon €11 —Ax ( )

1 [—Ay 622:| 1 1 [ 1 —622}
Ty = — Iy = ———— 1.49
Y €39 [—633 1 Y €39 + €32€23 | €33 —Ay ( )
AX = €00€11 — €10€01 (150)
Ay — €92€33 — €32€23 (151)

1 1 1 1 —600:| |: 1 —622:|

T = X T X 1.52
€10€32 €10€01 €32€23 L’ll —Ax M7 less —Ay (1.52)

Where eq, €11, Ax are three error terms at port 1, egs, €33, Ay are at port 2, one trans-
mission term ejpesze. Although there are eight terms in the error boxes, only seven error
terms are needed to obtain the S-parameters of the DUT. This means that to calibrate out
the error boxes, their partial knowledge is sufficient. From the ten independent equations
of the thru, reflect, line standards three are used to determine the line length, the prop-
agation constant, and the impedance of the reflect standard, while the other seven give
the DUT S-parameters. The mathematical derivation of this result is in appendix A.2.
When the error networks are asymmetric, then only the DUT scattering parameters can
be obtained, and the test fixtures are not completely characterized.

The case of reciprocal and identical error boxes results in s19 = S9; and s;1 = Soo
for both the error boxes. This provides additional equations that allow obtaining both
the scattering parameters of the DUT and of the test-fixtures. Before explaining how
this can be used for multi-port de-embedding, the main limitations of two-port TRL are
considered.
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1.3 — TRL de-embedding for two-port networks

1.3.3 Limitations of the TRL de-embedding

The TRL algorithm is capable of providing accurate de-embedding of the test fixtures.
However, it has some limitations that have to be taken into account for minimizing the
error affecting the computed DUT and fixture scattering matrices.

TRL bandwidth

The most important limitation consists in the restricted bandwidth in which the TRL is
applicable. As stated earlier, the electrical length difference between the line and thru
standard must be different from 0° or 180° at every frequency in the desired bandwidth
to avoid the presence of singular matrices that make the math of the algorithm fail. In
practice, accounting for non-ideal behavior of the PCB lands or coaxial lines, (frequency
dependence of the primary per unit length parameters and the non-homogeneous medium)
the line standard shall provide a phase shift between 20° and 160°. This consideration lim-
its the bandwidth in which the TRL can be used. If the electrical length of a transmission
line is expressed (in degrees) as:

18027, 18027 fo, 18027 f Mofo

=ty o A0y 2P T 200 g
p T A T Xfo T N fo Flyo

N S

for fo

If the line physical length [ is chosen such that at fy the electrical length of the line is
equal to 20°, then the same line will have a delay of 160° at:

= 9. Jo=281o (1.54)

20
The equation above provides the result that a single line standard can be used in a
bandwidth in which lower and upper frequencies are in the ratio of 1:8. In other words,
if a line is 20° long at 1 GHz, this standard can be employed in the TRL algorithm up to
8 GHz. When the bandwidth of the de-embedding increases, there are two consequences.

o The increasing number of line standards : If the DUT has to be de-embedded in a
broader bandwidth, the number of line standards will increase. If, as an example,
the ratio between the upper and lower frequencies is 1:64, then two line standards
are needed: the first for the bandwidth covering 64:8 frequencies, and the other in
the 8:1 one. This result can be schematized according to the following table 1.4:

De-embedding bandwidth | Number of line standards required
1:8 1
1:64 2
1:512 3
1:4096 4

Table 1.4: Required number of line standard for the TRL de-embedding as the bandwidth
increases.

51



Test fixture de-embedding

The table above provides the minimum number of lines to be used. For improving the
accuracy of the de-embedding, one line more than strictly needed can be employed.
In fact, the coverage of the same frequency range with one more line standard will
result in an electrical length farther from the interval 20°-160°.

o Low-frequency issues : The physical length of the line standard needed for the lowest
frequency octave causes the TRL de-embedding to be unpractical at frequencies lower
than 10 MHz. The physical length of a transmission line is related to its electrical

delay as:
180 27
°=——I 1.55
8 —= (1.55)
A o _Ccple e BI°
I = 2~180°6l (1.56)

T £360°  fy/e 360°

Considering an fr4 dielectric layer (¢, = 4) and f=10 MHz, the required length for a
line with a 20° delay at this frequency is around 80 cm. Due to this consideration, the
low-frequency de-embedding is performed using the thru-reflect-match (TRM) algo-
rithm as explained in the next section. Other numerical examples on line standard
requirements are shown in appendix A.1.

Line standard characteristic impedance

The characteristic impedance Zj of the line standard is setting the reference impedance of
the computed s-parameter of the DUT and fixture. For achieving accurate de-embedding,
the Zy impedance for each line employed has to be known and typically equal to 50 Q. In
this way, even if Zy # 50 Q, a re-normalization of S-parameters can be done in order to
refer them to the usual 50 Q reference value.

In more detail, re-normalization is performed as described, assuming that all the mea-
surements are made with a reference impedance of Zy = 50 Q. First, the "line" standard
characteristic impedance has to be known, for example using the algorithm described in
the next paragraph. This impedance is indicated as Z,.,. The measured S-parameters of
the "line" standard are re-normalized from Zy‘ to Z,.,. The same operation is applied also
for "thru" and 'reflect”. The de-embedding procedure is then applied, and the obtained
DUT and fixture scattering matrix are referred to the impedance Z,.,. The resulting
S-parameters are then re-normalized from Z,., to Z.

1.3.4 Line standard impedance correction

If the actual characteristic impedance of the line standard can be determined, the de-
embedding accuracy can be improved by performing a re-normalization of the S-parameters.
In [38] is reported a method to measure the characteristic impedance of PCB tracks using
a VNA. This strategy requires the fabrication of additional standards on the calibration
PCB, other than the ones employed to perform the de-embedding. As reported in [39],
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"A common problem is the determination of the characteristic impedance and propaga-
tion constant of a given transmission line which is physically available for measurement
and test. These quantities can be found by the measurement of the input impedance
of the line under two conditions: with the far end short-circuited, and with the far end
open-circuited". This results in the following formula:

2o =1\ ZinsZino (1.57)

The above result is coming from the input impedance formula for transmission lines in
trigonometric form:

Z1, + Zotanh(yl)
Zins =2 = Zotanh(yl 1.
: "%+ Zytanh(il) |, _, % anh(y1) (1.58)
In a similar way, for (Z; — 00):
1
Lino = Lop—— 1.59
’ tanh(y1) (1.59)

The 1.57 follows from the 1.58 and 1.59. As the characteristic impedance depends on per
unit length parameters, the length of the line makes, in principle, no theoretical difference
in the computation of Z,. However, to practically determine the characteristic impedance
with sufficient accuracy, an important point has to be made regarding the electrical length
(and thus the measurement frequency) at which the two impedances are evaluated. This
indication is provided in [39]. In particular, assuming negligible attenuation (o ~ 0),
the 1.58 and 1.59 result in:

Do = —j 2y (1.61)
in,o — —J Otan(ﬁl) .

If we consider if the length of the line is close to an odd multiple of a quarter wavelength,
the angle £l is an odd integer times 90°, with the input impedance of the line closed on a
short approaching the open circuit on the smith chart and the opposite happening for the
line closed on an open. When the length of the line is close to an even number of a quarter
wavelength, the opposite happens: Z;, ¢ will be close to the short circuit point, being very
small, while Z;,, is close to open circuit one. In these cases, it’s difficult to obtain

accurate results. It becomes an advantage to have both impedances of the same order
1

tan(pl)
or tan?(Bl) ~ 1, which happens when the line length is an odd number of an eight of

wavelength (8l = (2k + 1)%) or when the phase shift of the input reflection coefficient

measured by the VNA is crossing +90°.
Summing up, to measure the characteristic impedance of a microstrip line fabricated
on a PCB, it is sufficient to make two input reflection coefficient measurements at the

of magnitude: this is made by selecting the line length such to have tan(f8l) ~

frequencies where the line is long an odd multiple of 3 and take the square root of the

real part (as the imaginary will be negligible) of the product Zi;, oZin,s-
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However, there is another problem to be considered. As discussed in [38], the parasitics
of the SMA connector and the non-ideal terminations are causing a large error in the
measured reflection coefficient. To avoid this issue, a track of the same nominal Zy but
shorter (for example a tenth long) of the one under test can be fabricated, its input
reflection coefficient measured, and a port-extension calibration [40] can be performed
through the VNA. This will move the reference plane along the track of a length equal to
the shorter line, in this way the measurement made by the VNA is ignoring the first part
of the line and the connector. Another trick is to use two separate tracks for the open
and short measurements, to improve their quality.

1.3.5 Calculation of the TRL line standard lengths

As explained in 1.3.3, the length of the line standard is of importance when realizing the

A
calibration structures needed for the TRL. According to [36], the optimal line is of — in
length. This condition can’t be met for all data points. In section 1.3.3, was reported that
the math of the de-embedding falls apart when the electrical length difference between the
thru or line standard is 0° or 180°. As a rule of thumb [36], the difference between the two
lengths must be between 20° and 160°, a condition that can be met with a line standard

ina J;h = % frequency span. Considering the linear phase shift introduced by the line, at
1
. _Int /i . A , .
the middle frequency f, = — the line length is [ = 1 However, if the bandwidth

is greater than 1:8 and less or equal to 1:64 two lines shall be employed. This will arise
the problem to decide the line lengths and frequency crossover point (i.e. the frequency
at which the measurement on the shorter line standard is employed). In the case of two
lines, the optimal crossover frequency is the geometric mean f; = +/fifn [36]. In this

i+ fi and f. — ft‘;fh.

A detailed computation of the different crossover and center frequencies along with the

line length calculation is reported in appendix A.1. The relative Matlab code is shown in
appendix B.

way each line is long — at the two center frequencies f.; =

1.3.6 Thru reflect match (TRM) de-embedding for two-port networks

If the DUT data at lower frequencies is required, then the length of the transmission
line standard is too long to be realized. In this case, the "thru-reflect-match" (or TRM)
de-embedding is employed, with the mathematical derivation reported in appendix A.3.
The TRM de-embedding allows to extract the DUT scattering matrix by employing three
standards:

o Thru: As for the TRL de-embedding, this standard consists in a back-to-back con-
nection of the test fixtures (figure 1.16).

o Reflect: Also this standard is the same employed for the TRL (figure 1.17), and
likewis,e to it there is no need to have a precise load as a reflect since what it’s
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needed for the de-embedding is the knowledge of the real part sign of the load
reflection coefficient (load phase shall thus be known within a 180° interval).

o Match: The line standard is replaced by a 50 Q load, as reported in figure 1.19.
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Figure 1.19: Block diagram and signal flow graph for the Match connection.

The TRM technique has an accuracy comparable to the TRL, and it is used in a com-
plementary way to the latter in order to de-embed the DUT at lower frequency. It is
easy to realize a sufficiently precise match standard to be used at lower frequencies where
the parasitics inductances and capacitances are negligible. This standard can replace the
line one, which would be unpractical at low frequencies as stated in section 1.3.2. The
mathematical procedure for performing TRM de-embedding is reported in the appendix.

As for the TRL "line" standard, the "match" impedance Z,., is determining the refer-
ence impedance of the computed s-parameter of the DUT and fixture. To obtain these
referenced to Zy = 50 Q, the same procedure of the TRL is applied: "match", "thru" and
'reflect” S-parameters are re-normalized from Zy to Z,.,, the algorithm is performed, and
then the DUT and fixture S matrices are re-normalized from Z,., back to Zj.

1.3.7 Validation of the method

In this section, different circuits are simulated in a SPICE environment. By performing a
".AC" simulation is possible to use SPICE directives to extract the scattering parameters
of the networks. The MATLAB® scripts of appendix B are used to apply the described
de-embedding strategies to this data. The purpose is to assess the functioning of the
de-embedding before making measurements on real devices in chapter 2.
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Example 1: De embedding of a low pass filter

In this example, a low pass filter realized using lumped elements is considered as a DUT,
and will be de-embedded from the fix-DUT-fix measurement made with the VNA. The test
fixtures are considered to be symmetrical. The overall structure is reported in (figure 1.20).

Figure 1.20: Total, or fix-DUT-fix, simulated structure (symmetric error networks case).

The test fixture consists of the combination of a lumped model of an SMA connector
[41] and of a PCB trace with a characteristic impedance of 65 Q and 2 cm long. The DUT
is a low pass filter, designed to provide an S1; < —10 dB in the passband up to 2 GHz,
frequency from which the S is decreasing at a slope of -40 dB per decade. In order
to characterize the two error networks, the TRL algorithm requires the measurements of
the scattering parameters of the standards in figure 1.21. Two line standards are realized
and the chosen reflect standard is a short circuit termination. The de-embedded DUT
and test fixture scattering parameters are consistent with the actual ones obtained by
direct simulation and are shown in figure 1.22. The extracted model for the test fixture
is reported in figure 1.23.
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Figure 1.22: Comparison of the DUT de-embedded scattering matrix and the actual one.
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Figure 1.23: Comparison of the test fixture de-embedded scattering matrix and the actual
one.
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Figure 1.25: Error on the fixture (dashed traces are for no re-normalization).
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In the above example, the DUT data are computed on the 0 Hz-6 GHz bandwidth, by
employing the TRM for de-embedding up to 1 GHz and using the TRL standard in the
upper bandwidth.

Match standard The match standard is reported in figure 1.26. It consists on 50 € load
with a series inductance of 1 nH and a parasitic capacitance of 0.5 pF. This limits the
accuracy of the de-embedding, as at 1 GHz frequency they result in 27 fL ~ 6.28 Q2 and

1
~ 320 Q.
2n fC

PhIA

S S I
S reaSaiiel

Figure 1.26: Match connection

In any case, the TRM could be extended up to higher frequencies, with a degradation
of the results.

Choice of the line standards Table 1.5 reports the required line standard for the case of
a single line or two.

Line 1A | Line 1B | Line 2B

fl (GHz) | 1 1 2.44

fh (GHz) | 6 2.44 6

fc (GHz) | 3.5 1.72 4.22
lfe(mm) | 11.8 23.93 9.77

0 ° 25.7 52.2 52.2

01,° 154.3 127.8 127.8

ft (GHz) | n/d 2.44 n/d

Table 1.5: Required line standards, computed with equations of appendix A.1.

A
In the first solution (1A) the single line is chosen to be long 1 at the mean frequency

between f; and fj,. In this way, the two phases at lower and upper frequencies are between
20° and 160°, but as the 1:6 ratio is approaching an octave, the phase delays are close
to these values. This suggests the possibility of employing two lines, as solution B. The
transition frequency between line 1B and 2B is chosen as the geometric mean +/ f; f5, and
the line lengths are selected as in the previous case. For this example, the chosen solution
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1.3 — TRL de-embedding for two-port networks

is the two lines one, as more accurate results are expected since the higher margin obtained
on 6; and 6y,.
The de-embedding effect on data is reported in figure 1.27.
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Figure 1.27: De-embedding effect on measured data.

Impedance re-normalization of the scattering parameters As stated previously, the
most critical connection in the TRL procedure is the line standard. In particular, the
characteristic impedance of the line connection will fix the reference impedance of the
scattering parameters of the de-embedded DUT and the extracted fixture [42]. For this
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reason, the characteristic impedance of the line shall be 50 €. Otherwise, in the case
it differs from this value, the computed S parameters can be referred back to 50 Q by
performing a re-normalization with the known characteristic impedance of the line. The
line standard of the example above has a cross-section as reported in figure 1.28.

alr, er=1

w =3376um, | = 2.4cm

er=4.0

Ground Flane

Figure 1.28: Cross-section of the line standard.

The computation of the characteristic impedance according to [43] provides the result
of 48 €, and the scattering parameters are re-normalized according to this value. If no
renormalization is performed, it’s possible to show that the error is larger, corresponding
to the dashed traces.

"Thru" standard of finite length In the ideal scenario, the calibration standard required
is a zero-length "thru'. This is normally very simple to implement, but the de-embedding
accuracy at the simulation level can be investigated when the "thru" standard is a short
transmission line of 50 Q characteristic impedance. In particular, a finite length "thru"
1 mm long is considered, as reported in figure 1.29. The de-embedding is performed as
before, and the error made on the fixture and DUT S-parameters are shown below. It
is observed that the error on the magnitude is very little affected by the finite length
"thru" with respect to the previous case, while the error on the phase, reported in the last
picture, is more evident. The phase error on the transmission parameters of the fixture
(figure 1.31 (b)) is related to the length of the "THRU" standard. In particular, it is
linearly dependent on frequency as the phase shift is introduced by a transmission line.
The error profile matches the phase shift introduced by the 1 mm length "THRU". This
is confirmed from the fact that at 6 GHz the phase shift of the line is computed as:

B 2
Mo G-
64

BI° I~ 8 (1.62)
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'Z¢ = 66 Ohm 200 = B3 Ohm 20 = o

| = 2em I = Tmm | = 2em =] n

. [ Lo ;‘3 2
A ]

.

=065

Figure 1.29: "Thru" standard realized with a physical line.
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Figure 1.30: Error on the magnitude for DUT and error network.
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Figure 1.31: Error on the phase for DUT and error network.
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Example 2: Asymmetric test fixtures

If the test fixtures are asymmetric the de-embedding of the DUT with TRL/TRM strategy
can still be performed, but the scattering parameters of the individual error boxes cannot
be obtained. The mathematical evidence of this is in equation A.68. When the number
of ports is greater than two, the knowledge of the S-parameters of each fixture has to be
known. A solution to this problem will be proposed in section 1.4.

With reference to the first example, the test fixtures are modified as in figure 1.32.

Figure 1.32: Fix-dut-fix simulated structure (asymmetric error networks).

The TRL (and TRM) de-embedding is based on building the same standards as the
previous example, considering that as can be seen above the two test fixtures are differ-
ent. The measurement of the total structure (fixtures and DUT) is shown in figure 1.35.
The TRL technique allows accurate de-embedding: simulations show perfect accuracy in
extracting the DUT scattering parameters in both cases of symmetric and unsymmetric
test fixtures. The individual error boxes can’t be obtained in the asymmetric case. The
extracted S-parameters of the DUT and the actual ones are compared in figure 1.33.
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Figure 1.33: Comparison of the DUT de-embedded scattering matrix and the simulated
one.

Phase(®)

Phase(®)

Magnitude(dB)

Magnitude(dB)

Magnitude - dut

03 ; > 06
fx 3\ ‘f —s, calc 3
, N\ )
20 | qu -e-Sy -0 \&( A
b % S o?
40 S 20
£ w0
-60 = 30
-80 -40
0 1 2 3 4 5 6 0 1 2 3 4 6
Frequency(GHz) Frequency(GHz)
0 7 : 01z
N s ;
" Z\&‘(‘W : ; g
- 3 b
“oace sk‘k’é& X 5
20 Y S0
% £
©
30 = .60
-40 -80
0 1 2 3 4 5 6 0 1 2 3 4 6
Frequency(GHz) Frequency(GHz)
(a)
Phase - dut
200 200
100
100 .
S t g °
=
“(«’(‘“@*&6«&«% & Seasas
SetecRascs 1
\ -100 <
-100 }} )
-200
0 1 2 3 4 5 6 0 1 2 3 4
Frequency(GHz) Frequency(GHz)
200 200
100
__ 100
s o s Pecs0sc|
S . £ o <<««£€é&£&ﬂs&m e
X6ee08e000 1
-100 PSSsetesssg, 3
‘*ﬁ&%@b . \\\\j
200 i
0 1 2 3 4 5 6 0 1 2 3 4
Frequency(GHz) Frequency(GHz)

(b)

69



Test fixture de-embedding

Magnitude error - dut

— 05 | | ,._\[]4 m——— -
S Suf| B NS
g o1 8oz \
E 20?2 |
= 0.5 = / |I 0\ ;
g - g .1/ L\
E |II"'lI E o |L|I
2 4 0 2 4
Frequency(GHz) Frequency(GHz)
EDA . E | I
° ’ Sy|| = 05 — Sy
1 k] \ I @1 0 _—— ] —
T 0.2 5 T
2% ] 25
g |/ )/ 5 - i
0 | Wt = (|
= J = -1.5 M
0 2 4 2 4
Frequency(GHz) Frequency(GHz)
(a)
Phase error - dut
I
% ob—— l,._____ % ol P
= -
o o
-10 -10
0 2 4 0 2 4
Frequency(GHz) Frequency(GHz)
I
10 Syl __ 10 ——S,,
f ol § o
= K
o o
-10 -10
70
0 2 4 6 0 2 4
Frequency(GHz) Frequency(GHz)

(b)

Figure 1.34: Error on the DUT.
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Figure 1.35: De-embedding effect on measured data.

1.4 Multi-port de-embedding

In the previous sections, the de-embedding of two-port networks was addressed. In the
following chapter, the de-embedding is extended to the case of multi-port DUT. The steps
consist in characterizing the test fixtures that are connected to the DUT by using TRL
or TRM and then employing de-embedding equations that are suitable for the multi-port
case. There are two cases that need to be considered:
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o 2N-ports (4-6-8-...) : In this case the extended de-embedding equations can be
applied directly.

o 2N+1-ports (3-5-7-...) : To apply the algorithm, there is the need to add a virtual
DUT port and a virtual fixture, that is represented as an ideal THRU (S1; = Sa2 = 0,
512 = 521 = 1)

1.4.1 Theoretical derivation

The starting point for extending the de-embedding to the case of 2N ports are the equa-
tions of the cascade of two 2N ports scattering matrices S™) and S| as in figure 1.36.

' 3 N
P 1 PN+ P1 | pwa
P2 PN:2 P2 | P Ns2
PN | | P2N PN P_2N
N S

Figure 1.36: Cascade of 2N scattering matrices.

The scattering parameters of the cascade can be computed as follows [29]:

S11 =511 + 87,081, (I- 822(1)511(2))_1521(1) (1.63)
S12 = S12W(I — 81185, 1) 718,,® (1.64)
Sa1 = S21P(I — S22M81;P) 1S5 (1.65)
Saz = S22 + 821 (I — 852181, ®)) 71855181, (1.66)

While S terms are complex number in the case of two-port networks, when dealing with 2N
port network they are submatrices (NxN) of the overall corresponding 2Nx2N scattering

matrix:
Suu - Siv
Syp= | oo e (1.67)

Sni -+ Swnn

Sin+1) 0 Sien
Sp = (1.68)

SN(N+1) 0 SNaN
SiNt11 0 Sve)n
Sy = (1.69)
Song o0 SanN
S(N+1),(N+1) " S(N+1)2N
Sy — (1.70)
Son(N+1) 0 SanaN
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Right de-embedding This process consists of de-embed the known S® from the knowl-
edge of S and solving for S, This is made by solving the previous equations as reported
in appendix A.4.

S22 = (S21?) ™82 — (S21?) 78222 (S11P(S21?) S22 — S11 (1.71)
So1D = (I — S22M81;#)S9;P) 1Sy, (1.72)

S12M = 812(812P) 71T — 811PS5, W) (1.73)

S11Y = 811 — 812811 P (T — S22V811 ) 185, M (1.74)

Left de-embedding This process consists of de-embed the known S from the knowledge
of S and solving for S®. This is made by solving the previous equations as reported in
appendix A.4.

S11 = (((S12") 7" (811=S11)(S21") )82z +1) 7} (S12) T (S11 =811 D) (Sz ) !

(1.75)

Sg, @ = 821(821(1))_1(1 _ 522(1)311(2)) (1.76)

S12® = (I - S11®¥82,M)(S12M) 1S5 (1.77)
S22?) = g5 — 821 P (I — 82217811 P) 718551181, (1.78)

DUT de-embedding The left and right de-embedding equations are used in sequence to
de-embed a DUT from the test fixures. The necessary requirement is the knowledge of the
scattering matrices of the two fixtures, represented by S; and So. For this moment they
are assumed to be known, leaving the description of how this is possible to section 1.4.2.

First (figure 1.37) left de-embedding is performed, and S is obtained, consisting in the
cascade of the DUT and the right fixture. In this step, S is the total fix-DUT-fix scattering
matrix and S; is the left-fixture one, the output is Sa. Secondly (figure 1.38), right de-
embedding is performed: the DUT is extracted by knowing the right-fixture scattering
matrix and the DUT-fix (Sg of the previous step).

' S N

L S1 = Sleft S2 = Sdut + Sright /)

Figure 1.37: First step of the multi-port de-embedding.
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\_  S1=5dut S2=Sright )/

Figure 1.38: Second step of the multi-port de-embedding.

Extension to odd number of port case

3 port network In the case when the number of ports is not even, the left and right
de-embedding equations cannot be directly applied. For example, if the DUT has 3 ports,
a fictitious fourth port and fourth fixture have to be added. More specifically:

o Virtual fixture : This is represented as a THRU connection.
0 1
Fyirtual = <1 0> (179)

o Total measurement : The scattering matrix of the FDF is extended with a fourth
row and column such that sy = s40 = s43 = 0 and $14 = s24 = s34 = 0 (no
transmission through the fictitious port) but syy = 1 (reflection equal to 1).

GFDF  gFDF  gFDF
Sé:‘iDF SgDF S;"iDF

— o O O

Stotal = 1.80
total SEDF  GEDF  gEDF ( )
0 0 0
Now the algorithm can be applied. The embedded DUT will have the form:

SlDlUT SlDQUT SIDSUT 0
§DUT  gDUT  gDUT

Spur = SiéUT S;DéUT SzDiUT 0 (1'81)
0 0 0 1

The last column and row can be eliminated in order to get the S-parameters of the DUT.

2N + 1 odd-port In this general case, the FIX-DUT-FIX scattering matrix is equal to
the following (2N+42)x(2N+2) matrix.

SleF e SE(LQ)JFV—H) 0
. e 0
Stotal = (1.82)
o S(};]?/il),l T S(gl?fil),(QNJrl) 0
0 e 0 1
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1.4.2 Multi-port TRL

As explained in section 1.4.1, to de-embed the DUT S-parameters the knowledge of the
scattering matrices of the test fixtures attached to the DUT is required. So the multi-port
de-embedding consists of the following two steps:

1. Obtain the S-parameters of the test fixtures.

2. Apply the de-embedding equations of section 1.4.1 according to the even or odd
number of ports.

While the second step is a matter of applying a well-defined mathematical procedure, the
same can’t be said for the first one. In fact, as explained in section 1.2.3 the fixture S-
parameters can’t be measured directly using a VNA. To solve this problem, the idea is to
apply the concept of TRL calibration along with the concept of left /right de-embedding
as follows.

If a DUT consists of N-ports, the test fixtures connected to it are represented as N 2-
ports networks. The first step is to fabricate the calibration standards of "thru", "reflect",
"line(s)", "match" for a selected 2-port fixture. This structure is realized on the same PCB
of the DUT or another one, by building replicas of the selected fixture along with the
standards above. In this way the S-parameters of the fixture are obtained, after the TRL
(TRM) procedure is applied. Secondly, N-1 "thru" are fabricated by connecting back-to-
back a replica of the fixture characterized by the TRL in the previous step and the other
ones. The S-parameters of the "thru" structures are measured by the VNA. The equations
for one-side (left or right) de-embedding are applied and the scattering matrices of the
remaining N-1 fixtures can be derived. The proposed algorithm is better clarified with an
example.

4-port de-embedding Let’s consider an IC, mounted on a PCB, that is representing a
4-port DUT. This is depicted in figure 1.39.

Figure 1.39: Dut with four ports.

After a SOLT calibration to move the reference planes up to the tips of the coaxial
cables of the measurement system, the VNA is connected to the ports numbered from one
to four to measure the fix-DUT-fix S-parameters. The calibration structure required is
shown in figure 1.40.
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Figure 1.40: Schematic representation of multi-port TRL calibration Kkit.

The fixture "1" is fully characterized by TRL. Later, it is employed as a pivot point
for realizing the "thru" structures with the fixture '2","3" and "4". The left d-embedding
is applied to derive the scattering parameters of the remaining fixtures. Finally, the
multi-port de-embedding equations are used to obtain the DUT scattering matrix.

1.4.3 Validation of the method: de-embedding of an op-amp S-parameters

The goal of this section is to validate the discussed method with experimental measure-
ments after the setup is described in a SPICE simulation. The scattering parameters of
a general-purpose op-amp (TS912) in voltage follower configuration have to be obtained
by de-embedding the effect of the test fixtures that are required for the dc-bias of the IC
and the VNA connection.

Test setup description

The system is shown in figure 1.41.

Figure 1.41: Complete system made up of the DUT and three asymmetric fixtures.

It is shown the DUT, fed by a dual supply voltage, and three different and asymmetric
test fixtures required to connect the VNA. The VNA ports are represented by the voltage
sources Vi, Vs, V3, and a SOLT calibration is performed up to that point: in this way, the
reference plane of the measurements is moved up to this level. The error networks are
represented by an rg-58 cable, a female SMA connector mounted on the PCB where the
DUT is placed, and on board bias-T and dc-block networks. These two are employed to

76



1.4 — Multi-port de-embedding

supply the DUT and to bias the input port properly while avoiding any DC voltage com-
ponent reaching the VNA ports. The second tier of calibration requires the de-embedding
of these test fixtures. Before entering in the details, some words have to be spent on the
design of a bias-T with lumped elements, that can be soldered on the PCB.

Lumped element bias tee

Bias tee basics A bias tee is an electric circuit used for different applications, the most
common to add DC supply signal to RF paths, providing power or bias voltages to tran-
sistors, diodes or low noise and power amplifiers. From an ideal perspective, a bias-T
can be schematized as in figure 1.42. From a network analysis point of view, it consists
of a three port device, usually labeled as shown in the picture. Port 1 to 3 is the RF
path, port 2 to 3 is the DC path. The capacitor C; between the RF and RF+DC port
is coupling a radiofrequency signal from the RF input to the output, blocking the DC,
while the inductor L; is an RF block but it’s acting with low impedance at DC, allowing
DC to be coupled to the output. While Cy and L; are absolutely critical for the RF path
response, Cy is optional and its purpose is supply decoupling.

RF—| RF+DC

L1

c2
2
g C

Figure 1.42: Schematic of a bias tee with idealized elements.

Ideally, the RF path will block any DC component in the RF path, passing only signals
that are not at 0 Hz frequency; while the DC path will pass DC only and block any signal
which is not DC. For a real device, this behavior can’t be realized. The first reason is that

the impedance to RF signals of an inductor and capacitor is Xy = wlL and X¢ = el SO

they can’t act as perfect open and short circuits at radiofrequency. The second, and most
important, reason is that real components have parasitics: this will limit the frequency
bandwidth in which the device behaves as wanted. S-parameters are usually employed
to design and characterize a bias tee, as they can be used to ensure that the RF path is
passing the radiofrequency signal while the DC does not at RF frequencies in the design
bandwidth. The main specifications for a bias tee are described below [44]:

o Insertion loss of the RF path: Ideally, |S51] is equal to 0 dB. In the real case, S3;
depends on C; response, and it is representing the insertion loss of the RF path
which shall be kept low to avoid attenuation of the RF signal. The low frequency
limit is determined by the value of C', while the upper is depending on the parasitics
of the components. The upper limit is identified by the crossover frequency, when
|S31| drops by 3 dB.
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o Power limitation: Another impairment is the amount of DC voltage and current
that can be applied to the DC path: this is determined by the rated voltage of the
capacitors C7 and Cy and on the maximum peak and RMS current of the inductor
L.

e Return loss: Another quantity that should be controlled is the return loss at the
RF port, defined as —20log10|S11|, which shall guarantee matching in the design
bandwidth.

« Isolation: The isolation, defined as —20log10|Sa21|, is representing the attenuation of
the RF signal at the DC port which shall be kept as high as possible.

The most critical aspect when designing a bias-T from lumped elements is represented
by the parasitics of the passive elements that cause self-resonance. These make it difficult
to achieve high bandwidth with a simple design as figure 1.42.

Self-resonant frequency Lumped elements such as inductors and capacitors are char-
acterized by a self-resonant frequency. "Resonance" is not implying that capacitors and
inductors can oscillate by themselves, but is rather referring to a characteristic in the fre-
quency response of the component. For an inductor, the self-resonant frequency is that at
which the inductance provided by the coil of insulated wire is resonating with the parasitic
capacitance of the inductor. At this frequency the device will show a large impedance,
looking like an open circuit. The equivalent circuit of a real inductor can be represented
as in figure 1.43.

R1 C1

Rp C

(a) (b)

Figure 1.43: Schematic of a real inductor. Impedance (Q) for L = 1 uH, C = 1 pF,
R =100 mQ. The SRF results around 157 MHz.

This representation accounts for the fact that any real can be thought as an ideal one
with in series a resistor (finite wire resistance) and a capacitor in parallel with it (parasitic
capacitance). The capacitive contribution is coming from the tiny parasitic capacitances
between the windings that made up the coil. At high frequency, the impedance of the ca-
pacitor is much lower than the impedance of the inductor, so the behavior of the impedance
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resembles like a capacitor. Thus the inductor does not function as an inductor beyond
this frequency. When selecting an inductor to be used in RF system, the self-resonant
(SRF) frequency must be higher than the usage frequency. The SRF corresponds to the
condition X;, = X¢, or:

1 1

= F _ 1.
2rSREC’ SH 2V LC (183)

Similarly to inductors, also capacitors have a SRF after which their behavior becomes
inductive. The equivalent circuit of a real capacitor can be represented as in figure 1.44.
The parasitic inductance is due to the terminals, while the resistance is representing the
one of the plates.

27(SRF)L

(a) (b)

Figure 1.44: Schematic of a real capacitor. Impedance () for L = 100 pH, C = 1 nF,
R =100 mQ. The SRF results around 500 MHz.

Generally, the inductor parasitics are of more importance than the capacitor ones,
which are closer to the ideal behavior. This means that to realize an RF choke or an
RF decoupling network over a broadband a given number of inductors, with increasing
SRF, are placed in series [44]. In fact, a single inductor can’t cover the entire frequency
bandwidth. For an RF decoupling network, the smallest value inductor is connected closer
to the RF 50 Q path, and progressively larger values are connected to the DC port [45]:
this will guarantee a smooth frequency crossover from one inductor to the next. Typically,
one inductor of the series can cover one octave/decade in frequency [45].

Design procedure The goal is to design a bias tee made with lumped elements, working
in the bandwidth 150 kHz - 1 GHz. The first step is to design the circuit using ideal
elements, according to the topology of figure 1.42. The design is made by considering a
system with a reference impedance of Zy = 50 Q, even if in the operating conditions it is
unlikely that the DC and DC+RF port will be loaded with 50 Q. In fact, the DC port will
be terminated in a low impedance of the DC source connected to it, while the DC+RF
port is at the input of an active device, which impedance shows a large real part with
a capacitive behavior. The values of L; and C; are computed according to the cut-off
frequency of the design. The upper cut-off frequency for the low pass DC path has to be
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lower than the lower cut-off frequency of the high pass RF path. Thus, in the RF band,
the inductor is regarded as an open circuit and the cut-off frequency for the RF path is

given by f. = . To have a lower frequency of f; = 150 kH z, then:

QTFZOC

1
— < 7, C
27rflC < 0 > 271'le0

So it is chosen Cy = 220 nF. Regarding the inductor in the DC path, assuming that C4

=21 nF (1.84)

still behaves as an open circuit, the cut-off frequency can be computed as f; = — For
"

an upper frequency of f, = 1 GHz, and to account for the available inductor values, then

the inductor value is chosen as L1 = 330 uH. From this first choice of the elements the

transmission and reflection scattering parameters at the RF port are represented on the

left of figure 1.45. It is possible to notice a flat response and good matching in the design

bandwidth. According to the datasheet, the minimum SRF for the inductor is 2.6 MHz,

leading to a parasitic capacitance of value C' = = 11.3 pF. When taking

1
(2rSRF)?L
into account this parasitic, the response becomes the one at the right. The -3 dB cut-off
frequency for the RF path results close to 500 MHz and the Si; is having resonance: this
behavior is unwanted as it will cause a poor time-domain response, which is particularly

important when transmitting fast pulses through the bias-T.

(a) (b)

Figure 1.45: S-parameters for the initial design of the bias-T. The right one accounts for
the inductor parasitics.

From this initial analysis, the required Ly and C values are identified, but when
parasitics are included the non-ideal behavior of the bias-T shows up. The next step for
the design is then to cope with the impairments caused by the parasitics. As a starting
point, the topology of the bias-T has to be picked. The chosen strategy consists of the
use of three different sections, where each one covers a little more than one decade in
frequency. The single section is made up of a series inductor and a shunt capacitor,
resembling a low-pass filter [45]. However, this will set up other resonances caused by the
interaction between the different reactive elements. Each L-C cell is including resistors as
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1.4 — Multi-port de-embedding

damping elements: these are called "de-Q" resistors and are used to eliminate resonances,
their value is experimentally determined. The final design is shown in figure 1.46.
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2k 2.2k
851 8 i{}l

20
SRF = 26MHz 10n SRF=21MHz |10n SRF = 157MHz "
R1 L1 R2 L2 RS L3
DG T Y A— Ll A . RF_DC
l l l l [ 0p 1 10y 0.1 ip
ao |z |8 |o c|:|L cllz cl?
éo(@;ﬂn @n @ln ! ] 1T
1i3p &p ip
R2 R4 RE
1k 1k 1k

FEY S

(a) (b) (c)

Figure 1.47: S-parameters when tuning the values of the elements in the bias-T design.

The inductor Li, being the one with the lowest SRF, is critical for the low-frequency
response. Lo, L3, and C; are affecting the high-frequency range. Cs, Cg are decoupling
capacitors, while Ry, R4, Rg, Rs and Ry are the de-Q resistors. The capacitors C7 to
Cy are shorting to ground any RF component at the DC port. Their presence is needed
as shown in figure 1.47: the left of the response achieved with the final design. The
center figure is corresponding to the case when Ry, Ry, and Rg are not present, while the
rightmost one is corresponding to Rg = Rg = 0 Q.

De embedding results

To provide a comparison result between the de-embedded S-parameters and the DUT
one, the opamp is simulated first. It consists of a TS912 from STMicroelectronics of
which the model is available. The DUT circuit is shown on the left of figure 1.48. It
consists of the opamp in voltage follower configuration, biased on the non-inverting pin
with 1 V DC supply voltage, provided with a 3 V power supply. The simulated opamp
includes the baseband model available from the manufacturer along with an high-frequency
network used to describe its out of band behavior [46], useful for the computation of the
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S-parameters. The bias tee and the DC block used in the DUT simulation are ideal,
having a behavior as described in the previous section.

C, Reo
Iny, Riy \ = Ccﬂ
'V‘ - Cdd Ro —’— o
R ——| BB Model AN —
Ing n Cp + Cso
C, C,, /
Vss, i Rso%
L,
ng | [Cio
R, - I

Figure 1.48: Schematic for the DUT measurements. On the right, the high frequency
network used to model the parasitic elements between the terminals [46].

First, the scattering parameters of the fixture connected to the port 2 of the DUT are
derived. The strategy chosen is the TRM up to 200 MHz, and TRL from this frequency up
to 1 GHz. According to what is described in section 1.3.3, the single line standard required
is chosen for an FR4 board (e.fs ~ 3.3) of 68.81 mm long, such to provide a phase shift of
30° at 200 MHz and 150° at 1 GHz. The match standard is non-ideal, and it is represented
by a 50 Q resistor with a series inductance of 1 nH and a shunt capacitance of 0.2 pF.
This will limit the application of the TRM up to 1 GHz, as the match standard is no more
presenting a 50 Q impedance. Also, the line standard is presenting a non-ideality, that is a
2 % variation of its characteristic impedance (51 £ instead of 50 Q). Re-normalization on
the S-parameters is made to take into account the mismatch. To apply the proposed multi-
port strategy, the combination of TRM and TRL is applied to the error network "2". The
standards required for the de-embedding are shown in figure 1.49, instead the results are
in figure 1.51 and 1.56. The next step is to consider two other de-embedding calibration
structure that allow to get the S-matrices of the fixture "1" and "3". As explained in
the previous section, these consists of two "thru" of fixture "2" with fixture "1" and "3"
(figure 1.50). Fixture "1" and fixture "3" S-parameters are obtained by left de-embedding
the obtained fixture "2" scattering matrix from the "thru". The S-parameters of the fixture
'3" are shown in figure 1.52. Now, all the matrices are known, so the opamp scattering
parameters can be obtained from the total measurement.
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Figure 1.49: Standards required to obtain the S-matrix of the fixture '2". In the charac-
terization of this fixture, the "reflect" and "match" are one-port measurements.
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Figure 1.50: "Thru" standards required to obtain the S-matrix of the fixture "1" and "3".
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Figure 1.51: S-parameters of the fixture "2" compared with directly simulated.
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Figure 1.52: S-parameters of the fixture "3", obtained by left de-embedding the fixture "2"
from the "thru" of them, compared with directly simulated.
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Figure 1.53: S-parameters of the DUT(1).
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Figure 1.54: S-parameters of the DUT(2).
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Figure 1.55: S-parameters of the DUT(3).
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Chapter 2

De-embedding on real devices

2.1 Introduction

This chapter is dedicated to the application of the de-embedding algorithms proposed in
chapter 1 to measurements made on real devices. The VNA at disposal is the P9371A
Keysight Streamline USB Vector Network Analyzer, 6.5 GHz [47]. The instrument is
calibrated with an N7551A electronic calibration (ECal) module. The frequency range
was set from 300 kHz to 6.5 GHz.

2.2 Measurement on a 20 dB attenuator

The DUT is a characterized, stable 20 dB attenuator. The DUT is embedded within
two test fixtures. Fixture "1" identifies the crimped 36 cm RG-58 cable, and fixture "2"
identifies the cable of VNA kind of length 100 cm. To check the correctness of the de-
embedding algorithm results, the attenuator is directly connected to the VNA cable ends
where the SOLT calibration routine via an "ECal" module has been performed. This
will provide the DUT S-parameters which will represent the expected results after the
de-embedding application, shown in figure 2.1.
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Figure 2.1: Measured S-parameters of the 20 dB attenuator.

The structures that are measured for the de-embedding are schematized in the block
diagram of figure 2.2, where an emphasis is made on the different transitions required to
connect each object with the others: their presence is inevitable and the error introduced
on the S-parameters of the fixtures only will be considered. For the sake of clarity, each
measure is provided with a unique alphabet letter as described in table 2.1.

Complete measurement of the fix1-DUT-fix2 structure
fix1 and fix2 closed on an SMA match termination
fixl and fix2 closed on an SMA short termination
Thru connection between fix1 and fix2

Thru connection between fix2 and an equal structure

= O Q| = >

Table 2.1: Description of the measurements made for the TRM application.
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Figure 2.2: Schematic representation of the performed measurements.

For this set of measurements, the DUT S-parameters are obtained by applying the
TRM in two different ways. The first one corresponds to the procedure described in
appendix A.3, the second way is anticipating the de-embedding strategy for >2 port
DUT with asymmetric test-fixtures developed in section 1.4, applied in the special case
of a two-port DUT. In the first case, TRM is applied in the classical way. In the second
one, the proposed strategy of left de-embedding to characterize both the two asymmetric
error networks, required for multi-port DUTS, is used. Each strategy requires different
measurements, which are reported in table below.

A B C D|E
Strategy 1 | v/ | v N v I\
Strategy 2 | v | v/(fix2 only) | v/(fix2 only) | v | V

Table 2.2: List of the measurements required for each strategy.

In the first strategy, TRM is applied once to fixture "1", fixture "2" and DUT, resulting
in the S-parameters of the DUT only. In the second case, the TRM is applied first to
fixture "2", then with an additional "thru" measurement and left de-embedding (as shown
in section 1.4 and appendix A.4) also the fixture "1" S matrix is obtained, finally the
DUT is de-embedded from the total measurements with left and right de-embedding.
The fix-DUT-fix scattering matrix is compared with the DUT only one in figure 2.3.

An important point on the built standards has to be clarified. This is about the use of
the SMA adapters, needed for connecting the fixtures with each other and to connect the
VNA channels to them. In particular, the SMA-female/SMA-female adapter S-parameters
have been directly measured, and are reported in figure 2.12. This adapter is behaving
as a perfect "thru" (no reflection, all transmitted), apart from introducing a linear phase
shift in the transmission parameters. The phase shift is measured and is equal to 17° at
1 GHz. The use of this connector will introduce an error in the de-embedding compatible
with the effect of a finite length thru (which from a simulation perspective produces the
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2.2 — Measurement on a 20 dB attenuator

2.2.1 Strategy 1

In this case, only the DUT S-parameters can be obtained, by performing the measurements
of the three TRM standards. The TRM procedure is applied and de-embedded DUT S-
parameters are compared to the measured ones in figure 2.4. It can be seen that while there
is a great difference in the s1; and s99, a good matching is achieved in the transmission
parameters (s12 = s91). The error on the return loss is due to the finite directivity of
the VNA in the measurement bandwidth, which will be better explained in the "Strategy
2" case. Instead, the phase error on the DUT is clearly deriving from the effect of the
finite THRU used in the de-embedding. The error matches exactly the measurement of
the phase shift introduced by the SMA-female/SMA-female adapter (figure 2.12). In fact,
the THRU standard is setting the position of the reference plane for the de-embedded
results. This can be better described with illustration 2.5.

The green rectangle highlights the actual fixture that has to be removed from the
complete fix-dut-fix measurement. The blue one is highlighting the actual one which is
computed by the de-embedding. In fact, the first reference plane "1" is set at the first
SMA-female, where the channel of the VNA is connected. The second reference plane "2"
is set at the middle of the THRU standard. Thus, the mismatch between the actual and
the de-embedded fixture is in the phase shift of an a SMA-female adapter. Experimentally,
this is confirmed in figure 2.4(b). The phase error on s9; and s15 is of ~ 10° and 500 MHz
and of ~ 20° 1 GHz, compatible with the phase shift of the SMA adapter.

In the next measurements, the phase shift introduced by the THRU of finite length is
corrected. This is possible since for the successive arrangements considered, the fixtures
scattering parameters can be fully characterized. A network representing half of the

SMA-female can be modeled as a matched transmission line providing a

at 1 GHz, and can be left/right de-embedded from the obtained fixture S-parameters.
This data is then used to de-embed the DUT.

phase shift

This fact shows another advantage of de-embedding the DUT by fully characteriz-
ing the test fixtures: the finite length of the THRU can be taken into account and de-
embedded.
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Figure 2.4: Comparison between de-embedded DUT and actual one.
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Figure 2.5: Difference between measured, de-embedded and actual fixtures.

2.2.2 Strategy 2

In this case, the S-parameters of the attenuator and both fixtures can be computed. The
standard used for the "reflect" is of short type, but similar computation is performed for
the open case. The TRM algorithm is then applied to this first set of values to extract
the fixture "2" S-parameters. These are shown and compared to the ones from a direct
measure of them with the VNA in figure 2.6. This information is then used to de-embed
the fixture "2" contribution to the measurement of D, obtaining the scattering matrix
of fixture "1". The scattering parameters of the fixture "1" are obtained by realizing the
"thru" connection (figure 2.7) and by right de-embedding the known fixture "1".
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Figure 2.6: Fixture 2 de-embedded compared with the measurement.
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R
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Figure 2.7: Schematic representation of the measurements for fixture 1.

The obtained fixture "1" is highlighted in blue. The VNA measures the red one: the
half-I contribution can be removed and the resulting parameters are compared with the
de-embedded ones in figure 2.8. Finally, the obtained fixture "1" and fixture "2" scattering
parameters are left and right de-embedded from the complete (A) measure, respectively,
using the equations of the appendix A.4 for the two-port case. The results is compared
with the actual DUT in figure 2.10.
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Figure 2.8: Fixture 1 de-embedded compared with the measurement.

The absolute error in dB for the magnitude and in phase for the phase of the reflec-
tion parameters si; and sgo is due to the finite directivity (41 dB) of the VNA employed
(figure 2.11). This is causing a significant error in the measurement of low values of re-
turn loss. For example, a quick computation of the error can be made according to the
uncertainty graph from the datasheet. For an s;; = —30 dB = 0.03 the uncertainty is
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close to 0.01, providing an si1mee = 0.04 = =28 dB and s11min = 0.02 = =34 dB: the
measurement is bounded within +2 dB and -4 dB of uncertainty. If the return loss of the
fixture is even higher, as in the example case: s11 = —30 dB = 0.01, the uncertainty close
to 0.01 provides s11,mae = 0.02 = =34 dB and 511 min, = 0.001 = —80 dB, indicating that
this measure is affected by great uncertainty. This problem is not affecting the measure-
ment of small return losses (such as the reflection coefficient of the reflect standard) or
the transmission parameters so; and s12. A detailed explanation of the error caused by
the finite directivity of the VNA can be found in [48]. The phase error on the s9; and
s12 of the DUT is much less than before (now 3° at 1 GHz), as the finite length thru has
been taken into account before performing the de-embedding of the DUT. Ideally, the
"thru" would be of zero length, however, the SMA-female is introducing a phase shift that
becomes not negligible at higher frequencies. The measured S-parameters of the I-SMA
are shown in figure 2.12. The phase shift introduced by this component has the same
profile of the error made on the s9; of the DUT, in the right picture, when the effect of
the finite length thru is not taken into account in the de-embedding. The glitches in the
magnitude measurements are due to the different IF frequencies used in the measurement
of the total structure and the two cables.
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Figure 2.9: S-parameters of the thru connection between the fixtures D.
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Figure 2.11: Table 3 from the datasheet of the VNA used. In the bandwidth up to 1 GHz
the directivity is of 41 dB.
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Figure 2.12: Measure of the I-SMA scattering parameters (left) and phase error on the
s12 parameter between the measured and de-embedded DUT (right). The error is corre-
sponding to the phase shift introduced by the I-SMA in the non-ideal thru connection.

2.3 De-embedding of a low return loss fixture

This simple measurement is made to demonstrate that the equations for left and right
de-embedding of section 1.4 are valid regardless of the type of the fixture. In this example,
a "thru" structure is realized connecting a capacitor soldered between two female SMA
connectors (figure 2.13) between the two cables of the structure "E" from table 2.1. The
built structure can be schematized as in figure 2.14.
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Figure 2.13: Capacitor soldered between two female SMA connectors.

fix2 .
PORT 1 PORT 2

im

(@:—c_gﬂ@—H ﬁ_“_‘mti,_

Figure 2.14: Schematic representation of the thru between fixture "1" and the capacitor.

The measurements on this structure, compared with the capacitor only S-parameters,
are shown below (figure 2.15).
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Figure 2.15: Capacitor (blue) and thru (red) scattering parameters.

The results of the de-embedding are reported in figure 2.16.
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Figure 2.16: Comparison between actual and de-embedded capacitor scattering parame-
ters.

It is noted that this time the measurements have a lower return loss: in this case
the finite directivity of the VNA is not introducing uncertainty and there’s little error

(within +1 dB) on the S-parameters. The error of the de-embedding is reported below,
in figure 2.17.
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Figure 2.17: Error on the magnitude (a) and phase (b) on the de-embedded S-parameters
of the capacitor.
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2.4 — Voltage follower test circuit

2.4 Voltage follower test circuit

The DUT is a general-purpose opamp (TL081) connected in a voltage follower configura-
tion. The schematic is shown in figure 2.18.

Vcc

f—P2
P1 RF  RF_DC 7 et c ;;
DC —
C
Vbias

\'

Figure 2.18: Schematic of the built prototype.

The opamp is powered by a single-supply voltage of V.. = 6 V, the minimum required
by the datasheet [49]. The noninverting input is connected to the bias tee designed in
section 1.4.3. The RF port is connected to the VNA measurement system, the DC port is
connected to a constant source Vyies = 3 V. These voltages are provided by a bench linear
regulated power supply (Topward TPS-4000 [50]). The dc blocking capacitor at the output
has a value of 8.2 nF' and a decoupling capacitor of C; = 100 nF is connected between
the supply pins of the op-amp. The circuit was prototyped on a dual-side perfboard. To
minimize the parasitics that would influence the measurement, the layout was made as
much as compact as possible using SMD components. The ground plane was realized with
adhesive copper tape.

Asymmetric error network of 100 cm cable and 36 cm RG-58 cable

The setup is shown in figure 2.19. The fixtures "1" and "2" were already characterized.

PORT 1 fix1 fix2 PORT 2
im - - 36cm
e S—————— )"y Al @ — T

Prototype board

Figure 2.19: Second scenario.

The results follow in figure 2.20.
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Figure 2.20: Comparison between de-embedded S-parameters (solid line) and measured
one (circles).

The measurement of the total structure has been carried three times to ensure repeata-
bility, and reported in figure 2.21.
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Figure 2.21: Plot of the acquisition of the S-parameters.

A comparison between the total measured S-parameters and the DUT one is provided
in figure 2.22.
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Figure 2.22: Comparison of the DUT s-parameters with the fix-dut-fix ones.
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De-embedding on real devices

Asymmetric error network of 36 cm cable and 100 cm RG-58 cable

To double-check the correctness of the results, the two fixtures are exchanged between
port 1 and port 2. The setup is shown in figure 2.23.

i e - i
[ i —ﬁ_fm_"_-"u ¥ Q L "11-_’%_@_3_!, 3

Frototype board

Figure 2.23: Third scenario.

The results follows in figure 2.24.
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Figure 2.24: Comparison between de-embedded S-parameters (solid line) and measured
one (circles).

The measurement of the total structure has been carried three times to ensure repeata-
bility as the previous case, and reported in figure 2.25.
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Figure 2.25: Plot of the acquisition of the S-parameters.

A comparison between the total measured S-parameters and the DUT one is provided
in figure 2.26.
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Figure 2.26: Comparison of the DUT s-parameters with the fix-dut-fix ones.

Frequency(Hz)

The error in dB and ° between measured and de-embedded DUT parameters are re-
ported below (figures 2.27 and 2.28). For a larger part of the bandwidth, the error is
below 1 dB and 10°.
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Figure 2.28: Error for the second scenario.
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Chapter 3

Conclusions and future work

The main goal of this thesis was to develop a de-embedding procedure that applies to
multi-port networks, with no hypothesis on their symmetry or type and applicable in a
wide bandwidth. First, it were described the classical calibration strategies applied to the
case of two-port networks. It was then explained how to deal with their limitations. The
set goals were obtained first by using the two-port TRL/TRM to characterize a single error
network, then by realizing N-1 additional "thru" structures. After this characterization,
multi-port de-emedding becomes possible.

The multi-port de-embedding strategy was validated in a SPICE environment. Mea-
surements on real devices were made to validate the test-fixtures characterization using
the proposed additional "thru" calibration structure. The results show that an accurate
description of the error networks is obtained, and this can be used to de-embed the DUT.
A two-port DUT was considered, but there is no reason to believe that the strategy
wouldn’t work for three or four-port devices, as confirmed by simulations. In fact, the
theory shows how once a test-fixture is completely characterized, de-embedding can be
carried outfor two or multi-port devices.

Additional study is required when the calibration standards are not ideal. For example,
a source of error is that the calibration structure is not the exact replica of the ones
connected to the device. Other sources of errors are on the non-ideal "thru': the effect of
the finite length have been studied, but when its characteristic impedance is different from
the "line" one, an error is expected. In future works, the crosstalk between test-fixture
could be included in the strategy. A multi-port LRL/LRM could be developed to consider
the finite length "thru". Also, the extension of this strategy to differential structures could
be studied.
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Appendix A

Derivation of the de-embedding
algorithms

A.1 TRL line length computation

The bandwidth on which the de-embedding is applied is indicated as f; — f. First, the
ratio ﬁ is computed, allowing the choice of the number of line standard as in table 1.4.

To havtle the best calibration, the line lengths and crossover points must ensure that their
phase shift is as far as possible from 0° and 180° across the entire bandwidth. The
geometric series proves useful to divide the bandwidth f; — f5 identifying the crossover
points, according to the following optimal criteria [51]. Each line can be used for a
maximum bandwidth of 1:8. To ensure that the frequency range spanned by each line has
the same ratio of upper to lower frequencies, guaranteeing the highest distance for each
line from 0° and 180°, the ratio between the next crossover point and the previous one has
to be kept constant over the entire bandwidth. The geometric sequence is of the form:

a,ar,ar®, ars, ..., ar" (A1)

Each term of the sequence corresponds to a frequency crossover point between the different
line standards:

a,ar,ar®, ard, ..., ar" = I, fes fios ooy [ (A.2)

In particular a = f;, ar™ = f,,. In the case of a single line, n = 1, the standard is used in
the entire bandwidth resulting in f;; = fr. So it results a = f; and r = ﬁ In the two

1
line case n = 2, as there are three terms in the series corresponding to fi, fi1 and f;. It’s

possible to derive:
fn  fir? | In
=== A3
fi i i (A-3)
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Jn

Knowing r, fn = ar = f; 7 The bandwidth is divided in the range:
1
fucfo = [ 2 8o (A4)

The longer line will be used in the range f; — f;; while the shorter one in the range f;1 — f.
Thanks to the geometric sequence construction, the three point satisfy:

o I fe i

i fr A f

Meaning that each line covers a frequency span of the same extension. To determine

(A.5)

A
the line lengths, as explained, the optimal criteria is having them long [ = 1 at center

frequency:

i+ fa Veff At Luweps

cl = 7)\0 = >l = = = A6

fl 2 ! fcl ! 4 4 fcl ( )
fa+ fn Veff A2 Lwess

C = 7Ac = 7l - - - A?

f2 2 ? fc2 2 4 4 fc2 ( )

o

It’s possible to compute the phase delay in ° of each line at the crossover points.
This quantity at lower and upper frequency is the same for each line, verifying the initial
requirement of optimal bandwidth division and line length.

On = 900;31, O = 900;2 (A.8)
010 = 900;2, O = 9001{52 (A.9)
And as stated above:
fl _ 2fl _ 2fl _ 2 & _ 27’f[ _ 2r _ 2 (A 10)
fa  fitfa  fitrfi 140 fo vhi+fu rHr? 14w
Providing as expected 0;; = 6;5. For the electrical length at the upper frequency:
@_ 2rfy 2r ﬁ_ 2fn 272 _ 2r (A11)

fa  fitfa 147 fo  fitfu rH+rE 147

Providing 05,1 = Ope.
This addresses the cases of single line and two lines computation. The calculations for
three and four line cases are below reported.
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A.1 — TRL line length computation

A.1.1 Three lines

The bandwidth is divided in three intervals (n = 3) indicated with:

fl7ft17ft27fh (A12)
The ratio 7 of each point with the previous one is now computed as:
&:7“3,7’: o/ Ji (A.13)
fi V fi
Providing:
fa=rfi.fa=rfn=""1 (A.14)
The center frequencies at which each line is long a quarter wavelength is:
fu = fl+ft17f02: ft1+ft27f83: fio+ fn (A.15)
2 2 2
Lwesy Co

The line lengths are computed using I; = —

, With verr =
4 fc,i </

€eff
A.1.2 Four lines
The bandwidth is divided in four intervals (n = 4) indicated with:

fi, fa, fios fizs [ (A.16)

The ratio r of each point with the previous one is now computed as:

I e
7 =r 77“—\/; (A.17)

Providing:
fo=rfifo=rfo=rfi,fu=rf=1r"F (A.18)
The center frequencies at which each line is long a quarter wavelength is:
fo = i ';ftl’fd _ Ju ;— ft2’f63 _ fio -2F ft37fc3 _ i3 ; In (A.19)
Lwesy Co

The line lengths are again computed using l; = 1 7
(X

y with Veff = c ff.
e

A.1.3 Use of a higher number of line standards

For any ratio &, it’s possible to choose a number of lines that is higher than the strictly

required. This flas the advantage of improving the de-embedding accuracy, as adding an
additional line has the effect to move the phase shift at the crossover points farther from
the limits of 20° and 180°. The disadvantage, in this case, is that the lines to be fabricated
will be larger than the minimum number of lines case.
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A.1.4 Some numeric examples

This section is for providing insight on the required line standards to be fabricated.

FR4 board, TRL down to 10MHz

This example considers e.fp = 3.3, fi = 10 MHz, f;, = 1 GHz. This results in J;h = 100,

1
requiring three line standards (table A.1).

fl fcl ftl fc2 ft2 fc3 fh
Frequency (GHz) | 0.01 | 0.028 | 0.046 | 0.13 | 0.215 | 0.61 | 1

Line lengths(cm) 146.3 31.5 6.8
0 32 32 32
Oy, 148 148 148

Table A.1: Line standards required by the TRL.

The line lengths are unfeasible to be fabricated on a PCB. As said in section 1.3.3, the
de-embedding at low frequencies is better performed with TRM.

Higher dielectric constant board

For circuit size reduction, a possibility is to fabricate a PCB with a higher dielectric
constant. The "RT/duroid 6010LM laminate" from rogers corporation [52] has a dielectric
constant of 10.2. Tables A.2 and A.3 compare the results between the two dielectrics. In
the rogers case, the line lengths are nearly half of the FR4 case.

fl fcl ftl ch fh
Frequency (GHz) | 0.2 | 0.64 | 1.09 | 3.54 |6

Line lengths(cm) 6.4 1.2
0, 27.8 27.8
On, 152.2 152.2

Table A.2: Line standards required by the TRL, €.y = 3.3.

fl fcl ftl fCQ fh
Frequency (GHz) | 0.2 | 0.64 | 1.09 | 3.54 |6

Line lengths(cm) 3.6 0.6
0, 27.8 27.8
oy, 152.2 152.2

Table A.3: Line standards required by the TRL, e.rf = 10.2.
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A.2 — TRL for 2-port networks

Using an additional line to improve the accuracy

Considering the example above with e.;y = 3.3 (FR4), the use of an additional line
standard (for a total of three lines) will move the phase shifts farther from 20° and 160°,

as shown in table A 4.

fo [ fa | Ja | fe | Jo | fs | Jn
Frequency (GHz) | 0.2 | 0.41 | 0.62 | 1.28 | 1.93 | 3.97 |6
Line lengths(cm) 10 3.2 1
0, 43.8 43.8 43.8
O, 152.2 152.2 152.2

Table A.4: Effect of an additional line standard.

A.2 TRL for 2-port networks

The equations can be found in [53] and are reported below. Using R parameters, if:

|

by
a1

1
Sa1

_522

by = Si1a1 + Si2a2

by = Sa1a; + Sazas

S Ve

A= 312521 - 511522

R

1

" Su

— S92

3 9

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

The total measured matrix R is the product of the matrices of the error boxes and the

DUT:

R4 and Rp can be written as follows:

T11

R, =
A {7”21
P11

Rr =
B {021

T12 , a b
T922 -z c 1
P12 «
pm] P22 [v

Ry = R4RRp

R =R;'RyR;!

(A.25)

(A.26)

(A.27)

(A.28)
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The inverse of R4 and Rp can be derived:

1 1 1 -b
R;'=— A.29
A rgga—be LC a ] ( )

B 1 1 1 -5
Rl = — { } A.30
B pra—pBy -7 « ( )

The DUT matrix is expressed as:

R_ L 1 1 15{1 —bH1 —6} (A31)

7"22P22a1_bfl_ pLl=c a
a7y

Seven quantities are needed to find R and de-embed the DUT, even if the error boxes,
that are asymmetric, have 8 error terms. The needed quantities are a,b,c,a, 5,7 and
roop22 From THRU, REFLECT, LINE standard measurements, these quantities can be
found and the solution can be provided. From the ideal through standard (represented as
a 2x2 unit matrix) the measured R matrix results:

Rt = RaRgp (A.32)

Where R and Ry are the R matrices of the error boxes A and B. With the line standard
connected, the measured R matrix will be:

Rp = RARLRB (A.33)
Now, it’s possible to write:
Rg = RAflRT (A34)
Rp = RARLRA 'Ry (A.35)
Rp = R,AR,Lllei1 (A.36)
RpRt 'Ra = RaRyp (A.37)

If we define T = RpRy !, then substituting in the equation above we obtain:
TRA = RaRyL (A.38)

Where the T matrix was defined above and it is known from measurements, while Ra
is the R matrix of the fixture A and Ry, is the one of the line standard. The following

equation holds:
tin tiz]fa b] [a b] e 0
|:t21 tgg] |:C J o [c 1] |: 0 e’yl} (A.39)
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A.2 — TRL for 2-port networks

Which can be expanded as:
tia + tigc = ae™ "
tora + tage = ce™ W
t11b + t12 = be?!
torb + tog = !

Dividing the first by the second:

a
tlla + tlZC — g — tllg + t12 (A 40)
tora +ta2c ¢ 75212 T toy '

c
That can be solved in terms of g:
c
2
a a
to1 (c) + (tog — t11); —t12=0 (A.41)
By dividing the third by the fourth:
t11b + ti2 _ (A.42)
1210 + a2 .

That can be solved in terms of b:
t21b2 + (t22 — tll)b —t12=0 (A43)

And finally, by dividing the fourth by the second we obtain:

2 to1b+taa  to1b+ 120 (A.44)

¢ = a
tara +122¢ 10 = 4ty
c

a
Since this ratio is not equal to unity (as ¢ 1) b and — are two distinct roots of the
c
quadratic equation, in which the same coefficients come into play. However, there’s the
need of a criteria for allowing the root choice, correctly identifying b and —. By writing:
c

a 11 S12521
- =—=551-

91 S22

(A.45)

Typically, the return loss of the fixture is very small (|Saa|, |S11| < 1) that yields |b| << 1
a
and |—

>> 1). The unequality [b] << ’a is used to determine the choice of the root.
c c
Now recalling that TRA = RaRy:

det(T)det(Ra) = det(Ra)det(Ry) (A.46)

det(T)det(Ry) = 1 (A.47)
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Derivation of the de-embedding algorithms

So that it is possible to write:
t11toy — tiator =1 (A.48)

So only three terms out of four of the T matrix are independent: by considering the
a
previous system of equations, the ¢;; terms are known once b, — and e are determined.

c
What is left is to determine the other four quantities that are needed to de-embed the

DUT.
a bl [a B d e
22022 [c 1] [”y J =RaARB=Rr =y {f 1] (A.49)
Now computing:
~1
a b 1 1 —b
[c J R {—c a} (A.50)
a b] g 1 =bl[d e] g d—bf e—=b
22022 L } = a—be [_C a} [f J = [af—cd a—ce] (A.51)
We extract: .
1—e—
a—ce a
= = A.52
72222 ga—bc gl—bE ( )
a
And we also have:
a Bl 1 d—bf e—b
{’Y J a—ce Llf—cd a— ce (A.53)
From which the following three result:
c
f—-d
= a (A.54)
v C
1—-e
a
B e—b
o d—bf (A.55)
d—b
aa = 7Cf (A.56)
1——e
a

At this point, the additional four quantities found are é,% roop22 and aa. In order to

perform the de-embedding, we need to compute a. This can be done by considering the
measurement of the return loss w; of the reflect standard for the error box A: w; =

Ir+0
@Rt . By solving for a, in terms of the known b and g,
cr+1 1

wl—b

C
FR (1 - w1>
a
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A.2 — TRL for 2-port networks

To determine a, since I'p is unknown, we also need the same measurement for the error

box B:
S12521Tr ~ Sao — ATg

- - A.58
G TR g T, T T Sulp (A.58)
S
22 22
we = —== =2 (A.59)
1— @rR
P22
wy = AR (A.60)
ATr — 1
Now a can be found as follows:
a= L'yﬁ (A.61)
FR <1 + U)2>
!
So that:
14+ wy—
—b 2
g Q (A.62)
a  watY g —
a
And by multiplying the expression above by aa found before:
s
14 we—
wy —b d—>bf
2 = a - (A.63)

w2+’}/1_w151_76
a a

From which "
wl—bl+w2£d—bf /
a==+ a = (A.64)
w2+’}/1—w1*1—*6
a a

At this point a is determined within a 4 sign. To choose the correct root, the sign of the
real part of the reflect standard employed has to be used:

w1 — b
a <1 — wlc>
a
The matrix of the DUT is now found as:
1 1 1 1 — _
AT [

7“22,022@1_551_ pl=c a
a " Ty

T = (A.65)

After the de-embedding algorithm is applied, also the product between the R matrices of
the two fixtures is known:

RARB = 122022 [CCL l{] B ﬂ (A.67)
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Derivation of the de-embedding algorithms

While the terms inside the brackets are known, the fixture R matrix (and so the S one)
is found only if the two are equal, as only the product 792029 is known, but not the two
single terms. In the case of symmetrical test fixtures:

T22 = P22 = \/T22P22 (A.68)

A.3 TRM for 2-port networks

As discussed in the de-embedding chapter, at low frequencies the "line" standard is replaced
by the "match" one and the technique for obtaining the DUT-only scattering parameters
is called "Thru-Reflect-Match" (TRM). The mathematical derivation for this technique
can be addressed by treating it as a special case for the TRL method, explained in ap-
pendix A.2. Nevertheless, the mathematical procedure has to be handled with special
attention, as the match standard is different from the line one.

The first step is to compute the transmission (R) matrix for the match standard.
Figure A.1 shows the two-port network corresponding to the match standard.

iZin
port 1 R3
1 ;

Figure A.1: Match standard (a) and set up for s;; computation (b).

The impedance Z is representing the isolation between ports 1 and 2: this will be taken
into account in the computations but will not matter in the final results. The transmission
matrix can be computed using equation A.24, after the S-parameters are known. First,
s11 can be computed using 1.17.

Z
ZolZ + 70) _ Zo(Z + Zo)2)

Lin = =
Zo+ 7+ Zy/2 Z+§Zo
2

(A.69)
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A.3 — TRM for 2-port networks

3 2y 3 )
b ol Z+— | =2y Z+ =7
o Zm—Zy PR B °< +2> °< a7
11 — - -
A 7 7 3
Zin + Zo ZO<Z+°) Zo(Z + 22 + Zo(Z + = Zy)
2 2 2
— 3, t%
Z7+°7
+2 0
72 3,
:ZOZ+7—ZOZ—§O__1 Zo
72 270+ Z
ZoZ+7°+ZoZ+g§ 0t

(A.70)

Due to the network symmetery, sqo = s11. Then, it’s possible to use 1.18 to find s9; = s79,

where Vg4 is the voltage developed across Ry:

Z
Zo(Z + ?0)
Zo 3 A Zo
521*22VR4* 2 Z+§ZO =2 2 ZO(Z+? =
- o A Z - Z Z 3.,
il 242 202+ 29 Z+ 22702+ 22+ 222
2 2’ g 2 2 2
3
Z 4+ =7
+ 540
B Z 1 Z
= 7 — =5
Z+ 3+ 2452 220+ 2
(A.71)
The R matrix can be computed with A.24:
1z 1z
— 4(Z+ 22  4(Z + Z)?
= S8 T S8 (Z + Zy) (Z+ Z)* _ 0 (A.72)
S21 521
1 Z
S11 27+ Zy
=M _=22r 40 g AT3
T12 91 1 ZO ( )
27+ 7,
1 Z
S11 27+ Zy
M 2Lt 4 A4
T21 91 1 ZO ( )
27+ 7
1 2(Zo+ 2)
Tog = — = A.T5
27 sy Zo (A.75)
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Derivation of the de-embedding algorithms

Let’s consider now the equation that for TRL employs the measurement coming from the
line-standard:
TRA = RaRy (A.76)

In this equivalence previously derived, T = RpRr !, Ra is the R matrix of the A
fixture, while Ry, is the R matrix for the line standard. In the TRM case, the Ry, matrix
can be replaced by Ry, that is corresponding to the R matrix of a matched termination
that has been just computed. In the TRM de-embedding, the value of the resistance of
the "termination" (also called "match") standard employed will determine the reference
impedance of the extracted DUT and fixture S-parameters, exactly in the same way as
the TRL, where the "match" resistance is substituted by the characteristic impedance of
the "line". If the impedance of the "match" is known, re-normalization to 5082 is made as
for the TRL. The Ry matrix is expressed as follows:

0 —1
Rm = [1 220+Z1 (A.77)
Zo
It follows that:
tin tig] fa b]  [a 0] |0 -1
Lzl tzz] {C J o [c 1] [1 QZOZ‘:Z] (A.78)

Which can be expanded as:

t1ia +tioc =10

tora +tooc =1

t11b +t1o = —a+b‘2ZOT-;Z
torb + tog = —c + 2242

(A.79)

The same reasoning employed for the TRL can be applied here. In particular, it should
be provided the equations that give b and ﬂ' The procedure is different from the TRL.
c

First, b is obtained. In fact, considering the matrix Ra:

b
Ra =172 [Z 1]

The R matrix is the transmission matrix for fixture "A". It results from the conversion
formulas A.24:
b= S11 (ASO)

So b is equal to the input reflection coefficient of the fixture "A". In the TRM calibration,

this is corresponding to the measured s1; of the match standard. So A.80 is directly

providing b. The other term is ?  This can be obtained by dividing the first two of A.79:
c

tina+tiac
tora + tyoc
t11e +t2
to1% 4ty
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A.4 — multi-port de-embedding

a a
t11— 4 tio = to1b— + t22b
c c

a N btgg — tlg

¢t —ba
From this point on, the equations are the same of the TRL (A.46 to A.68).

A.4 multi-port de-embedding

(A.81)

The right de-embedding process consists of de-embed the known S from the knowledge

of S and solving for S, Let’s start with the 1.66:
S22 — S22? = 891 (I = 851811 P) 7182518,

(321(2))71(522 — 322(2)) =(I- 522(1)311(2))71322(1)512(2)

(T — S22M811@)(S21 @) 71 (Sgz — S22Y) = 825181,

(521(2))71522 — (521(2))71322(2) - 522(1)511(2)(521(2))713224-
+ 8221811 (821Y) 71825 = 82,(M81,?)

(A.82)

(A.83)

(A.84)

(A.85)

(521(2))71522 — (521(2))71522(2) = 522(1)(511(2)(821(2))71522 — 511(2)(521(2))71322(2))4-

+ 522(1)512(2)

(S21) 71822 — (821®) 71822 ®) =
=822 (S11P(S21®) S22 — 811V (S21Y) S22 + 81,?)
S22(1) = (S21(2))7IS22 — (S21(2))7IS22(2)(811(2)(521(2))71522 — 511(2)
From the third equation:
(S21(1) =(I- Szz(l)S11(2))Szl(2))_1321
And similarly from the second one:
S12" = 812(S12®) (I — S11VS2, V)
Finally from the first one:
S11W =811 — 81281 P (I - 52281, ) 185,

(A.86)
(A.87)

(A.88)

(A.89)

(A.90)

(A.91)

The left de-embedding process consists of de-embed the known S from the knowledge

of S and solving for S@). Starting with the 1.63:
Si1 = Su =811 + 812081 P (1 - 855V81, ) 7185,
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(512(1))71(511 — 311(1))(321(1))71 = 811(2) (I- S22(1)311(2))71 (A.93)

(312(1))71(811 — 511(1))(521(1))71(1 - 822(1)511(2)) = 811(2) (A.94)

(512(1))_1(811—811(1))(821(1))_1—((512(1))_1 (311—811(1))(521(1))_1)822(1)311(2) =15,;,@
(A.95)

(312(1))_1(511 - 311(1))(821(1))_1 = (511(1))(521(1))_1)522(1)311(2) + 18, (A.96)

S11® = (((S12™) 7! (S12—S11)(S2:M) S22 W+T) 7 (S12™) 7 (S11—S11 V) (S2: M) !

(A.97)
And in a similar way of before:
S21® = 891 (S2: M) 7H I — S22MVS1; @) (A.98)
S12® = (I - S11®82,M)(S12M) 1Sy (A.99)
S22 = Sa5 — 851 (I = S57811 %)) 71855118, (A.100)
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Appendix B

Matlab Code

In this appendix, it is provided the Matlab code used for the de-embedding. The main
script allows the choice of two-port de-embedding or multi-port de-embedding.

Y%Main file for calling the de—embedding scripts. Can be used by
following
%the prompts in the command window .
% Other m—files required: multiline.m, TRM_ TRL_calibration.m,
% f thru de embedding left.m, { multiport de embedding.m
% Subfunctions: select_match(),select_line (number), symmetrize (
standard ,symm)
disp ("Insert choice"); disp("l: two—port de—embedding or two—
port fixture characterization"); disp('2: multi—port de—
embedding ")
choicel = input ("");
switch (choicel)
case 1
disp ("1: TRM") ;disp ("2: TRM + TRL") ; disp ("3: TRL")
choice2 = input ("");
disp (" Select thru measurement') ;[ file thru, path thru] =

uigetfile ('+.s2p’); thru = sparameters(strcat(
path_thru, file_thru));
calibration . frequencies = thru.Frequencies; res = length

(calibration . frequencies);

disp ("Select reflect measurement') ;[ file reflect ,
path_reflect] = uigetfile(’%.s2p’); reflect =
sparameters(strcat (path_reflect , file_reflect));

disp ("Enter 1 for open, —1 for short"); reflection=input
(") ;

disp ("Enter 1 if only reflect sll is present in the
measurement , enter 2 if sll and s22 are present');
symmetry = input ("");
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32
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34
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36

37

38

39

40

41

42

43

Matlab Code

reflect = symmetrize(reflect ,symmetry) ;

disp ("Enter 1 if fix—dut—fix two—port measurement is
present , enter 2 if not"); symmetry = input ("");

if (symmetry ==1)

disp (" Select fix—dut—fix measurement"'); [file total,

path_total] = uigetfile( *.s2p’); total = sparameters
(strcat (path_total, file total));
else
total = sparameters(zeros(2,2,res), calibration.
frequencies);
end
switch (choice2)
case 1
path_match = select_match(); match = sparameters
(path_match) ;
disp ("Enter 1 if only match sll is present in
the measurement, enter 2 if sl1 and s22 are
present ') ; symmetry = input ("");
match = symmetrize (match,symmetry); path_line =
0;
line_ number = 0; only TRL = 0; e_eff=1; fl=
calibration . frequencies(end)/1e9; fh =
calibration . frequencies (end)/1e9;
case 2
path_match = select_match(); match = sparameters
(path_match) ;
disp ("Enter 1 only match s11 is present, enter 2
if s11 and s22 are present"); symmetry =
input (") ;
match = symmetrize (match,symmetry); only TRL =
0;
disp ("Enter lowest frequency (GHz) from which
apply the TRL"); fl = input("");
disp ("Enter the upper frequency (GHz) to which
apply the TRL"); fh = input("");
disp ("Enter line number"); line number = input
(""); path line = select_line(line number);
disp ("Enter line epsilon")
e_eff = input ("");
case 3
disp ("Enter line number")
line_ number = input("");
path_line = select__line (line_number);
only TRL = 1;

end
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a [linel , line2, line3 , lined4]| = line_struct (line_number,
path_line, calibration.frequencies);

55 disp ("Enter the vector (Ohm) [R match, Z0_ linel, Z0_line2,
Z0 line3, Z0 line4] for impedance correction")

w6 z0__correction = input ("");

a7 %build the calibration input

s calibration .line_ number = line_number;

19 calibration.thru = thru; calibration.reflect = reflect;
calibration .match = match; calibration.total = total;

so calibration.linel = linel; calibration.line2 = line2;
calibration.line3 = line3d; calibration.line4 = line4;

1 %Compute the transition frequencies of each line standard and
build the
2 Y%matrix of the match/line standard.

o

IS

s [line_p, index_fl index_ 1, index_ 2, index_ 3] = multiline (
calibration ,only TRL, e_eff, fl, fh);
54 calibration.line = sparameters(line_p, calibration.frequencies
)
55 ZO:50;

s [fix1 ,fix2 ,dut,cal] = TRM_TRL_ calibration(z0, calibration ,
symmetry, reflection , z0_correction, index_fl , index 1,
index_ 2, index_3,line number);

57

58 case 2

so disp ("Enter the number of DUT ports"); Num = input("");

¢ disp ("Enter the port number of the characterized fixture");
first = input (""); entered(l) = first;

¢ disp ("Enter the fixture"); [file fix , path_ fix] = uigetfile (.
s2p’); fix = sparameters(strcat (path_fix, file fix));

oo Fix{first} = fix;

63 for k=2:Num

6 disp ("Enter the port number of the fixture in the thru
connection"); Id = input("");

es disp ("Enter the known fixture of the thru"); [file_ fix , path_fix
| = uigetfile(’%.s2p’); fix = sparameters(strcat (path_fix,
file fix));

o6 disp ("Select thru of the known fixture with fixture connected to

port " + Id ); [file_thru, path_thru] = uigetfile( *.s2p’);
thru_2 = sparameters(strcat (path_thru,file thru));

ov Fix{Id} = f_thru_ de_ embedding left(thru_ 2, fix, 1);

o« rfwrite (Fix{Id}, "fix" + Id +".s2p"); entered (k) = Id;

¢o disp (" Already entered "); entered

70 end
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Matlab Code

disp ("Enter the total fix—dut—fix measurement"); [file_ tot ,

path_tot] = uigetfile( ' *.s2p’); tot = sparameters(strcat (
path_tot, file tot));

[dut] = f_multiport_de_embedding(tot ,Fix);

end

function path match = select match ()

disp (" Select match file")

[file_match , path_matchl] = uigetfile( *.s2p’);
path_match = strcat (path _matchl, file_match);
end

function path_line = select__line (number)

disp ("Select line measurement, starting from low frequency ones
ll)

for k=1:number

disp ("Select line "+ k + " file")

[file_line , path_linel] = uigetfile( *.s2p");

path_line{k} = strcat (path_linel, file_ line);

end

end

function [linel , line2, line3 , line4] = line_struct (line_number,

Path_tot_line, freq)
res = length(freq);
switch line number

case 0
linel = sparameters(zeros(2,2,res), freq); line2 =
sparameters(zeros(2,2,res), freq);
line3 = sparameters(zeros(2,2,res), freq); lined =

sparameters(zeros(2,2,res), freq);
case 1
linel = sparameters(Path_tot_line{1}); line2 =
sparameters(zeros(2,2,res), freq);
line3 = sparameters(zeros(2,2,res), freq); lined =
sparameters (zeros (2,2 ,res), freq);
case 2
linel = sparameters(Path_tot_line{1l}); line2 =
sparameters (Path_tot_line{2});
line3 = sparameters(zeros(2,2,res), freq); lined =
sparameters (zeros (2,2 ,res), freq);
case 3
linel = sparameters(Path_tot_line{1l}); line2 =
sparameters (Path_tot_line{2});
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Matlab Code

line3 = sparameters(Path tot line{3}); lined =
sparameters(zeros(2,2,res), freq);
case 4
linel = sparameters(Path_tot_line{1}); line2 =
sparameters (Path_tot_line{2});
line3 = sparameters(Path tot line{3}); lined =
sparameters(Path_tot_line{4});
end
end
function S_obj = symmetrize (standard ,symm) %build the match and
reflect matrices

S_obj_p = standard.Parameters;

S _obj_p(1,2,:) = 0.000001; %set transmission to —120dB

S obj p(2,1,:) =S obj p(1,2,:);

if (symm — 1)

S_obj _p(2,2,:) =S _obj p(1,1,:);

end

S_obj = sparameters(S_obj_p,standard. Frequencies);

end

function [one, two, three, four, number| = f TRL_line_ calc(fl ,fh
,e_eff | drawPlot)

%% HEADER

%TRL_line calec — Computation of the line standards to fabricate
required to perform a TRL de embedding.

%

% Syntax: [one, two, three, four, number] = TRL_line calc(fl,fh
,e_eff)

%

% Inputs:

% fl — Lower frequency (GHz) from which apply the TRL.
% fh — Upper frequency (GHz) to which apply the TRL.
% e_eff — Effective dielectric constant of the PCB.

%

% Outputs:

% one, two, three, four — Line standard characteristics for
each corresponding number of lines.
% | physical length (mm) | transition frequency (GHz) | center

frequency (GHz) | phase at lowest frequency (deg) | phase at
highest frequency (deg) |
% each row i represent the i—th line to fabricate.
% number — minimum number of lines to be used such that
lowest and upper
% phase delay is between 20deg and 160deg.

%
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Matlab Code

% Example: [one, two, three, four, number] = TRL_line calc(fl,fh
;e eff)

%

% Other m—files required: none

% Subfunctions: none

% MAT-files required: none

% See also: https://www.microwavesl0l.com/encyclopedias/trl—
calibration

% Author: Ivan Porcelli

% Politecnico di torino

% email address: s277252@studenti.polito.it

% Website:

% December 2021

%% Declare the variables

lines = zeros(4,3);

fh fl = fh/fl;

fcl = 0; ftl = 0; fc2 = 0; ft2 = 0; fc3 = 0; ft3 = 0; fc4d = 0;
ft4=0; 11 =0; 12 = 0; 13 = 0; 14 = 0; number= 0;

phi 11 =0; phi_hl = 0; phi 12 =0; phi_h2 = 0; phi 13 =0; phi_h3
= 0; phi_14 =0; phi_h4 = 0;

%% Compute the line lengths and frequency ranges

%one line solution

ft1 = fh; %GHz

fcl = f1 + (fh—f1)/2; %GHz

11 = (1/4)%300/(sqrt (e _eff)xfcl); Yaun

phi 11 = 11%360/(300/fl/sqrt (e _eff));

phi_hl = 11%360/(300/fth/sqrt(e_eff));

one(1,1) = 11; one(1,2) = ft1; one(1,3) = fcl; one(l,4) = phi 11
; one(1l,5) = phi_hl;

one(2,1) = 12; one(2,2) = ft2; one(2,3) = fc2; one(2,4) = phi 12

; one(2,5) = phi_h2;

one(3,1) = 13; one(3,2) = ft3; one(3,3) = fc3; one(3,4) = phi_ 13
; one(3,5) = phi_h3;

one(4,1) = 14; one(4,2) = ft4; one(4.,3) = fc4; one(4,4) = phi 14
; one(4,5) = phi_h4;

if (fh_ fl<=8)
number = 1;

end

frequencies = linspace (flx1e9, fhxle9x1.1, 1000);

yl = 11%360./(300./frequencies./sqrt (e eff))/1e9;

if (drawPlot)
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figure

semilogx (frequencies , yl, LineWidth’ ,2.1);
xlabel ('Frequency (Hz) ")
ylabel (" Electrical length(deg)’)
grid on; set(gca, fontsize’ ;20);
xline (ft1x1e9)

title ("One line solution")
legend ("Line 1")

end

%two line solution

ft1 = flxsqrt (fh/fl); %GHz

ft2 = fh;

fcl = f1 + (ft1—f1)/2; %GHz

11 = (1/4)%300/(sqrt (e _eff)xfcl); Yaum

fc2 = ft1 + (fh — ft1)/2; %GHz

12 = (1/4)%300/(sqrt(e_eff)xfc2); Yun

phi 11 = 11%360/(300/fl/sqrt (e eff));

phi_ hl = 11%360/(300/ft1/sqrt (e eff));

phi 12 = 12%360/(300/ft1/sqrt (e eff))

phi h2 = 12%360/(300/fth/sqrt (e _eff));

two(1,1) = 11; two(1,2) = ftl; two(1,3) =

; two(1,5) = phi_hl;

(2,1) =12; two(2,2) = ft2; two(2,3) =

; two(2,5) = phi_h2;

two(3,1) = 13; two(3,2) = ft3; two(3,3) =

(4

i

two

two(3,5) = phi_h3;
1) = 145 two(4,2) = ft4d; two(4,3) =
; two(4,5) = phi_h4;
if (fh_f1>8 && fh_fl <=64)
number = 2;
end

two

fcl;
fc2
fc3d;

fcd ;

two (1,4)
two(2,4)

two (3,4)

two(4,4) =

y = [11%360./(300./frequencies./sqrt(e_eff))/1e9; 12
%x360./(300./frequencies./sqrt(e_eff))/1e9];

if (drawPlot)
figure
for k=1:2

semilogx (frequencies , y(k,:), LineWidth ™ 2.

hold on
xlabel ('Frequency (Hz) ")
ylabel (" Electrical length(deg)’)
grid on; set(gca, fontsize’ ;20);
title ("Two lines solution")

end

137
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xline (ft1x1e9); xline (ft2x1e9)

legend ("Line 1", "Line 2")

end

%three line solution

ft1 = f1%10"(logl0 (fh/f1)/3); %GHy
fcl = f1 + (ft1—1£1)/2; %GHz

11 = (1/4)%300/(sqrt(e_eff)xfcl); Yaum
ft2 = f1%107(logl0(fh/f1)%(2/3)); %GHz
ft3=fh;

fc2 = (ft1 + ft2)/2; %GHz

12 = (1/4)%300/(sqrt (e_eff)xfc2); Yaun
fc3 = (ft2 + fh)/2;

13 = (1/4)%300/(sqrt (e _eff)xfc3); Yamm
phi_ 11 = 11%360/(300/ fl/sqrt (e _eff));
phi hl = 11%360/(300/ft1/sqrt (e eff))
phi 12 = 12%360/(300/ft1/sqrt (e_eff))
phi h2 = 12x360/(300/ft2/sqrt(e_eff));
phi 13 = 13%360/(300/t2/sqrt (e_eff))
phi h3 = 13%360/(300/fh/sqrt (e _eff));
three(1,1) = 11; three(1,2) = ftl1; th

= phi_11; three( 5) = phi_hl;

three(2,1) = 12; three(2, ) = ft2, three(2,3) = fc2; three(2.,4)
= phi_12; three(2,5) = phi_h2;

three(3,1) = 13; three(S, ) = ft3 three(3,3) = fc3; three(3,4)
= phi_13; three(3,5) = phi_h3;

three(4,1) = 14; three(4 2) = ft4; three(4,3) = fc4; three(4.,4)
= phi_14; three(4,5) = phi_h4;

if (fh f1>64&&: th fl <=512)
number = 3;

end

y = [11%360./(300./frequencies./sqrt(e_eff))/1e9; 12

x360./(300./frequencies./sqrt(e_eff))/1e9; 13%360./(300./
frequencies./sqrt (e_eff))/1e9];

if (drawPlot)

figure

for k=1:3

semilogx (frequencies , y(k,:), LineWidth’ ,2.1);
hold on

xlabel ("Frequency (Hz) ")

ylabel (" Electrical length(deg)’)

grid on; set(gca, fontsize ;20);
138
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135 title ("Three lines solution")
s end
137 xline (ft1x1e9); xline (ft2x1e9); xline(fhx*1le9);

1o legend ("Line 1", "Line 2", "Line 3")

140 end

1 %four line solution

w ftl = fl*lOA(loglo(fh/fl)/ZL), %GHz

s fcl = f1 + (ftl—fl)/Q, %GHz

s 11 = (1/4)%300/(sqrt(e_eff)xfcl); Ym

ws ft2 = fl*lOA(loglo(fh/fl)*2/4), %GHz

146 f02 = (ftl + ft2)/2; %GrHA

ur 12 = (1/4)%300/(sqrt(e_eff)xfc2); Ymm

us ft3 = f1x107(logl0(fh/f1)=x3/4); %GHz

o fed = (ft2 + ft3)/2

0 13 = (1/4)%300/(sqrt(e_eff)xfc3); Yaumn

151 fC4 = (ft3 + fh)/27

12 ft4d = fh,

13 14 = (1/4)%300/(sqrt (e _eff)xfcd); Yam

152 phi 11 = 11%360/(300/ f1/sqrt (e _eff));

155 phi hl = 11%360/(300/ft1/sqrt (e eff));

s phi 12 = 12%360/(300/ft1/sqrt(e_eff));

157 phi_h2 = 12%360/(300/ft2/sqrt (e eff));

1ss phi 13 = 13%360/(300/ft2/sqrt (e eff));
( ( ));
( )

)7
ur

7

7

7

159 phi h3 = 13%360/(300/{t3/sqrt (e_eff

wo phi 14 = 14%360/(300/ft3/sqrt (e eff

w1 phi_h4 = 14%360/(300/fh/sqrt(e_eff)

w2 four(1,1) = 11; four(1,2) = ftl; fo
phi_11; four(1,5) = phi_hl;

s four(2,1) = 12; four(2,2) = ft2; four(2,3) = fc2; four(2,4) =
phi_12; four(2,5) = phi_h2;

wa four(3,1) = 13; four(3,2) = ft3; four(3,3) = fc3; four(3,4) =
phi_13; four(3,5) = phi_h3;

s four (4,1) = 14; four(4,2) = ft4; four(4,3) = fc4; four(4,4) =
phi_14; four(4,5) = phi_h4;

166 1f ( fh 1l >512)

7

(1,3) = fcl; four(1l,4) =

167 number = 4;
168 end
w y = [11%360./(300./frequencies./sqrt(e_eff))/1e9; 12

%x360./(300./frequencies./sqrt(e_eff))/1e9; 13%360./(300./
frequencies./sqrt(e_eff))/1e9; 14%360./(300./frequencies./
sqrt (e_eff))/1e9];

o if (draWPlot)

i figure

12 for k=1:4
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semilogx (frequencies , y(k,:), LineWidth’ ,2.1);

hold on
xlabel ("Frequency (Hz) ")
ylabel (" Electrical length(deg)’)
grid on; set(gca, fontsize ,20);
title ("Four lines solution")
end
xline (ft1x1e9); xline (ft2x1e9); xline(ft3*1e9); xline
(fhx1e9);
legend ("Line 1", "Line 2', "Line 3", 'Line 4")
end
end

function [line p, index_ fl,index 1, index 2, index 3] =
multiline (calibration ,only TRL, e_eff, fl, fh)

%% HEADER

%multiline — This function is called by the main function

%"f TRM _ TRL multiline de embedding.m". It computes the matrix
that contains

%the match and line standards data considering the transition
frequency

%between each standard.

%

% Syntax: [line_p, index_fl ,index_ 1, index_ 2, index_ 3] =
multiline (calibration ,only  TRL, e_eff, fl, fh)

%

% Inputs:

% calibration — Struct containing the fields:

% line number: number of line stadnards

% freq: frequency vector of the measurements

% match, linel , line2 , line3 , line4: Corresponding
measurements

%

% only TRL — 1: Only TRL is used.

% — 0: Use TRM if the specified line number is 0,
otherwise

% uses a combination of TRM/TRL..

%

% fl — Lower frequency (GHz) from which apply the TRL. From
the lowest
% measured frequency to fl TRM will be used.
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%

% fh — Upper frequency (GHz) to which apply the TRL.

%

% e eff — Effective dielectric constant of the line standards

%

% Outputs:

% line_ p — matrix that contains the match and line standards
data

% index_fl — Frequency vector index up to which use match

standard. When
% just TRL is used, index fl = 0

% index_ 1, index_ 2, index_ 3 — Transition frequencies

for the line

% measurements. Line 1 used between index fl + 1 and index 1,

Line 2 used

% between index 1 + 1 and index 2

% Example:

%

% Other m—files required: TRL_ line calc.m,
f TRM_TRL_multiline de_embedding.m,

% Subfunctions: none

% MAT-files required: none

%

% See also: /

% Author: Ivan Porcelli

% Politecnico di torino

% email address: s277252@studenti.polito.it

% Website :

% March 2022

% BEGIN CODE

line_ number = calibration .line_number;

match = calibration .match; linel = calibration
calibration.line2;

line3 = calibration.line3; line4 = calibration
calibration . frequencies;

.linel;

.line4 ;

line?2

freq

indexes

[~, two, three, four ,number|] = f TRL_line_calc(fl , th, 6 e_eff);

line_p = zeros(2,2,length(freq));

switch line number
case 0

line_p(:,:,1l:end) = match.Parameters (:,:,1:end);
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disp ("Match from " + freq(1l)/le6 + " MHz to " + freq(end
)/1le6 + " MHz")

disp ("Only match standard used")

index_fl = length(freq); index_1 = length(freq); index_2
= length(freq); index 3 = length(freq);

case 1

[~, index fl] = min(abs(freq—1e9x%fl)); %From min freq to
fl match is used

index_fl = ~only_ TRLxindex_ fl;

line_p (:,:,1:index_fl) = match.Parameters(:,:,1:index_fl
)

line_p (:,:,((index_fl4+1):end))= linel.Parameters (:,:,((
index_fl+1):end));

disp ("Match from " + freq(1)/le6 + " MHz to " + freq (max
(1,index_fl))/1le6 + " MHz")

disp ("Line 1 from " + freq(max(1l,index fl))/le6 + " MHz
to " 4+ freq(end)/le6 + " MHz")

index_1 = length(freq); index_2 = length(freq); index_3
= length(freq);

case 2

[~, index fl] = min(abs(freq—1e9x*fl)); %From min freq to
fl match is used

index_ fl = ~only_ TRLxindex_ fl;

[~, index_ 1] = min(abs(freq—1le9xtwo(1,2)));

line_p (:,:,1:index_fl) = match.Parameters(:,:,1:index_fl
);

line_p(:,:,((index_fl4+1):index_ 1))= linel.Parameters
(:,:,((index fl4+1):index 1));

line p(:,:,((index 141):end))= line2.Parameters (:,:,((
index 141):end));

disp ("Match from " + freq(1l)/1le6 + " MHz to " + freq(max
(1,index_fl))/le6 + " MHz")

disp ("Line 1 from " + freq(max(1l,index fl))/le6 + " MHz
to " + freq(index_1)/1le6 + " MHz")

disp ("Line 2 from " + freq(index_1)/1e6 + " MHz to " +
freq(end)/le6 + " MHz")

index 2 = length(freq); index_ 3 = length(freq);

case 3

[~, index fl] = min(abs(freq—1e9xfl)); %From min freq to
fl match is used

index_fl = ~only TRLxindex_ fl;

[~, index 1] = min(abs(freq—le9xthree(1,2)));

[~, index 2] = min(abs(freq—1le9xthree(2,2)));
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end

line_p(:,:,1:index_fl) = match.Parameters(:,:,1:index_fl
) ;

line p ( ,:,((index fl+1):index_1))= linel .Parameters
(:,:,((index_ fl4+1):index 1));

line_p ( ;i ((index_1+41):index 2))= line2.Parameters
(:,:,((index 1+1):index 2));

line p ( ,t,((index 2+41):end))= line3.Parameters (:,:,((

index 241):end));

disp ("Match from " + freq(1)/le6 + " MHz to " + freq (max
(1,index_fl))/1le6 + " MHz")

disp ("Line 1 from " + freq(max(1l,index fl))/le6 + " MHz
to " 4+ freq(index 1)/le6 + " MHz")

disp ("Line 2 from " + freq(index 1)/1e6 + " MHz to " +
freq(index_2)/le6 + " MHz")

disp ("Line 3 from " + freq(index 2)/le6 + " MHz to " +
freq(end)/le6 + " MHz")

index 3 = length(freq);

otherwise

[~, index_fl] = min(abs(freq—1e9x*fl)); %From min freq to
fl match is used

index_fl = ~only TRLxindex_ fl;

[~, index 1] = min(abs(freq—1le9*four(1,2)));

[~, index_ 2] = min(abs(freq—1le9xfour(2,2)));

[~, index_3] = min(abs(freq—1le9x*four(3,2)));

line_p(:,:,1:index_fl) = match.Parameters ( ,1:index 1l
);

line p ( :,((index_fl41):index_1))= linel.Parameters
(:,:,((index_fl4+1):index 1));

line_p ( :,((index 141):index 2))= line2.Parameters

line p(. :,((index 2+1):index 3))= line3.Parameters
(:,:,((index_241):index_3));

line p(. o, ((index 341):end))= lined .Parameters (:,:,((
index_ 3+1):end));

disp ("Match from " + freq(1l)/le6 + " MHz to " + freq (max
(1,index fl))/le6 + " MHz")

disp ("Line 1 from " + freq(max(1l,index_ fl))/le6 + " MHz
to " + freq(index_1)/1e6 + " MHz")

disp ("Line 2 from " + freq(index 1)/1e6 + " MHz to " +
freq(index_2)/le6 + " MHz")

disp ("Line 3 from " + freq(index 2)/1e6 + " MHz to " +
freq(index_ 3)/le6 + " MHz")

disp ("Line 4 from " + freq(index 3)/le6 + " MHz to " +
freq(end)/le6 + " MHz")

(
(:,:, (’ (index_1+1):index_2)
(
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% END OF CODE

function [fix1,fix2 ,dut,cal] = TRM_TRL_calibration(z0,
calibration , symmetry, reflection , z0_ renorm, index_ fl,
index_1, index_2, index_3,line_number)
%% HEADER
%TRM__TRL_ calibration — This function is called by the main
function
%"f TRM_TRL_multiline de_ embedding.m". It implements the de—
embedding
Y%mathematics .
%
% Syntax: [fix1l ,fix2 ,dut] = TRM TRL_calibration(z0, calibration
symmetry, reflection , z0_renorm, index_fl  index 1, index_ 2,
index_ 3 ,line_number)
%
% Inputs: see functions "f TRM TRL multiline de embedding.m" and
"multiline .m"

%

% Outputs:

% dut — Dut scattering parameters

% fix1l — Left fixture scattering parameters

% fix2 — Right fixture scattering parameters (equal to fix1
but reversed ports)

%

% Example:

%

% Other m—files required: TRL_line_ calc.m,
f TRM_TRL_multiline_de_embedding.m, multiline .m

% Subfunctions: none

% MAT-files required: none

%

% See also: /

% Author: Ivan Porcelli

% Politecnico di torino

% email address: s277252@studenti.polito.it

% Website:

% March 2022

% BEGIN CODE

%extract the s matrix of the standards
thru_s = calibration.thru.Parameters;
reflect s = calibration.reflect.Parameters;
line_s = calibration.line.Parameters;
total s = calibration.total.Parameters;
freq = calibration.frequencies;
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55 res = length (freq);

36

s7 %Renormalization of the s parameters of the measured standards
ss line_s = re_normalize(line_s ,0);

30 reflect s = re_normalize (reflect_s ,0);

w0 thru_s = re_normalize (thru_s,0);

u total s = re_normalize(total s ,0);

42

53 %calculate trasmission matrices
wu line_ T = s2t(line_s);

55 thru T= s2t (thru s);

w6 total T = s2t(total s);

47

s %define dut and fixture transmission matrices
1w R = zeros(2,2,res);

so fix_tr = zeros(2,2,res);

51

s2 %de embedding for each frequency
s3 for k=1l:res

54 line_t = line_T (:,:,k);

55 thru_t = thru_ T (:,:,k);

56 total t = total T (:,:,k);

57

58 line_t([1 4]) = line_t([4 1]);

59 line t([3 2]) = line t([2 3]);

60

61 thru t([1 4]) = thru t([4 1]);

62 thru t([3 2]) = thru t([2 3]);

63

64 total t([1 4]) = total t([4 1]);

6 total _t([3 2]) = total t([2 3]);

66

67 T = line_txinv (thru_t);

s [x] = roots ([T(2,1), T(2,2) — T(1,1), —T(1,2)] )
69 if (k > index_ fl) %use trl expression
70 if (abs(x(1))>abs(x(2)))

7 a_c=x(1); %a/c

72 b = X(Q); %b

73 else

74 a_Cc = X(2); “k;a/c

75 b =x(1); %b

76 end

7 else %use trm expression

78 b = line_s(1,1,k);

7 ¢ = (1—(T(2,1)/T(1,2))*b) /(T(2,2)-T(1,2)*T(2,1)/T(1,1));
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a = (b—T(1,2)*c)/T(1,1);
a_c = a/c;
end
%g d e f
g = thru_t(2,2);
thru_t = thru_t./g;
d = thru t(1,1);
e = thru t(1,2);
f = thru_t(2,1)
%compute the 4 parameters
gamma = (f — d/a_c)/(1— e/a_c);
beta_alpha = (e — b)/(d — bxf);
r22rho22 = gx(l—e/a_c)/(1 — b/a_c);
alphaa = (d — bxf) /(1 — e/a_c);
%compute a
wl = reflect_s(1,1,k);
w2 = reflect _s(2,2,k);

I

terml = (wl — b) /(w2 + gamma) ;
term2 = (1+w2xbeta_alpha) /(1 — wl/a_c);
term3 = (d — bxf)/(1—e/a_c);

a = sqrt(termlsterm2xterm3) ;
gamma_reflect =(wl — b) /(ax(1—wl/a_c));

if (sign(real(gamma reflect))~=reflection)
a = —sqrt (termlxterm2x«term3);
gamma_ reflect =(wl — b) /(ax(1—wl/a_c));

end

%dut direct computation

coeff = (1/r22rho22)%(1/alphaa)*(1/(1—b/a_c))=*(1/(1—gammas
beta_alpha));

ml = [1 —b; —a/a_c a];

m2 = [1 —beta_alphaxalphaa/a; —gamma alphaa/a];

Y%matrice dut

R p = coeffsxmlsxtotal t*m2;
R p([1 4]) =R p([4 1]);
R p([3 2]) =R p([2 3]);
R(:,:,k) = R_p;

%fixture matrix (only if symmetric)
fix_tr_tmp = (1/sqrt(r22rho22))x(1/(a — bxa/a_c ))=*ml;

146



Matlab Code

124 fix_tr_tmp = inv (fix_tr_tmp);

125 fix 2 tmp = fix_tr_ tmp;

126 fix tr tmp([1 4]) = fix tr tmp([4 1]);
127 fix tr tmp([3 2]) = fix_tr tmp([2 3]);
128 fix_tr(:,:,k) = fix_tr_tmp;

129 fix 2 (:,:,k) = fix_2 tmp;

130 end

11 %Left fixture scattering matrix
w2 fixl _p = t2s(fix_tr);

133

13a %Right fixture scattering matrix
s fix2_p = fixl_p;

e for k=l:res

137 tmp = fix2_p(1,1,k);

138 fix2_p(1,1,k) = fix2_p(2,2,k);
139 fiX27p (2 ,2 ,k) = tmp;

10 end

141

1z %renormalize fix s—parameters
us fixl_p = re_normalize (fixl_p,1);
us fix2_p = re_normalize (fix2_p,1);

w fixl _p(1,2,:) = angle corr(fixl _p(1,2,:)); fixl_p(2,1,:) =

angle_corr (fixl_p(2,1,:));

us fix2_p(1,2,:) = angle_corr(fix2_p(1,2,:)); fix2_p(2,1,:)
angle_corr (fix2_p(2,1,:));

ur fix1l = sparameters(fixl_p,freq);

us fix2 = sparameters(fix2_p,freq);

149

10 Zoccompute dut s—parameters

s if (~isnan(R)) %total is provided

12 dut = tQS(R);

153 dut = re_normalize (dut,1);

152 dut = sparameters(dut, freq);

155 else

16 dut = H,

157 end

158

159 cal = deembedsparams(calibration.thru, fixl 6 fix2);
160

161

w2 1f (~symmetry)

63 fix1l.Parameters = zeros(2,2,res);
e fix2.Parameters = zeros(2,2,res);
165 end

166
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function s = angle_corr(Sp)

Sp_angle = angle(Sp);

Sp_ diff = squeeze(diff(Sp_angle));
index = find (abs(Sp_ diff) > pix0.98);

counter = length (index);
i = 1; %keep track of the index
for kk=1:res

if (i<=counter)
if (kk=index(i))

i = i+1;
end
end
if (mod(i,2) = 0)
Sp(kk) = —(1)#Sp(kk);
end
end
s = Sp;
end
function y = re_normalize (S_param, opposite)
if (opposite)
7zl = z0_renorm;
z1_renorm = z0xomnes(1,5);
else

zl = z0xones (1,5);

zl _renorm = z(0_renorm:;
end
Y%match freq re—normalization

%line freq re—mormalization
switch line number
case 0

S param m = s2s(S_param(:,:,l:max(1,index_ fl)),z1(1)

,z1_renorm(1));

S_param(:,:,1:index_ fl) aram_m;

=S
disp ("renorm from "+z1(1) + " to " + zl renorm(1));

case 1

S param m = s2s(S_param(:,:,l:max(1,index_ fl)),z1(1)

,z1_renorm(1));
S_param (:,:,l:max(1,index fl)) = S param m;

S_param_1 = s2s(S_param (:,:,(index_fl+1):end) ,z1(2),

zl_renorm(2));
S_param (:,:,(index_ fl4+1):end) = S param 1;
case 2

S param m = s2s(S_param(:,:,1l:max(1,index fl)),z1(1)

,z1_renorm (1)) ;
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S_param (:,:,l:max(1,index_ fl)) = S_param m;

S_param_1 = s2s(S_param (:,:,(index_fl+1):index 1) ,z1
(2),z1 renorm(2));

S_param (:,:,(index_fl+1):index_ 1) = S_param_1;

S_param_ 2 = s2s(S_param(:,:,(index_ 1+1):end) ,z1(3),
z1 renorm(3));

S_param (:,:,(index_1+41):end) = S_param_2;

case 3

S param m = s2s(S_param(:,:,l:max(1,index fl)),z1(1)
,z1_renorm(1));

S_param (:,:,l:max(1,index_ fl)) = S_param m;

S_param 1 = s2s(S_param (:,:,(index_fl+1):index 1) ,z1
(2),2z1_renorm(2));

S_param (:,:,(index_fl+1):index_ 1) = S_param_1;

S _param 2 = s2s(S_param(:,:,(index 1+1):index 2),zl
(3),z1_renorm(3));

S_param (:,:,(index_ 1+1):index_ 2) = S param_2;

S_param 3 = s2s(S_param (:,:,(index 2+1):end),z1(4),
zl_renorm(4));

S_param (:,:,(index_2+1):end) = S_param_3;

otherwise

S _param_m = s2s(S_param(:,:,1l:max(1,index_fl)),z1(1)
,zl_renorm(1));

S param (:,:,l:max(1,index fl)) = S param m;

S param 1 = s2s(S_param(:,:,(index fl+1):index 1),zl
(2),z1 renorm(2));

S_param (:,:,(index_ fl+1):index 1) = S param_1;

S_param 2 = s2s(S_param(:,:,(index 1+1):index 2),zl
(3),z1 renorm(3));

S_param (:,:,(index_1+1):index_2) = S_param_2;

S_param_3 = s2s(S_param (:,:,(index_2+1):index_ 3),zl
(4) ,z1 _renorm(4));

S_param (:,:,(index_241):index_3) = S_param_3;

S_param_4 = s2s(S_param(:,:,(index_ 3+1):end) ,z1(5),
z1_renorm (5));

S_param (:,:,(index_3+1):end) = S_param_4;

end
y = S_param;
end
end
VG END OF CODE
function [dut] = f multiport de embedding(total ,Fix)
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%% HEADER

%t _multiport _de_ embedding — This function can perform de—
embedding on

Y%metworks with an even or odd number of ports. The S—parameters
of the

%fixtures attached to the DUT have to be provided.

%

% Syntax: [dut] = f multiport de embedding(path)

%

% Inputs:

% total = sparameters object of the fix—dut—fix measurement
% Fix = struct containing the fixture s—parameters
%

% Outputs:

% dut — Dut scattering parameters

%

% Example:

%

% Other m—files required: f thru de embedding right .m,
f thru de_ embedding left.m

% Subfunctions: diagonalize (Fixture, N, left_ right)

% MAT-files required: none

%

% See also: /

% Author: Ivan Porcelli

% Politecnico di torino

% email address: s277252@studenti.polito.it

% Website:

% March 2022

VA BEGIN CODE

%acquire the Nport
Nport = total.NumPorts;

%check if even or odd. If odd, add a fictitious thru port to the
DUT.
if (mod(Nport,2) = 0)
%is even
even = 1;
N = Nport; %N is the number of actual ports
else
%is odd
even = 0;
N = Nport + 1; %Add a fictitious port (ideal thru) to make N
even
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Fix{N} = sparameters(ones(2,2,length(Fix{1}.Frequencies))

.k flip (eye(2)), Fix{1l}.Frequencies); %The fixture added
is an ideal thru
end

%get total scattering parameters

S_fdf = total.Parameters; %fixture —dut—fixture parameters
freq = total.Frequencies;

Nfreq = length (freq);

%build the S_t matrix for the algorithm (total measurement)
S t = zeros(N,N, Nfreq);

for k=1:N
for j = 1:N
if (~even) %if odd, make even by adding a fictitious port
% Reflection is = 1 and transmission from/to other
ports is 0.

% The other parameters are untouched.
it (=N || k—N)
S_t(k,j,:) = 0; %transmission is 0 from/to the
fictitious port
else
S t(k,j,:) = S_fdf(k,j,:);
end
if(k =N && j = N)
S_t(k,j,:) = 1; %reflection is 1 from the
fictitious port
end
else %if even, no modification
S t(k,j,:) = S_fdf(k,j,:);
end
end
end

left = diagonalize (Fix, N, 1); %build the matrix of the N/2
ports left —fixture

right = diagonalize (Fix, N, 0); %build the matrix of the N/2
ports right—fixture

Y%multiport right de embedding

S_ 1 =f thru_de_embedding_right(sparameters(S_t, freq),
sparameters (right ,freq), 0).Parameters;
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Y%multiport left de embedding
S_dut = f thru_de_ embedding left(sparameters(S_1, freq),
sparameters (left ,freq), 0).Parameters;

if (even)

dut = sparameters(S_dut, freq);

else %discard the parameters of the fictitious port
dut = sparameters(S_dut(1:(N—1), 1:(N—1), :), freq);
end

end

function diagonal = diagonalize (Fixture, N, left_ right)

%This subfunctions builds the matrix of the left and right
fixtures .

%For two port de—embedding, S11 S12 S21 S22 are scalar
parameters. For N

%port de—embedding, they are matrices of dimension N/2.

res = length (Fixture{l}.Frequencies);

s 11 = zeros(res ,N/2); s 12 = zeros(res ,N/2);

s 21 = zeros(res ,N/2); s 22 = zeros(res ,N/2);

if (left_right = 1)

start = 0; %left fixture uses fixl, fix2, ... fix(N/2) data
else
start = N/2; %right fixture uses fix(N/24+1), ... fixN data
end

for k=1:(N/2)
s 11(:,k) = squeeze(Fixture{start + k}.Parameters(1,1,:));
s 12(:,k) = squeeze (Fixture{start + k}.Parameters(1,2,:));
s 21(:,k) = squeeze(Fixture{start + k}.Parameters(2,1,:));
s 22(:,k) = squeeze(Fixture{start + k}.Parameters(2,2,:));
end
s_11_diag = zeros(N/2, N/2, k); s_12_ diag = zeros(N/2, N/2, k);
s_21_diag = zeros(N/2, N/2, k); s_22 diag = zeros(N/2, N/2, k);
diagonal = zeros (N, N, k);
for k=1l:res
s 11 diag(:,:,k) = diag(s_11(k,:)); s_12 diag(:,:,k) = diag(
s 12(k,0))
s 21 diag(:,:,k) = diag(s_21(k,:)); s_22 diag(:,:,k) = diag(
s 22(k,:));
if (left_right)
diagonal (:,:,k) = [s_11 diag(:,:,k), s 12 diag(:,:,k);
s_21_diag(:,:,k), s_22 diag(:,:,k) |;
else
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diagonal (:,:,k) = [s_22 diag(:,:,k), s_12_ diag(:,:,k);

s_21 diag(:,:,k), s_11_diag(:,:,k) ]; %right
% fixture has exchanged reflection parameters.
end
end

end
VO END OF CODE

function [right] = f thru_ de_ embedding_left(thru, left , twoport)

%% HEADER

%f thru de embedding left — De—embeds the S—matrix of a known

left fixture

%from a thru connection with a right one. The right fixture

matrix is
%obtained as output.

%

% Syntax: [right] = f_thru_de_embedding_left (thru, left ,
twoport )

%

% Inputs:

% thru — S parameter object of the thru fix 1 — fix r

% left — S parameter object of the left fixture fix_ r

% twoport — 1: set when this function is directly called as a
main

% function , to compute the two—port right fixture S
—parameters .

% Port numbers of left , right , thru S—parameters
are

% reported below:

% O R N AREr TR T R R N

% port 2 is the one closer to the DUT and the port
1 is to farthest one.

% — 0: when called by "f multiport de embedding.m".

% Outputs:

% right — S parameter object of the right fixture
%

% Example:

%

% Other m—files required: none

% Subfunctions: none

% MAT-files required: none

%

% See also: (1) Tsiklauri, M., and N. Dikhaminjia.
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2 % ..."De—embedding algorithm for odd port network parameters.'
IEEE Electromagnetic Compatibility Magazine 8.2 (2019):
75—80.

so % Author: Ivan Porcelli

31 % Politecnico di torino

s2 % email address: s277252@studenti.polito.it
33 % Website:

s« % March 2022

55 TN BEGIN CODE
36

37 S 1 = thru.Parameters;

s N = left.NumPorts;

30 Nfreq = length (thru.Frequencies);

40

a %left de embedding

2 S_2 11 = zeros(N/2,N/2 Nfreq); S_2 12 = zeros(N/2,N/2 /Nfreq);
3 S_2 21 = zeros(N/2,N/2 Nfreq); S 2 22 = zeros(N/2,N/2 /Nfreq);
44

s for k=1:Nfreq

16 SI11 = squeeze (left.Parameters(1:N/2,1:N/2 k)); Sl12 =
squeeze (left . Parameters (1:N/2, (N/2—|—1) N,k));

a7 S121 = squeeze(left .Parameters((N/2+1) 1:N/2k)); Sl22 =
squeeze (left . Parameters ((N/2+1):N (N/2+1) N,k));

48

19 Stll = squeeze( ~1(1:N/2,1:N/2 k)); Stl2 = squeeze (S 1(1:N
/2. (N/2+1) N, K) )

50 St21 = squeeze(S 1(( / +1):N,1:N/2 k)); St22 = squeeze(S_1((
N/2+1):N, (N/241) 1N, k)) ;

52 A = ((S112)\(St11-S111)) /(SI21);

53

54 S211 = (A%S1224eye(N/2,N/2))\A;

55 S221 = (St21/(S121))*(eye(N/2,N/2)—S122xS211);

- S212 = (eye(N/2,N/2)-S211%S122) % ((S112)\St12);

- S222 = St22 — (8221 /(eye(N/2,N/2)—S122%5211))*S122x5212;

58

59 S 2 11(:,:,1{):8211; S 2 12(:,:,k) = S212;

» S 2 21(:,:,k) = 82215 S 2 22(:,:.k) = $222;

61 if (twoport)

@ S 2 11(:,:.k) = $222; S 2 22(:,:,k) = S211;

63 end

s« end

% S right = [S 2 11, S 2 12; S 2 21, S 2 22];
ev right = sparameters(S_right, thru.Frequencies):;
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end
9% END OF CODE

function [left] = f_thru_de_ embedding right(thru, right, twoport
)

%% HEADER

%t _thru_ de_ embedding right — De—embeds the S—matrix of a known
right fixture

%from a thru connection with a left one. The left fixture matrix

is

%obtained as output.

%

% Syntax: [left] = f thru de embedding right(thru, right,
twoport )

%

% Inputs:

% thru — S parameter object of the thru fix 1 — fix r

% right — S parameter object of the right fixture fix r

% twoport — 1: set when this function is directly called as a
main

% function , to compute the two—port left fixture S—
parameters.

% Port numbers of left , right , thru S—parameters
are

% reported below:

% 1 1777\ /2] 2700\ /7701 2

% port 2 is the one closer to the DUT and the port
1 is to farthest one.

% — 0: when called by "f multiport de embedding.m".

% Outputs:

% left — S parameter object of the left fixture
%

% Example:

%

% Other m—files required: none

% Subfunctions: none

% MAT-files required: none

%
% See also: (1) Tsiklauri, M., and N. Dikhaminjia.
% ..."De—embedding algorithm for odd port network parameters.'

IEEE Electromagnetic Compatibility Magazine 8.2 (2019):
75—80.

% Author: Ivan Porcelli

% Politecnico di torino

% email address: s277252@studenti.polito.it
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% Website:
% March 2022

BEGIN CODE

S t=

thru.Parameters;

N = right . NumPorts;
Nfreq = length (thru.Frequencies);

%right de embedding

S 1
S 1

for

end

S 1=
left

end

9%

11 = zeros(N/2,N/2,Nfreq); S 1 12 = zeros(N/2,N/2,Nfreq);
21 = zeros(N/2,N/2 ,Nfreq); S_1 22 = zeros(N/2,N/2,Nfreq);
k=1:Nfreq

Srll = squeeze(right.Parameters(1:N/2 ,1:N/2 k)
squeeze (right . Parameters (1:N/2, (N/2—|—1) N, k)

Sr21 = Squeeze(right.Parameters((N/2+1) 1:N/
squeeze (right . Parameters ((N/241):N (N/2—|—1)

if (twoport)

tmp = Srll; Srll = Sr22; Sr22 = tmp;

end

Stll = squeeze(S_t
/2,(N/24+1):N,k)

St21 = squeeze(S t
N/2+1):N,(N/2+1

;o Srl2 =

7

)

)

2,k)); Sr22
N,k ))§

A = (Sr21)\St22 — (Sr21)\Sr22;
B = Srl11*((Sr21)\St22) — Sr1l1x*((Sr21)\Sr22);

S122 = A/(B4Sri12);

S121 = (eye(N/2 N/2)—S122%Sr11) % ((Sr21)\St21):

S112 = (St12/(Sr12))«(eye(N/2,N/2)—Sr11%S122):

S111 = St11 — S112%Sr1lx((eye(N/2,N/2)—S122%Sr11)\S121);

S 1 11(:,:,k) = S111; S_1 12(:,:,k) = S112;
S 1 21(:,:,k) = S121; S_1 22(:,:,k) = S122;
S 111, S 1 12; S 1 21, S 1 22];

= sparameters(S_1, thru.Frequencies);

END OF CODE
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