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Introduction

This project aims to study and establish different measurement techniques to characterise
the behaviour of waveguide devices, including filters and diplexers developed by MinWaveEL
such as the diplexer shown on the title page. MinWave’s core competency is an innov-
ative design framework for at least ten times smaller and lighter micro/millimetre-wave
waveguide devices and the fabrication of these components using additive manufacturing
methods.

The complexity of the main measurement problems arises from distinct properties of the
considered Devices Under Test (DUTs). These challenges have been solved independently
in various prior works, but connecting these problems and verifying the underlying as-
sumptions was crucial for this particular development. Including, but not limited to, the
following aspects:

e Multi-Port Networks
Most similar analyses and measurements apply to two-port networks. A multi-port
network, such as the three-port diplexer considered in this project, requires adequate
termination of the additional ports and, therefore, a fusion of individual measure-
ments to characterise the DUT entirely.

e Non-Standard Flanges
The studied diplexer features non-standard interfaces on its three ports, requiring
the design and fabrication of well-characterised transitions and tapers to interface
with the measurement setup.

¢ Asymmetric Network
In addition to the non-standard flanges, the considered diplexer employs flanges of
different sizes for non-contiguous frequency channels, implying a difference in the
propagating modes on different ports. Therefore, again, requiring properly designed
transitions and tapers.

The central problem was subdivided into specific problems, which were evaluated and
solved individually. Overall, the methods have been developed with potential extensions
for millimetre wave devices with respect to satellite communications and 5G applications.

1https ://www.minwave.ch/
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Waveguides
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Figure 3.1: Rectangular waveguide illustrations, reproduced from |1, p. 131, 138|

3.1 Waveguide Theory

This chapter provides some excerpts on the theory and behaviour of waveguides, to an
extent relevant for the development of this project, adapted from Pozar |1, p. 110-115].

3.1.1 General Considerations

The geometry of a rectangular waveguide, filled with a medium with properties u and e,
with convention a > b, is shown in For the waveguides used in this project,
the frequency ranges of single-mode operation are considered; therefore, the subsequent
theoretical developments focus uniquely on the fundamental mode (i.e. TE1p). In such a
case, the longitudinal component of the electric field is equal to zero; the longitudinal mag-
netic field component is equal to the expression shown in [Equation 3.1, and the remaining
field components are shown in The field lines of the fundamental mode are

shown in [Figure 3.1b|

EaclO =0 (3.2&)
Jwpa , o (TTN g,
- By = _TASIH (;) e (3.20)
HZlO = Acos (7> 67]62 (31) HxlO — @A sin (ﬂ> e_jﬁz (32C)
T a
Hy, =0 (3.2d)
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The value of the propagation constant is shown in based on the values of
the wave number k and the cutoff wave number k.. Furthermore, if a mode is propagating
within the waveguide, the relation shown in holds.

o= /B2~ kae® = /2 = (Z) (3.3)

s
wy/ e =k > keig = E (34)

3.1.2 Cutoff Frequency

The cutoff frequency of any given mode with modal indices m and n is computed using
In the case of the fundamental mode, this expression reduces to a value
only dependent on a and the propagating medium, as shown in A table of
cutoff frequencies for various waveguide sizes, computed using [Equation 3.5 can be found

in [Table A 2] within The single mode region of the waveguide is the frequency

range in-between the cutoff of the fundamental mode and the cutoff of the first higher-order

mode.
o = g () (5 5

1
fclo - W (36)

3.1.3 Waveguide Impedance

The TE wave impedance relates the amplitude of the orthogonal components of the electric
and magnetic field as shown in[Equation 3.7 which is frequency dependent. The expression
shown in is obtained through simplifaction to the fundamental mode. The
resulting parameter 1 = \/m is the intrinsic impedance of the material filling the wave-
guide, becoming the impedance of free space Zj |2, p. 297] when approximating the interior
to a vacuum. An alternative equivalent expression based on the cutoff frequency derived
from Seeger |3, p. 53] is shown in |[Equation 3.9 [Figure 3.2 shows the fundamental mode
impedance of an arbitrary waveguide mode with a cutoff frequency of f. = 10 GHz. Above
cutoff, the waveguide impedance is purely real, asymptotically approaching the value of Zj
with increasing frequency; below cutoff, the impedance is purely reactive (i.e. capacitive).

E E
Zrp = =—-2 (3.7)

H, H,

E —dwna 4 gin (ZL) e—dP= _wp_ kn
VA — Y10 — s a - _ M 3.8
T Hgyq0 %Asin(7r )e B B (3:8)
Z

ZTE = —02 (3.9)

- (fc/f)

3.2 Waveguide Tapers

As mentioned in the introduction, the measurement setup requires the use of transitions
from one waveguide cross-section to another. These components are hereafter referred to
as tapers.
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Figure 3.2: Waveguide fundamental mode impedance with f. = 10 GHz

3.2.1 Linear Taper Profiles

Johnson lays out a synthesis method for the design of linear double tapers in rectangular
waveguides . In such a case, both dimensions a and b follow a linear profile between
the two flanges. Parameters ag and by denote the channel dimensions of the starting
flange, a1 and b; the channel dimensions of the ending flange, respectively. As all of the
employed waveguides are air-filled at atmospheric pressure, the propagating velocity within
the waveguide is assumed to be equal to the speed of light in a vacuum (i.e. ¢ = ¢p). The
behaviour of the waveguides is obtained by first computing parameters Ky, K1, and [, as
shown in Subsequently, the absolute magnitude of the reflection coefficient
is obtained usingm Using the well-known relation of p. 58|,
the magnitude of the reflection coefficient is converted to the Voltage Standing Wave Ratio
(VSWR). demonstrates the corresponding MATLAB function implementation.

aj—ag ail—ag
bi—by g bi—by _ _a

() K ' ~(zar

° BEED)
Vi () Vi)
z:i/oL,h—(;(l)de (3.10b)

1 K02 + K12 KoK;
L/X 6472 3272

Ko = (3.10a)

|| = cos(4ml) (3.11)

(3.12)
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This procedure is used to optimise the length L to minimise the VSWR of the tapers,
ensuring that a maximum amount of power is injected into the subsequent component
without reflections. The previous mathematical approach is applied for ten frequency
points within the rated frequency range of the employed waveguide, considering propaga-
tion in both directions. The behaviour for both directions is averaged to obtain the curves
shown As can be observed for a single curve, the VSWR shows undulations
with local minima and maxima; however, this behaviour becomes negligible when consid-
ering the total bandwidth. The referenced waveguide dimensions become of importance in
later sections of this report; the corresponding dimensions can be found in [Table A2
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Figure 3.3: Linear waveguide taper VSWR transitioning from COM to WR-28

3.2.2 Non-Linear Taper Profiles

The performance of waveguide tapers can be optimised further using non-linear profiles
between the two flanges. One example worth a brief mention is the approach developed by
Klopfenstein [5]. An optimal Dolph-Tchebycheff transmission line taper is presented in the
sense that it has minimum reflection coefficient magnitude in the passband for a specified
length. However, these tapers are not considered any further in this project.

3.2.3 Taper Design Conclusions

For the measurements of this project, exclusively linear taper profiles were used for sim-
plicity, as the design and optimisation of waveguide tapers are not this project’s primary
focus. Any differences between different profile contours might be overshadowed by manu-
facturing tolerances and imperfections; therefore, it is more important to focus on proper
unterminating and de-embedding techniques (cf. . Furthermore, as the wave-
guide tapers are to be used for measurement applications instead of power transfer, perfect
transmission is of lesser importance if the effects can be appropriately de-embedded.
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Network Analysis
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Figure 4.1: Light-wave scattering analogy, reproduced from [@I

Reflected

In its fundamental form, vector network analysis involves the measurement of incident,
reflected, and transmitted waves travelling along transmission lines |]§[| An analogy with
an optical system can be made: for a light beam incident on a lens, some of the light will
be reflected back, whereas some will pass through the lens, as visualised in
Although the wavelengths are not the same for optical and RF systems, the principle
remains the same, with a VNA measuring the incident, reflected, and transmitted energy
of a Device Under Test (DUT) [6].

4.1 Wave Parameters

To understand the physical principles behind network analysis, the transmission line model
indicated in [Figure 4.2 with the corresponding voltages and currents needs to be considered.
The total voltage and current on the line are given by the sum of incident and reflected wave

amplitudes, shown in [Equation 4.1a , p. 185], with Zj the characteristic impedance of the

line. These expressions are solved for the incident and reflected voltage wave amplitudes

as shown in

Zol
V=V +V" %+:K%TL
R P (4.1a) Vg (4.1b)
I—Z(Vo +V7) %—:720
V@, 1@ |
- —U
Zo, B VL_
_— | ;
< | z
0

Figure 4.2: Transmission line terminated in load impedance Zp, reproduced from , p. 57|
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Given these amplitudes, the concept of power waves a and b are introduced, as presented

in [Equation 4.2| |1, p. 186]. Additionally, the concept may be extended to pseudo-waves,

which are expressed in [Equation 4.3|[7, p. 10]. Zg represents the reference impedance used
for the normalisation of the parameters, which can be chosen independently of the line’s

physical characteristic impedance. Both wave parameter variants can be used to construct
a scattering matrix, resulting in different mathematical properties. Williams presents an
extensive comparison of the expressions with their respective differences [§]. Unless stated
otherwise, all wave and scattering parameters within this report are based on the power
wave formulation by Pozar.

apower = — L a Re(Zn) -t 2t
power — seudo — o
V — Zp*l ‘ V — Zpl '

RelZ0) 517,

bowerzi bseuoz
P 2\/RG(ZR) pseud

4.2 Scattering Parameters

Scattering parameters, commonly referred to as S-parameters, are a parameter set that
relates to the travelling waves that are scattered or reflected when an n-port network is
inserted into a transmission line |7, p. 8-11|. Based on the wave parameters presented in
the linear equations describing the n-port network are shown in
By definition, each individual S parameter is determined by the ratio between an output
and input wave parameter, under the condition that all other input parameters are equal

to zero, as shown in [Equation 4.4b| |7, p. 8-11].

b1 St Sz ... S| |m

bg 521 522 e SQn as b.

=1 o . , (4.4a) Sij = ai ap =0,k #j (4.4b)
bn Snl Sn2 B S’rm Qnp

This theoretical framework is transposed into practice by combining the significance of the
wave parameters with respect to the incident, reflected, and transmitted signals presented
at the beginning of the chapter. The wave parameter a always represents the incident
signal, whereas the reflected and transmitted signals correspond to the wave parameters
b. This allows the definition of a two-port S-parameter measurement as represented in

Figuze 13
4.2.1 Passivity

In any n-port passive device, the sum of all incoming powers must be greater or equal

to the sum of all outgoing powers, leading to the expression shown in [Equation 4.5a] |9,
p. 239]. Equality between the two terms is obtained when the device is both passive and

lossless, in which case the expression may be reformulated in terms of the S-parameters as

shown in [Equation 4.5b| |9, p. 240]; with ¢;;, the Kronecker delta function.
D ail® = D (bl (4.5a) > Sii"Sik = dj (4.5b)
i=1 i=1

=1
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Figure 4.3: S-parameter measurement, reproduced from [@]

4.3 Alternative Expressions & Cascades

The behaviour of a generic two-port device can be expressed by different parameter sets.
These include Z (impedance), Y (admittance), h (hybrid), ABCD (chain), S (scattering),
and T (chain scattering/transfer) parameters [10]. The developments employed through-
out this project are primarily based on S, ABCD, or T-parameters. Both ABCD and
T-parameter representations can be used for cascading individual two-ports . The
ABC D-matrix representation is preferable for waveguide systems, as this representation
is agnostic of the characteristic impedances, whereas T-parameters are still based on a
reference impedance.

4.3.1 ABCD-Parameters

The ABC D-matrix of a two-port network is defined in terms of the total voltages and
currents, satisfying with the definition of the voltages and currents shown in
Figure 4.4] |1, p. 188-189]. The applicable parameter conversions are shown in

within (Appendi 7]

ly I

— > —_—
_— —0—
vl 4 B[V Port +V1 |:A B:| +V2 Port

Figure 4.4: ABCD representation, reproduced from
4.3.2 T-Parameters

The T-parameter matrix regroups the information within the S-parameters. The incident
and reflected waves are rearranged such that the dependent waves are related to port 1 of

the network and independent waves are a function of port 2, satisfying [Equation 4. .
The corresponding transforms are shown in [section A.3| within [Appendix Al




5
Error Models & Calibration

This chapter provides some background on the error models applicable to a Vector Net-
work Analyser (VNA) and the corresponding calibration techniques to reduce the resulting
measurement, error.

5.1 Error Models

Any measurement system, including a VNA, can be influenced by three main types of
measurement errors |13]:

e Systematic errors; caused by imperfections in the test equipment and setup
e Random errors; varying randomly as a function of time
e Drift errors; caused mainly by environmental changes such as temperature variation

Random and drift errors cannot be removed through calibration; systematic errors can be
characterised through calibration and mathematically removed from the measurement by
the instrument if these errors do not fluctuate over time.

5.1.1 One-Port Error Model

To derive the full two-port error model, a simple one port error adapter is considered first,
as shown in The three systematic error terms are the forward directivity error
term Fgf, the forward reflection tracking error term F.¢ and the forward source match
error term Fg [12]. The first two terms are caused by non-idealities within the setup,
whereas the last term is caused by the impedance mismatch between the instrument and
the Device Under Test (DUT). These error terms can be characterised by substituting the
DUT by known standards. In the case of a simple SOL calibration, these consist of Short
— Open — Load terminations |7, p. 199].

1

Ideal
Measurement E E DUT
System df sf
e ¢ L J |
E

Figure 5.1: One-port error model signal flow graph, reproduced from [12]
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Figure 5.2: Two-port forward error model signal flow graph, reproduced from [12]

5.1.2 Two-Port (Twelve-Term) Error Model

Given the one-port error model, the two-port error model can be constructed, where three
additional error terms intervene. These are the forward transmission tracking error term
E¢, the forward load match error term FEys, and the forward crosstalk error term FEyg; all
illustrated in However, this only applies to the forward measurement; adding
the reverse measurement (as is required for a complete two-port measurement) leads to
the twelve-term error model [12] by effectively considering the flow graph of
for the forward and reverse signal pass. A full two-port calibration of the VNA requires
that these error terms are determined over the relevant frequency range for which a DUT
is to be measured, although the crosstalk error terms Fy and FEy, are almost exclusively
neglected.

5.2 Calibration Methods

Calibration is the process of determining the values of the previously established error
terms. Different calibration methods have been developed over the years for different
applications and with varying accuracy. Some examples which are able to resolve the
directivity terms (Eg, Fqr), tracking terms (Ey¢, Eif, FEyp, Ey), and the matching terms
(Est, Eyt, Es, EY), include |14 p. 187-189:

e Through — Open — Short — Match (TOSM)

e Unknown Through — Open — Short — Match (UOSM)

Through — Open — Match (TOM)

Through — Short — Match (TSM)
e Through — Reflect — Match (TRM)
e Through — Reflect — Line (TRL)

As all these methods are able to determine the twelve-term error model, with the exception
of the crosstalk errors, the choice of calibration is constrained by the type of considered
DUT and the overall measurement setup. Especially for waveguide devices, where matched
or open terminations are complicated to realise over a wide frequency range, Through —
Reflect — Line (TRL) calibration offers a convenient approach with standard waveguide
components. Alternatively, calibration may also be performed using an automatic calib-
ration unit which is connected to the VNA. The standard method implemented by the
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internal electronic components is of type UOSM , for the continuation of the project,
this is referred to as ECal calibration. compares the two employed calibration
methods, the names being synonymous for the calibrated reference planes. How these
two calibration methods are of relevance for the measurements performed throughout this

project is laid out in

Manual TRL ECal
Calibration type TRL UOSM
Calibration kit ~ Waveguide calibration kit Automatic calibration unit
Reference plane Waveguide flanges Coaxial connectors

Table 5.1: Comparison of manual TRL and ECal calibration methods

5.2.1 Through — Reflect — Line (TRL)

In the context of waveguide devices, a TRL calibration requires a short and a shim, mean-
ing a line segment with an electrical length of approximately */4, with A the geometric
centre frequency of the measurement range. The through standard is obtained by dir-
ectly mating the two waveguide flanges of the reference planes. The length of the line
standard (i.e. waveguide shim) must be known approximately, and the magnitude of the
reflection coefficient of the reflect standard can be unknown, as long as it is non-zero |14
p. 195-197]. The length of the shim is measured, and the associated delay is computed
using [15]. The delay values of the used calibration kits are entered in the
VNA before calibration. presents the three main components necessary for a
waveguide TRL calibration: coax-to-WG adapter, waveguide short, and waveguide shim.

length of 1/4 wavelength section [mm]

= offset del 1
299.6953 mm/ns (propagation velocity in air) offset delay [ns] (5.1)

Figure 5.3: WR~51 manual TRL calibration kit including shim and short for through, line,
and reflect measurements



CHAPTER 5. ERROR MODELS & CALIBRATION 16

The complete derivation of the error terms for a TRL calibration can be looked up as
presented by Soares, Gouzien, Legaud et al. [16] or by Ferrero |7, p. 208-210|. Furthermore,
Juroshek, Hoer and Kaiser demonstrate that large imperfections in the test ports of the
VNA, and by extension, in the coax-to-WG adapters, especially related to impedance
mismatches, can be tolerated if proper calibration procedures are used [17]. In subsequent
de-embedding operations, only the waveguide components intervening in-between the coax-
to-WG adapters and the DUT need to be de-embedded given a manual TRL calibration.

5.2.2 Unknown Through — Open — Short — Match (UOSM)

The UOSM calibration method, also referred to as Short — Open — Load — Through (SOLT),
can be performed by an automatic calibration unit, also referred to as Electronic Calibra-
tion (ECal). Ferrero presents the mathematical derivation of the error terms |7, p. 215-216].
In the context of this project, such a calibration is exclusively performed on the connectors
of the coaxial cables of the VNA. Therefore, the coax-to-WG adapters and the waveguide
fixtures must be de-embedded after this calibration. Generally, automatic calibration is
faster and more secure than manual calibration for several reasons |14} p. 206-207|:

e There is no need to connect several standards manually.
e Invalid calibrations due to operator errors are almost excluded.
e No need to handle calibration kit data.

e The internal standards do not wear out as they are switched electronically.

5.3 Fixture Compensation

In addition to the standard calibration methods, the used VNA has an additional feature
referred to as fizture compensation. Fixture compensation can be beneficial if the refer-
ence plane of the calibration cannot be placed directly at the DUT ports, for example,
because the DUT has non-coaxial ports and can only be measured in a test fixture. Fix-
ture compensation is an automated length offset and loss compensation for test fixtures; it
complements a previous calibration and replaces a possible manual length offset and loss
correction |14, p. 232-233]. It is essential to choose direct compensation for a frequency-
dependent transmission factor, as the loss of the fixtures is not constant with frequency.
The compensating terms are determined by the VNA, by terminating the ports at the
ends of the fixtures with a short and/or open. Only one termination is used for waveguide
devices: a shorting plate covering the waveguide flange.

5.4 Further Remarks

An excellent derivation of various error models and the corresponding uncertainties is
presented by Rytting [18]. Furthermore, sophisticated techniques may be taken into ac-
count to compensate for the effects of misaligned waveguide flanges in the calibration
process [19], as this becomes of greater importance when increasing the frequency; nev-
ertheless, such approaches were deemed too complex for this particular project. An ad-
ditional discussion on the influence of mismatches caused by waveguide tolerances and
misalignment is presented by Kerr [20)].
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Unterminating

& De-Embedding

When discussing procedures to obtain the behaviour of a Device Under Test (DUT), em-
bedded within a test structure (i.e. the DUT reference planes do not coincide with the
calibration reference planes), two distinct problems need to be studied. These two terms
are often confounded in literature but represent problems distinct from each other:

e Unterminating
Unterminating refers to deducing the behaviour of the embedding structure (e.g.
waveguide tapers) from compounded measurements. This is necessary when no prior
knowledge about the behaviour of the embedding structure is available. It is the
process of deducing the properties of the intervening structure from a series of meas-
urements with known embedded devices [21.

e De-Embedding
De-embedding refers to extracting the contribution of the DUT when embedded in a
test network. This requires knowledge about the behaviour of the embedding struc-
ture obtained through unterminating or other means. It is the process of deducing
the impedance of a device under test from measurements made at a distance when
the electrical properties of the intervening structure are known [21].

The conjunction of these two problems was solved in the context of different setups, validat-
ing and comparing the developed algorithms and approaches. shows the general
signal flow graph of a DUT embedded within a test structure with fixtures A and B. Un-
terminating consists of determining the values of FA;; and FB;;, whereas de-embedding
consists of determining S;;, given FA;; and FB;;.

Fixture A DUT Fixture B
FA21 , 521 , FB21
> | > |
| |
| |
FA‘H FA21 | SH SZZ | FBH FBZZ

| |
| |
i 4 i 4
| |

FA, S FB

12 12 12

Figure 6.1: Signal flow graph of the test fixtures and DUT, reproduced from [12]

17
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6.1 Relation to Error Models

Indeed, the signal flow graph of a DUT embedded within a set of fixtures as shown in

bears some resemblance with the twelve-term error model shown in
A complete flow graph can be established, including the cascade of the fixtures and the

DUT as shown in The original error terms can be cascaded with the S-

parameters of the fixtures to obtain new error terms with the forward error terms com-

puted in and the reverse error terms computed in Therefore,
the unterminating/de-embedding operation is equivalent to establishing a new calibrated
reference plane via the twelve-term error model.

>

S . dad on i A
E, Y A E, FA,Y AFA, S, Y LS, FB,Y AFB, E Y
. - ° - - - — o
Erf FA12 S12 FB12
\ Fixture A / DUT \ Fixture B /
\/ : \/
xf
1 s, E,
. > ° > [ —
E. Y AE’ S,y our oS, E’'Y
Erf’ S12

Figure 6.2: Signal flow graph of the combined test setup with forward error terms, repro-
duced from [12]

E fFA11 Err FB22
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6.2 Unterminating

Different measurement techniques can be used for the unterminating operation. The most
general approach, which is also the most adapted to waveguide devices, is referred to as
2z-thru de-embedding, a technique which is also applicable to unsymmetrical test fixtures
[22]. Two identical fixtures are cascaded without the DUT, and the measurement is bisected
mathematically afterwards. If the DUT is embedded in an asymmetric test structure (such
as shown in , both are measured and bisected independently. Different methods
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are proposed for the measurement bisection; the corresponding MATLAB implementations
are presented in Given that bisection is equivalent to solving the matrix
equation A = BB for B, with A the ABC D matrix of the 2x-thru measurement and B the
ABCD matrix of an individual fixture, unterminating becomes a mathematical problem
of determining the matrix square root.

6.2.1 Matrix Diagonalisation

The standard procedure for computing the square root of a matrix A is to diagonalise A,
such that there exists an invertible eigenvector matrix P and a diagonal eigenvalue matrix
D satisfying P"'AP = D [23]. The overall square root is obtained by computing the
square roots of the individual eigenvalues within D. The expression in is
obtained, with P and D, the matrix of eigenvectors and eigenvalues of Aoya, respectively.
This method allows forcing the computation of real eigenvalues, the consequences of which

are discussed in [section .11
Ap = (142;(1%)1/2 = pp'*p! (6.3)

6.2.2 Schur Decomposition

Similar to the standard matrix diagonalisation procedure, the Schur decomposition of a
matrix may be computed. This method extends the notion of matrix square root for cases
where the matrix of interest may not be diagonalisable. The Schur decomposition satisfies
A = QTQ*, with T upper triangular and @ unitary matrices [24]. The expression in
is obtained, with 7" and @, the matrices derived from Asya. This method is
implemented in MATLAB by the sqrtm function, suggested for this specific use case [25|.

Ap = (AQXA)1/2 = QT'*Q* (6.4)
6.2.3 Input Parasitics

A more physical approach is proposed by Simion [26|, [27], specifically applied to coax-
to-waveguide transitions. First, an equivalent circuit model for the 2x-thru measurement
is established as presented in The two-port input circuits Cj, of the overall
equivalent circuit are of particular importance, as they congregate all losses of the structure.
Next, he ABC D matrices Agnry of the 2x-thru measurement are converted to Z-parameters
to obtain Zipy, and a matrix Z, = j - imag(Zinry) is computed, which is converted back
into the ABC' D matrix A,. Subsequently, a cascade is established, from where the ABC' D
matrix Aj, is to be extracted as shown in (cf. |28] for the computation of this
matrix equation). As shown, the solution of the matrix equation uses the matrix square
root and therefore requires the Schur decomposition presented in [subsection 6.2.2]

Arn = AnAp A & A = (A) " 72((Ar) P Ara(Ar) ) "4 (6.5)

—————————————————————————————————————————

| T1 + T2 (thru) |
Z,=500! Z4,90" Z5,90" Z,=500
¢ "o CinfL_H_FH___HCinFs
Port #1 | " 7 0 1]t Port #2

Figure 6.3: 2x-thru measurement equivalent circuit model, reproduced from [26|
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The complete method includes further steps; however, these were found not of relevance to
the studied problems. Mainly because all losses are attributed to the input circuits with
the additional steps correcting for the phase delay of the system. Although it would have
been of interest to study the proposed algorithm in its entirety, the steps laid out in the
two relevant references [26], |27] could not be reproduced successfully.

6.2.4 Alternative Unterminating Approaches

Time-gating is often used in the context of unterminating procedures and provides the
ability to selectively remove or include responses in time on the VNA [29]. Van Hauwer-
meiren, Botte and De Zutter propose the use of gating to increase the accuracy of the
2x-thru measurement [30]. Another approach presented by Dunsmore, Cheng and Zhang
is to use time-gating for 2x-thru measurements of asymmetric test fixtures [31]. The beha-
viour of the two fixtures can be separated by only maintaining the measurement response
within a relevant time window. However, this requires that the two fixtures are mechanic-
ally compatible and have an equal electrical length and insertion loss.

Other methods not based on a 2x-thru measurement may also be considered. The transmis-
sion matrix of a liner double taper can be determined analytically, for example, using the
approach presented by Chakraborty and Sanyal [32]. Some analyses arrive at the conclu-
sion that the fundamental and first higher-order mode within a taper can be represented as
ideal lossless transmission lines [33], effectively making de-embedding unnecessary if only
the amplitudes of the signals are considered. However, this hypothesis does not hold up to
the measurements presented in this project.

6.3 De-Embedding

Coming back to the signal flow graph of de-embedding becomes a purely math-
ematical process after the behaviour of the embedding structure has been determined
through unterminating or other means. The process can be summarised in the following

five steps |34, with the main de-embedding equation implemented in [Listing C.3
i) 2x-thru measurement of fixture A and conversion to ABC D-parameters:

Aon = ApAp (6.6a)

ii) 2x-thru measurement of fixture B and conversion to ABC D-parameters:

Aoy = ApAp (6.6b)

iii) Computation of the individual ABC'D matrices Ax and Ap (i.e. unterminating)

iv) Deduction of the full-path cascade equation:

Acascade = AAADUTAB (66C)

v) Inversion of the cascade equation to obtain the DUT ABCD matrix Apyr and
conversion to S-parameters:

ADUT = 14A_1140ascadv3148_1 (66(21)
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Nevertheless, the conversion to ABCD or T-parameters followed by the inverse operation
is not required for all de-embedding methods. Scafati, Paulis, Olivieri et al. present a
method which avoids these steps and performs the entire de-embedding operation only
using S-parameters [35]. Although this technique is more complicated in the two-port
case, it renders de-embedding for DUTs with a large number of ports mathematically
simpler. Furthermore, the 2x-thru measurements can be complemented with simulations
of the embedding structures: Wang, Jin, Bird et al. propose a hybrid de-embedding ap-
proach, merging measurement and simulation data to either obtain similar de-embedding
accuracy with fewer test structures or better accuracy with the same test structures [36).
Although this approach is geared towards microstrip line structures on PCBs, it presents
an interesting framework that may also be of interest for more complex waveguide devices.

6.3.1 Standardised Procedures

IEEE standard 370 [37] was defined with the goal of providing a consistent framework for
de-embedding techniques, mainly for Printed Circuit Board (PCB) applications. The full
algorithm is presented by Ellison, Smith and Agili |38] and relies on time-gating for separ-
ation of the error terms caused by the two individual fixtures in a 2x-thru measurement.
As an extension, the same authors propose to include impedance correction in a later
publication to increase the robustness of the proposed method [39]. Although open-source
implementations of IEEE-370, including impedance correction, are available [40|, these
proved difficult to implement with the waveguide measurements studied in this project,
especially as the standard has not been defined with waveguide devices in mind.

6.3.2 Commercial Software

In addition to previously explained methods, unterminating/de-embedding may also be ac-
complished through commercial software. Examples include EaZy De-Embedding (EZD)
as an implementation of IEEE 370, Advanced Interconnect Test Tool (AITT) by Clear
Signal Solutions [41], or In-Situ De-Embedding (ISD) by AtaiTec [42]. These software
packages may be installed and used directly on the VNA |14} p. 301-303], given the proper
licenses. The main disadvantage of these options is that they all represent black boxes to
some extent, as they integrate proprietary algorithms which cannot be replicated externally
[22]. Additionally, their licensing costs may be prohibitive if only a low number of meas-
urements is required. Nevertheless, the results obtained with AITT have been compared
to other techniques through a trial license as shown in [subsection 7.2.3|

6.4 Port Augmentation

As briefly mentioned in the introduction, the studied diplexer is a three-port device.
Therefore, an adequate measurement approach must be defined to fully characterise its
S-parameters using the available 2-port VNA. In an ideal measurement setup, the third
port would have to be perfectly matched for the full range of frequencies for which the
measurements are established. This can be easily achieved on coaxial devices where the
reference impedance in most cases is equal to 502, independent of the frequency. This
approach becomes more complicated in waveguide components, as the impedance is close
to the vacuum impedance Zy and varies with frequency, asymptotically approaching an
infinite impedance close to the cutoff frequency of the waveguide (cf. [subsection 3.1.3).
Independently of the chosen method in constructing three-port measurements, the com-
bination of the individual two-port S-parameter matrices will lead to an overdetermined
system of equations, as the final reflective terms Sy1, So2, and S33 will have been determined

by two separate measurements each, as illustrated in
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bo| = |- S99 Sog a2 Port 1 terminated
| b3 | |- S32 S33] |as]
S| Si3 (b1 | [S11 - Si3] Jad]
| S22 So3 “= =1 - . . Port 2 terminated
S31 Ss2 S33|533 bs Sa - Ses| |as
b, _ 1 Tas
by| = -1 las Port 3 terminated
\ L L . L .
(6.7)

6.4.1 Impedance Renormalisation

One possibility for accurate multiport measurements on a two-port VNA is described by
Tippet and Speciale |43|. Using the proposed method, the measurement of an n-port device
requires n separate auxiliary loads. A scattering matrix renormalisation is performed,
which requires that none of the employed loads is perfectly reflecting. With all n loads
attributed to one of the n ports of the DUT, the renormalisation is computed as shown in
with S the scattering matrix with the n auxiliary loads, I' the matrix with
the reflection coefficients of the n auxiliary loads on its diagonal, I the identity matrix,
and S’ the renormalised scattering matrix. All matrices are of dimension n by n.

S =T-8S)"YS-I)I—-S-T)HI-S9) (6.8)

Although this may seem like a simple approach in theory, the application to waveguide
devices becomes more complicated. Assuming that auxiliary loads with impedances Z;
are used for termination, the reflection coefficients I'; can only be determined using the
frequency-dependent characteristic impedances of the waveguide ports using
|1, p. 57]. If, in turn, the auxiliary loads are defined in terms of their expected reflection
coefficients (e.g. —0.9 for a non-perfect shorting plate), these values need to be renormalised
as a function of the waveguide port impedance; otherwise the computation of S’ will be
skewed if the different ports possess different characteristic impedances, as is the case for
the studied diplexer.

2L — 2o

r=2L—=0
Zr, + Zy

(6.9)

6.4.2 Wave Identification

As an extension to the impedance renormalisation method, Rolfes and Schiek propose a
method based on the wave parameters a and b (cf. [section 4.1)) of the measurement [44],

referred to as the wave-identification method in a later publication |45]. This method is
based on the solution of the matrix equation shown in where mg indicates
the known i-th output wave parameter of the j-th measurement, a the known i-th input
wave parameter of the j-th measurement, and I'; the terminating reflection coefficients. As
this formulation includes nine variables (the S-parameters to be determined) but only six

off-diagonal equations that can be evaluated, a second set of input wave parameters a; with
corresponding output wave parameters 1m;] are defined, with the requirement that a and a
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are orthogonal to each other and that @ (j = 1,2,3) as well as al ( = 1,2,3) form linearly
independent bases of the same vector space. In practice, this requirement translates into
that for a, the VNA only transmits on the first of its physical ports (i.e. measuring Si;
and S21), whereas, for @, the VNA only transmits on the second of its physical ports (i.e.
measuring S12 and S92). This leads to a system of twelve equations with nine unknowns,
allowing for the S-parameters to be computed. Again, this system is overdetermined, the
parameters Sy; (i = 1,2,3) being characterised by two equations each. The full derivation
is not detailed here (cf. the original publication by Rolfes and Schiek [44]); nevertheless,
computation of the parameters b%, b%, bg allows for the computation of the full 3-by-3 S-
parameter matrix using The corresponding implementation in MATLAB

is presented in [Listing C.4

b% m% mif S11 S12 Sis I’lb% a% a‘;)
m% b% m% = 521 522 523 a% sz% ag (6.10)

1 2 3 1 2 3
mz m3 by S31 S Ssz| | @b a3 T3bj



Measurements

Two classes of devices by MinWave have been characterised: double-ridged waveguides for
the validation of the unterminating/de-embedding techniques laid out in and
respectively, as well as a three-port diplexer to validate the previous techniques
and supplement them with the multi-port measurement techniques presented in[section 6.4}

7.1 Calibration Methods

Measurements were performed using two calibration methods, hereafter referred to as
manual TRL and ECal, previously presented in These terms are used syn-
onymously for the calibrated reference planes; TRL signifying a calibration between the
waveguide flanges of the coax adapters, ECal denoting a calibration between the end con-
nectors of the coax cables leading to the VNA. Therefore, the fixture to be de-embedded
only includes the waveguide tapers in the former case, whereas in the latter case, the tapers
and the coax-WG adapters are to be de-embedded. As stated previously, these two calib-
ration planes were compared, as the ECal method avoids the use of waveguide calibration
kits, which may simplify the measurement process.

7.2 Double-Ridged Waveguides

Double-ridged waveguide passband filters with a WRD-750 flange (cf. Nickel [46]) were
studied. These flanges are coupled to the WR-75 coax adapters using tapers designed
by MinWave. The subsequent analyses focus on MW13200 as the filter and MW33401 as
the taper. These two components are represented in As a cascade of three
two-port devices, illustrated in this is the ideal test setup for unterminating
and de-embedding, adhering to the signal flow graph presented earlier in The
corresponding setup for the 2x-thru measurement is shown in and the physical
assemblies are illustrated in

(a) MinWave MW13200 filter (b) MinWave MW33401 taper interior

Figure 7.1: Double-ridged waveguide components

24
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. FixwureA . DuUT . FixtureA FixtureA  Fixture A
;> : - - A > ™ > >
MW33401 MW13200 ; MW33401 } MW33401 ‘ MW33401
- — | 47 - < la———
(a) DUT measurement (b) 2x-thru measurement

Figure 7.2: Schematic measurement setups of the embedded DUT

(a) DUT measurement (b) 2x-thru measurement

Figure 7.3: Photos of the filter measurement setups represented in [Figure 7.2

7.2.1 Measurement Baseline

All of the subsequently presented post-processing steps have the embedded (i.e. non-de-
embedded) measurements as a starting point. These measurements correspond directly to
the data obtained from the VNA and are shown in In addition, the end results
can be compared to the component’s behaviour as expected from simulation, shown in

7.2.2 Bisection Comparison

In a first step, different techniques of obtaining the bisected fixture behaviour from the
2x-thru measurement are studied, as laid out in Comparisons of the effects
on Ss; and S7; due to the different methods are shown in [Figure 7.6a] and [Figure 7.6b]
respectively. The individual measurements are displayed in [Figure B.3| within [Appendix B}
It can be observed that the different methods perform similarly in terms of the general
outline; however, some numerical instabilities can be observed for the Schur decomposition
and input parasitics methods. It is important to note that this is not a physical effect but is
entirely due to the way that the square root of a complex number is defined and computed
(cf. . Therefore, the most stable technique is the simple matrix diagonalisation
with forced real square roots (cf. [subsection 6.2.1)). Unless stated otherwise, this method
is used for the processing of all following measurements.
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Figure 7.4: MW13200 embedded magnitude S-parameter measurements

Simulated Filter Response
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Figure 7.5: MW13200 simulated magnitude S-parameters
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Figure 7.6: Comparison of manual TRL bisection methods
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7.2.3 Method Comparison

In a second step, different methods of unterminating/de-embedding are studied for both
manual TRL and ECal calibrations. These include de-embedding with the unterminated
tapers and de-embedding through fixture compensation (cf. . Both of these
methods rely on the measurement of the waveguide tapers and can therefore account for
the non-ideal behaviour of the tapers. Furthermore, if the measurement setup is calib-
rated between the waveguide flanges of the adapters (i.e. manual TRL calibration), the
behaviour of the tapers can also be obtained through simulation. Although this requires
one less measurement, it may prove problematic if the tapers perform differently than
anticipated by simulation. Commercial software may also be used for unterminating/de-
embedding (subsection 6.3.2)) with the Advanced Interconnect Test Tool (AITT) [41] used
as a reference. briefly summarises the possible combinations of the possible
unterminating /de-embedding methods. Simulation-based unterminating is not possible for
ECal measurements, as this would require a simulation model of the employed coax-WG
adapters. The individual measurements are shown in |[Figure B.1| and [Figure B.2| within

)
Append D

Calibration Measurement-Based Simulation-Based Fixture Commercial
Method Unterminating Unterminating Compensation Software
Manual TRL v v v v
ECal v X v v

Table 7.1: Unterminating/de-embedding method comparison

For both manual TRL and ECal, data obtained via measurement-based unterminating and
through commercial solutions coincide within 0.05 dB for S3; within the passband, proving
the validity of the developed method. Fixture compensation tends to overcompensate
the losses, which may lead to erroneous conclusions about the Device Under Test (DUT).
Simulation-based unterminating also shows some discrepancies with the other methods but
may be used as an approximation if 2x-thru measurements can not be performed due to
the geometry of a particular DUT. Furthermore, in can be observed how the
peaks of Sy; for the simulation-based unterminating technique appear as a combination
of measurement and simulation results, indicating the hybrid nature of this technique.
Comparing the manual TRL and ECal calibration methods, it can be observed that much
smoother results are obtained for Ss; when calibrating the VNA at the waveguide flanges;
however, calibration at the exterior of the waveguides may still be acceptable under certain
conditions when a waveguide calibration kit is not available, although the de-embedding
also tends to overcompensate the losses of the fixtures. With regards to Si1, the difference
between the two calibration planes/methods becomes much more apparent, indicating
that for accurate measurements of this parameter, manual TRL calibration between the
waveguide flanges is preferable.



CHAPTER 7. MEASUREMENTS

o
N
T

o
w
T

o
a
T

Magnitude (dB)
<
N
T

13.5

-0.6 - T
| |~ — — Embedded measurement N
-0.7 Fixture compensation
Measurement-based unterminating
L Commerical de-embedding i
-0.8 )
---------- Simulated response
Simulation-based unterminating
0.9 1= THT 1 1 I I I
10 10.5 11 11.5 12 125 13
Frequency (GHz)
(a) Injecton loss Sa;
T T T T T T
0

-10

o
)

Magnitude (dB)
8

|| = = = Embedded measurement

Fixture compensation
Measurement-based unterminating
Commerical de-embedding

60 | Simulated response

Simulation-based unterminating

| |

1 |

10 10.5 11

11.5 12
Frequency (GHz)

(b) Return loss S1;

13.5

Figure 7.7: Comparison of manual TRL unterminating & de-embedding methods
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7.3 Diplexer

A diplexer is a three-port device with two distinct non-contiguous passbands. The terms
diplexer and duplexer are often used interchangeably, even though this is not strictly
true [47]. Nevertheless, the studied component will be referred to as diplezer hereafter,
although it might instead be classified as a duplexer, depending on the specific use case.
The crucial characteristics include but are not limited to, the passband insertion loss for
both passbands and the isolation between the two passbands. Considered is MW44200 by
MinWave, a render is shown in the appropriate port schematic is shown in
which is explained in further detail in The diplexer uses custom
waveguide dimensions with custom flanges. Ports COM and RXL share the same waveguide
dimensions, whereas TXH features a narrower channel for fundamental-mode operation at
higher frequencies.

ay b2
1| Mwa44200 | _2
COM TXH
-« -
b]_ az
asz 3 b3
RXL
(a) 3D render (b) Port naming scheme

Figure 7.9: MinWave MW44200 diplexer

Port Port Fl Di .
Number Name ange imensions
1 COM COM 10.00 mm - 4.90 mm
2 TXH TXH 8.64 mm - 4.90 mm
3 RXL COM 10.00 mm - 4.90 mm

Table 7.2: Diplexer port characteristics

7.3.1 Measurement Plan

The diplexer should be measured and characterised over a frequency range from 15 GHz
up to 40 GHz. Covering this large range in the fundamental mode regime for accurate
measurement requires the use of different waveguide sizes. Waveguides WR-51, WR-42,
WR-34, and WR-28 (cf. for waveguide specifications) have been chosen for this
purpose. A schematic overview of how the operative ranges of these waveguides standards
overlap is visualised in To adapt the custom channel dimensions (COM and
TXH) to these four waveguide standards, tapers had to be designed with the methodology
presented in As two tapers are required for the 2x-thru measurement needed
for de-embedding, a total of 16 tapers had to be manufactured, shown in |[Figure 7.11
including two COM-TXH tapers for validation. Full measurement of the diplexer requires
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WR-51

WR-42

WR-34

WR-28

S, % % %, %, S, %%, %,
Figure 7.10: Waveguide operating frequency ranges, data based on [46|

4- (34 2) = 20 individual two-port measurements: for each of the four relevant waveguide
standards, three two-port measurements with the third port terminated, in addition to two
2x-thru measurements to characterise the tapers. The 2x-thru and bisected measurements
of the tapers are shown in [Figure B.4] and [Figure B.5| within For illustrative
purposes, some photos of the measurement setup are shown in Specifically,

the steps for the measurement are as follows:

i) Measure the diplexer with each of the four relevant waveguide standards (i.e. WR-
51/43/34/28) on the complete respective operating frequency range.

ii) For each waveguide standard, perform three measurements for two ports at once,
with the third port terminated with a short or open termination.

iii) For each of these measurements, acquire data calibrated through manual TRL and
ECal.

iv) In addition to the diplexer itself, measure each pair of used tapers for subsequent
de-embedding.

7.3.2 Fabrication & Machining
7.3.2.1 Waveguide Tapers

As mentioned in [subsection 7.3.1] waveguide tapers had to be designed for the meas-
urements of the diplexer. These tapers were manufactured through Cmftcloucﬂ using a
Selective Laser Melting (SLM) process in aluminium alloy AlSijoMg [48]. SLM leads to
a rather rough surface finish; therefore, the components are sandblasted after production.
This process allows for a layer height of 0.15 mm with an accuracy of 0.2 % (with a lower
limit of £0.2mm) [49]. Returning to the discussion in [subsection 3.2.3|regarding the taper
profile, any highly optimised profile on such small waveguides is indeed constrained by the
manufacturing process in the case of SLM.

The surface finish obtained through sandblasting may be sufficient for the interior walls
of the waveguide taper; however, the flanges need to be machined further to allow for a
highly parallel surface profile with low roughness. This was accomplished by machining
the flanges with a face milling tool at the Student Prototyping and Outreach Tank (SPOT)
at EPFL; this process is visualised in [Figure 7.12

I Craftcloud® by A113DP | 3D Printing Service Marketplace (https://craftcloud3d.com/)
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(a)

WR-51 RXL — COM measurement (b) WR-51 — COM taper 2x-thru measurement

EE

Figure 7.13: Diplexer measurement setups
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7.3.2.2 TRL Calibration Kit

Appropriate calibration kits had to be used for the manual TRL calibrations of the wave-
guide standards employed for the measurements. The required shorts and shims were
available for WR-75 (used for the double-ridged waveguides in , WR-42, WR-
34, and WR-28. However, no calibration standards were at hand for WR-51. Therefore,
a short and a shim had to be machined with appropriate channel dimensions and flanges
as shown in The length of the %/4 shim was computed by taking the geometric
mean of the lower and upper frequency bounds of the waveguide as shown in
Indeed, the shown earlier in illustrates the shim and short machined
at the Student Prototyping and Outreach Tank (SPOT) at EPFL.

Ao c 299.6953 - 10 m /s

T4 4f  4Jfif: 4V145GHz 22.0GHz
7.3.3 Data Fusion

The following sections explain how a three-port measurement is obtained from the 20 indi-
vidual two-port measurements across multiple waveguide standards for the whole frequency
range.

7.3.3.1 Port Augmentation

~ 4.2mm (7.1)

The wave identification method in [subsection 6.4.2| presents a solid framework for combin-
ing three two-port measurements into a single three-port measurement, independent of the
used terminations. However, this method could not be fully used for its intended purpose
due to circumstances explained in further detail in [section 8.4l If wave augmentation is
performed on a set of measurements where the reflective terms (i.e. Si1, S22, Ss3) differ
significantly where they should rather coincide, ambiguities may arise in the final result. As
the diplexer represents a particular case of a three-port device, the three-port S-parameter
matrix may be assembled directly using by identifying the physically relevant
reflective terms for a given passband.

7.3.3.2 Frequency Fusion
Coming back to most sections of the relevant frequency range from 14.5 GHz

to 40.0 GHz are covered by two or even three waveguide standards simultaneously. To
make use of this data without unnecessarily truncating it, the concerned final spectrum
is obtained by applying the geometric mean on the magnitude values in dB, as shown in
with %k the index to iterate over the n waveguide standards which overlap
for a given part of the spectrum. The full spectrum can be merged using the MATLAB
implementation shown in

n 1/”
S;;' [dB] = (H Sijk [dB]) i,j=1,2,3 (7.2)
k=1

7.3.4 Method Comparison

Different calibration methods and terminations can be compared once a final three-port
measurement has been assembled for the full frequency range. Considered are the effects
of terminating the third port in a short or open circuit, in addition to performing a manual
TRL or ECal calibration at different reference planes, as explained earlier. Of particular
interest is the insertion loss for the two passbands of the diplexer; the lower passband

(between ports COM and RXL) and the upper passband (between ports COM and TXH)
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are shown in [Figure 7.14a] and [Figure 7.14D, respectively. displays the return
loss observed from the COM port. The spectra of the total nine terms of the S-parameter

matrix for the four methods are shown in within The simulation
results are shown in for comparison.

A frequency shift of about 0.5 GHz can be observed between the measurements and the
results expected from the simulation. This effect arises due to shrinkage in the fabrication
process of the characterised diplexer. Nonetheless, the measurements cluster tightly to-
gether, independent of the chosen method, although some additional loss is incurred. This
allows for two essential observations: firstly, there is virtually no difference between the
short and open terminations within the passband; secondly, the manual TRL and ECal
measurements match closely, indicating that calibrating the setup at the coax lines may
indeed be sufficient for such a case.
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Discussion

The following sections extend the preliminary conclusions of [chapter 7] by contrasting them
with the theoretical foundations presented earlier.

8.1 Bisection Methods

As presented in [section 6.2] and [subsection 7.2.2] the matrix square roots required in the
bisection step can be computed using different methods. To some extent, the main issue
influencing all presented techniques is that the square root of a complex number is not
uniquely defined [50]. Standard algorithms, however, only yield one result, causing sin-
gularities in the presented data when a sign reversal occurs for the real/complex part of
the underlying S-parameter value. This behaviour becomes especially noticeable for the
Schur decomposition and the input parasitics techniques, as may be observed, for example,
in [Figure 7.6al and [Figure 7.6bl In the implementation of the eigenvalue decomposition
(cf. [subsection 6.2.1)), the input S-parameters are forced into the first quadrant of the
complex plane, by taking the absolute values of both the real and imaginary part, before
applying the square root. In most cases, this workaround avoids the problem, although
some discontinuities may still occur (e.g. bisected measurement of WR-51 — TXH taper
shown in . Furthermore, this approach renders the phase data of the meas-
ured S-parameters unusable, and an alternative solution has to be identified if the phase
behaviour of the DUT is of interest.

8.2 Unterminating & De-Embedding Conclusions

Returning to the preliminary comparison between the different unterminating and de-
embedding options presented in and the preliminary conclusions[subsection 7.2.3|
some main points should be reiterated. First of all, ECal calibration with the reference
plane on the coaxial connectors is a viable method if no waveguide TRL calibration kit
is available, although the measurement accuracy is decreased compared with calibration
on the waveguide flanges as reference planes. Measurement-based unterminating with
bisection performed via the matrix diagonalisation method (cf. [subsection 6.2.1)) delivers
the results closest to simulated and commercial solutions. However, the overall discussion
only applies to the magnitude of the processed S-parameters, to which extent accurate
phase measurements can be obtained has to be validated in further experiments.

8.3 Passivity

Any algorithm applied to S-parameter data (e.g. bisection, de-embedding, port augment-
ation) may cause issues with the passivity of the measurement (cf. [subsection 4.2.1). For
example, shows the passivity plot of the diplexer for the TRL measurement
with open termination and the passivity plot of the simulated S-parameters.
Passivity can be enforced in MATLAB using the makepassive function [51]. in
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[Appendix B presents the diplexer measurement results if passivity is enforced, mainly lead-
ing to increased insertion loss. Whether this represents an issue within the post-processing
of the measurements or is due to purely mathematical artefacts (especially as it also applies
to simulated S-parameters) is a topic for further investigation.

Data not passive, max norm(H) is 1 + 3.46e-01 at 27 GHz Data not passive, max norm(H) is 1 + 4.00e-01 at 17 Hz

15 20 25 30 35 40 15 20 25 30 35 40

Frequency (GHz) Frequency (Hz)
(a) TRL measurement with open termination (b) Simulated S-parameters

Figure 8.1: Diplexer passivity plots

8.4 Port Augmentation

Insection 8.4] combining two-port measurements two obtain a three-port measurement was
presented in the context of the diplexer measurements. As mentioned, the wave identifica-
tion method could not be fully used for its intended purpose. The diplexer represents
a particular case of a three-port device, as the TXH and RXL ports are isolated from
each other. This becomes clearly visible by comparing the responses for open and short
terminations, with no significant difference arising in the insertion loss. Therefore, apply-
ing a port augmentation method like wave identification will necessarily lead to numerical
issues, as it expects contributions on all three ports for all frequencies. Performing wave
identification with I' = —0.8 as an approximation of a short circuit on the short-terminated
measurements leads to the results shown in Peaks with magnitude > 0dB are
observable, which indicate an issue in the algorithm, as the passive diplexer cannot produce
any gain.

In the case of the diplexer, the S-parameters of the individual two-port measurements
may be merged manually as shown in Prior knowledge about the expected
behaviour is used to identify the origin of the physically accurate reflection terms Spq,
So9, and S33 for the specific passband, in each case choosing the isolated terms for the
non-contributing port.

8.5 Characteristic Impedances

As introduced insubsection 3.1.3] the characteristic impedance of a waveguide device is not
constant but a function of the frequency. When only dealing with physical measurements
obtained through the VNA, this does not directly pose a problem, as the VNA always sees
the 502 input impedance of the test assembly, due to the coax-to-waveguide adapters.
However, the situation becomes more intricate when dealing with simulation results. Any
S-parameters obtained through simulation will be normalised with respect to the waveguide
port impedance. This means that different normalisations per port will apply for simulation
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Figure 8.2: Result of wave identification with I' = —0.8 on WR-28 short measurement

results of asymmetric devices (e.g. waveguide tapers) where the characteristic impedance
profile is not the same on both ports. Therefore, special care must be taken to obtain
the expected behaviour when simulation results are merged with measurement results (cf.
simulation-based unterminating [subsection 7.2.3); the same applies when constructing a
cascade of simulated components with different impedance profiles. When converting from
S to ABC D-parameters, as well as for the inverse operation, it is essential to specify the
appropriate characteristic impedance. If the source and load impedances are the same
for a given device, the parameter conversion formulas in [subsubsection A.3.2.1| within
apply. If the source and load impedances are not the same, as is the case for
waveguide tapers, the conversions in [subsubsection A.3.2.2] may be used.




9
Conclusion

This project focused on studying and establishing measurement techniques to characterise
the behaviour of waveguide devices, specifically filters and diplexers. The complexity of
the problem arose from the unique properties of the Devices Under Test (DUTSs), requiring
particular methods to validate the components’ measurements accurately. The measure-
ments conducted throughout this project were performed on waveguide devices developed
by MinWave, a company specialising in the design of non-conventional waveguide devices
using additive manufacturing methods.

In general, measurements were acquired using different calibration techniques, compar-
ing their advantages and disadvantages. The measurements and analyses of the double-
ridged waveguide filters demonstrate the effectiveness of the developed unterminating and
de-embedding techniques. Different methods of obtaining the bisected fixture behaviour
via a 2x-thru measurement were studied. Additionally, various de-embedding methods
were compared, including measurement-based techniques, simulation-aided approaches,
and commercial solutions.

The diplexer measurements involved a comprehensive measurement plan, considering dif-
ferent waveguide sizes to accurately cover the desired frequency range. Custom tapers were
designed and fabricated to interface the custom waveguide dimensions with the chosen
waveguide standards. The measurement setup included multiple two-port measurements
for each waveguide standard, with the third port terminated, as well as 2x-thru meas-
urements for taper characterisation. The acquired data was fused to obtain a three-port
measurement for the whole frequency range.

Overall, the development of this project proved to be an exciting combination of subjects,
requiring developments and analyses in electrical engineering, mechanical engineering, soft-
ware development, and mathematics.
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A

Definitions and Conventions

A.1 Radar-Frequency Bands

Radar

Band Frequency Range

Nomenclature

ITU Nomenclature

Adjectival Band Designation

Metric Designation

1 GHz to 2 GHz
2GHz to 4 GHz

Ultra High Frequency (UHF)

Decimetric Waves

4 GHz to 8 GHz
8 GHz to 12 GHz

Super High Frequency (SHF)

12 GHz to 18 GHz

Centimetric Waves

<RI xalnrc

18 GHz to 27 GHz

27 GHz to 40 GHz
40 GHz to 75 GHz
75 GHz to 110 GHz

Extremely High Frequency (EHF)

Millimetric Waves

Table A.1: IEEE radar-frequency letter band nomenclature with I'TU nomenclature [52]

A.2 Waveguide Dimnensions
Designation  Flange Inner Dimensions Cutoff Frequency Frequency Range
WR-75 UBR 120 19.050 mm - 9.525 mm 7.869 GHz 9.9 GHz to 15.0 GHz
WR-62 UG-419/U  15.799 mm - 7.899 mm 9.488 GHz 11.9GHz to 18.0 GHz
WR-51 UBR 180 12.954mm - 6.477 mm 11.571 GHz 14.5 GHz to 22.0 GHz
WR-42 UG-597/U  10.668 mm - 4.318 mm 14.051 GHz 17.6 GHz to 26.7 GHz
WR-34 FBP260 8.636 mm - 4.318 mm 17.357 GHz 21.7 GHz to 33.0 GHz
WR-28 UG-599/U  7.112mm - 3.556 mm 21.077 GHz 26.3 GHz to 40.0 GHz
COM 10.000 mm - 4.900 mm 14.990 GHz -
TXH 8.640 mm - 4.900 mm 17.349 GHz -

Table A.2: Specifications of standard and custom waveguides 46|, [53|

A.3 Parameter Conversions

A.3.1 T-Parameters

Hereafter follow the parameter conversions from S to T' and vice versa [12].
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Ty, = _5115225— S12.591 Sy = %
S11 N Ti?Tm — Th9Tx
Ty = 5o S = s
S 1
Ty = _Sizj So1 = Tos
1 T
Too = S Soo = —sz;

A.3.2 ABCD-Parameters

Equations in[subsubsection A.3.2.1|show the conversions between S and ABC D-parameters
in the case of a real characteristic line impedance |1, p. 192]. The equations in
[section A.3.2.2 extend these formulations by being applicable to complex impedances;
Zop1 = Ro1+ jXo1 and Zyo = Rz + j X2 representing the complex source and load imped-
ances, respectively; and Z* the complex conjugate [10].

A.3.2.1 Real Symmetric Line Impedances

e (1+ S11)(1 = S22) + S12521 Sy = A+ B/Zy—CZy— D
2591 A+ B/Zy+ CZy+ D
B=27,- (1 + 511)(1 + 522) — 512591 Spy = 2(AD — BC)
2551 A+ B/Zy+ CZy+ D
c— L. (1 = S11)(1 = S22) — 512521 Sy = 2
2o 2591 A+B/Zo+CZ0+D
D (1 = S11)(1 4 S22) + S12521 Sy — —A+B/Zy—CZy+ D

25591 A+ B/Zy+CZy+ D

A.3.2.2 Complex Asymmetric Line Impedances

(Zo1* + S11Z01)(1 — Sa2) + S12521 Z01

A= 2591V Ro1 Ro2
B (Zo1™ + S11201)(Zo2"™ + S22202) — S12521 Z01Z02
2521V Ro1 Ro2
C_ (1 —=511)(1 = S22) — S12521
2591V Ro1 Ro2
D (1 = 511)(Zo2™ + S22Z02) — S12521 Z02
2591v/Ro1 Ro2
Sy = AZy+ B —CZy1*Zoo — DZp1*
AZyp + B+ CZnZys + DZy0
Spp = 2(AD — BC)v/Ro1 Roz
AZyy + B+ CZy1 Zoa + DZz01
Sy = 2v/Ro1 Ro2
AZys + B+ CZy1 Zoz + DZz01
Sy — ~AZy" + B - CZyZy™ + DZp1*

AZy2 + B+ CZy1Zo2 + DZ 701



B
Measurement Results

The plots on the following pages show the measurement data referenced in
Each measurement or processing step is represented by two plots of the same data with
different scaling on the y-axes, with the plots on the left-hand side displaying the full y-
scale, showcasing the behaviour of the return losses (i.e. Si; & S22), and the plots on the
right-hand side displaying the insertion losses (i.e. Sa; & Sj2) within the passband on a
more granular scale.
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Figure B.5: 2x-thru and bisected measurements of TXH tapers
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C
Code Listings

C.1 Taper Design

Listing C.1: Johnson [4] MATLAB implementation

function [L,VSWR] = johnson(W0,W1l,f,maxL)
%JOHNSON Provides a plot for ideal taper length based on Johnson (1959)

a0 = Wo(l1l);
b0 = WO(2);
al = W1(1);
bl = W1(2);
c = 3e8;

for i = 1:length(f)

lambda = c./f(i);

L
1

(0:0.1:maxL) *x le—3;
1./lambda .*x sqrt(l—(lambda./(2x*al)).”2) .x L';

KO = ( (b1-b0)./b0 — ( (al—a0)./a0 )/( 1—(lambda/(2*a0))"2 ) ) ...
/( (1—(lambda/(2*a@))"~2)"~(1/2) );

K1 = ( (b1-b0)./bl — ( (al-a0)./al )/( 1—(lambda/(2xal))"™2 ) ) ...
/( (1—(lambda/(2xal))"2)"(1/2) );

refl = 1./(L'./lambda) .x ( (KO.72+K1.72)/(64xpi~2) ...
— ((KO.xK1)/(32%pi~2)).xcos(4xpixl) )."~(1/2);

refl_max = min(1, refl);

if not(isreal(refl_max))
refl_max(l:end) = nan;

end

VSWR(i,:) = (l+refl_max)./(1l—refl_max);

end

end

99
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C.2 Unterminating

Listing C.2: 2x-thru measurement bisection MATLAB implementation

function [A_in] = bisect(input,method)
%BISECT Bisects 2x—thru measurements according to different methods

Sobj_thru = makepassive(sparameters(strcat(input,'.s2p')));
S_thru = Sobj_thru.Parameters;
freq = Sobj_thru.Frequencies;

A_thru = s2abcd(S_thru);
Z_thru = s2z(S_thru);
Z x = 1j* imag(Z_thru);

A_X

z2abcd(Z_x);

% Three methods of determining A_in
A_in_diag = zeros(2,2,length(freq));
A_in_simion = zeros(2,2,length(freq));
A_in_sqrtm = zeros(2,2,length(freq));

for i = 1:length(S_thru)
[P_diag,D_diag] = eig(A_thru(:,:,1i));
[P_simion,D_simion] = eig(A_x(:,:,1));

A_in_diag(:,:,1) = P_diag * sqrtm(abs(real(D_diag))
+ 1lj*abs(imag(D_diag))) * P_diag™—1;

A_in_simion(:,:,1i) = sqrtm(inv(A_x(:,:,1)))
* sqrtm( sqrtm(A_x(:,:,1)) * A_thru(:,:,1) * sqrtm(A_x(:,:,1)) )
* sqrtm(inv(A_x(:,:,1)));

A_in_sqrtm(:,:,1) = sqrtm(A_thru(:,:,1));

end

switch method
case 'diag'’
A_in = A_in_diag;
case 'simion'
A_in = A_in_simion;
case 'sqrtm'
A_in = A_in_sqrtm;
otherwise
error(Invalid method: ’'diag’/’simion’/’sqrtm’)
end

end
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C.3 De-Embedding

Listing C.3: ABCD de-embedding MATLAB implementation

61

function A_DUT = deembed(A_left,A_casc,A _right)
%DEEMBED Deembeds the left and right fixtures of an ABCD parameter cascade

A_DUT = zeros(2,2,length(A_casc));
for i = 1:length(A_casc)

ADUT(:,:,i) = inv(A_left(:,:,1)) * A casc(:,:,1) * inv(A_right(:,:,1));
end

end

C.4 Port Augmentation

Listing C.4: Rolfes and Schiek ﬂﬂll MATLAB implementation

close all
clear
clc

%% Parameter Definition

% Ports

% 1 COM
% 2 TXH
% 3 — RXL

o°

Define file pearameters
folder = 'diplexer\"';

WG = 'WR28';
cal = 'Ecal';
version = '—short.s2p';

% Define reflection coefficient
refl_coeff = 0;

Sobj_21 = sparameters(strcat(folder,WG, '—H-COM-',cal,version));
Sobj_31 = sparameters(strcat(folder,WG, '—L—COM—',cal,version));
Sobj_23 = sparameters(strcat(folder,WG, '—H-L—',cal,version));

% Permute port order

Sobj_12 = snp2smp(Sobj_21,[2 11);
Sobj_13 = snp2smp(Sobj_31,[2 11);
% Sobj_23 = snp2smp(Sobj_23,[2,1]1);

freq
refl

Sobj_21.Frequencies;
repmat(diag(repmat(refl_coeff,[3,1]1)),1,1,length(freq));

%% De—Embedding

A_12 = s2abcd(Sobj_12.Parameters);
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A_13 = s2abcd(Sobj_13.Parameters);

A_23 = s2abcd(Sobj_23.Parameters);

A_COM = bisect(strcat(folder,WG,'-COM-',cal),'diag');
A_TXH = bisect(strcat(folder,WG, '-TXH-',cal), 'diag');
S_dem_12 = abcd2s(deembed (A_COM,A_12,A_TXH));
S_dem_13 = abcd2s(deembed (A_COM,A_13,A_COM));
S_dem_23 = abcd2s(deembed (A_TXH,A_23,A_COM));

%% Taper Plotting

switch WG
case 'WR51'
xplotlim = [14.5,22.0];
case 'WR42'
xplotlim = [17.6,26.7];
case 'WR34'
xplotlim = [21.7,33.0];
case 'WR28'
xplotlim = [26.3,40.0];
end

%% Parameter Allocation

a = repmat([0,0,1;1,0,0;0,1,0]1,1,1,length(freq));
at = repmat([0,1,0;0,0,1;1,0,0]1,1,1,1length(freq));

m = [zeros(1l,1,length(freq)) S_dem_13(1,2,:) S_dem_12(1,1,:) ;
S_dem_23(1,1,:) zeros(1,1,length(freq)) S_dem_12(2,1,:) F
S_dem_23(2,1,:) S_dem_13(2,2,:) zeros(1,1,length(freq)) 1;

mt = [zeros(1,1,length(freq)) S_dem_13(1,1,:) S_dem_12(1,2,:) ;
S_dem_23(1,2,:) zeros(1,1,length(freq)) S_dem_12(2,2,:) ;
S_dem_23(2,2,:) S_dem_13(2,1,:) zeros(1,1,length(freq)) 1;

G = a — pagemtimes(refl,m);
Gt = at — pagemtimes(refl,mt);

%% Wave Identification
b = zeros(3,3,length(freq));
for i = 1:length(freq)

b(1,1,i) = ...
( G(3,1,i) * ( G(2,3,1) * (a(1,2,i)*mt(1,3,i) — at(1,3,i)*m(1,2,1))
+ Gt(2,3,1) * (a(1,3,i)*m(1,2,i) — a(1,2,i)*m(1,3,1)) )
+ G(2,1,i)%G(3,2,i) * (a(l,3,i)*mt(1,3,i) — at(1,3,i)*m(1,3,1)) )
/( G(3,2,1) * (G(1,3,1)xGt(2,3,1) — Gt(1,3,1)%G(2,3,1)) );

b(2,2,i) = ...
( G(1,2,i) * ( G(3,1,1) * (a(2,3,i)*mt(2,1,i) — at(2,1,i)*m(2,3,1))
+ Gt(3,1,1) * (a(2,1,i)*m(2,3,i) — a(2,3,1i)*m(2,1,1)) )
+ G(1,3,1)%G(3,2,1i) * (a(2,1,i)*mt(2,1,i) — at(2,1,i)*m(2,1,1)) )




APPENDIX C. CODE LISTINGS

/(G(1,3,i) = (G(2,1,i)%6t(3,1,i) — Gt(2,1,i)%G(3,1,1)) );
b(3,3,i) = ...

(G6(2,3,i) * ( G(1,2,1) * (at(3,2,i)*m(3,1,1) — a(3,1,i)*mt(3,2,1))
+ 6t(1,2,i) = (a(3,1,i)*m(3,2,i) — a(3,2,i)*m(3,1,1)) )
+6(2,1,1)%6(1,3,1) = (at(3,2,i)*m(3,2,1) — a(3,2,1)*mt(3,2,1)) )
/(6(2,1,i) = (G(1,2,i)%6t(3,2,i) — Gt(1,2,i)%G(3,2,1)) );

end

%% Matrix Computation

S = pagemrdivide( (b+m), (pagemtimes(refl,b) + a));

SDUT = sparameters(S,freq,50);
rfplot (SDUT)

C.5 Data Fusion

Listing C.5: Waveguide data fusion MATLAB implementation

close all
clear
clc

% Define method to be used and file name

method = 'TRL—open';
name = 'filel'’

%% Data loading

0bj51 = sparameters(strcat('diplexer/merged-WR51',method,"'.s2p'));
obj42 = sparameters(strcat('diplexer/merged-WR42"',method,'.s2p"'));
obj34 = sparameters(strcat('diplexer/merged-WR34',method,'.s2p'));
0bj28 = sparameters(strcat('diplexer/merged-WR28"',method,"'.s2p"));

f51 = [obj51.Frequencies(1l) obj51.Frequencies(end)];
f42 = [obj42.Frequencies(1l) obj42.Frequencies(end)];
f34 = [obj34.Frequencies(1l) obj34.Frequencies(end)];
f28 = [0bj28.Frequencies(1l) obj28.Frequencies(end)];

% Define indicies of overlapping frequency segments

f51i = [
find(obj51.Frequencies == f51(1))
find(obj51.Frequencies == f42(1))
find(obj51.Frequencies == f34(1))
find(obj51.Frequencies == f51(2))];

f42i = [
find(obj42.Frequencies == f42(1))
find(obj42.Frequencies == f34(1))
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find(obj42.Frequencies == f51(2))
find(obj42.Frequencies == f28(1))
find(obj42.Frequencies == f42(2))1;

f34i = [
find(obj34.Frequencies == f34(1))
find(obj34.Frequencies == f51(2))
find(obj34.Frequencies == f28(1))
find(obj34.Frequencies == f42(2))
find(obj34.Frequencies == f34(2))];

281 = [
find(obj28.Frequencies == f28(1))
find(obj28.Frequencies == f42(2))
find(obj28.Frequencies == f34(2))
find(obj28.Frequencies == f28(2))];

step = 5e6;
%% Data fusion across frequency segments
freqg_t = (obj51.Frequencies(1):step:obj28.Frequencies(end))";

Stot = cat(3,

obj51.Parameters(:,:,f51i(1):f51i(2)),

power( obj51.Parameters(:,:,f51i(2)+1:f51i(3)) .*x ...
obj42.Parameters(:,:,f42i(1)+1:f42i(2)) , 1/2 ), ...

power( obj51.Parameters(:,:,f51i(3)+1:f51i(4)) .* ...
obj42.Parameters(:,:,f42i(2)+1:f42i(3)) .* ...
obj34.Parameters(:,:,f34i(1)+1:f34i(2)) , 1/3 ),

power( obj42.Parameters(:,:,f42i(3)+1:f42i(4)) .* ...
obj34.Parameters(:,:,f34i(2)+1:f34i(3)) , 1/2 ), ...

power( obj42.Parameters(:,:,f42i(4)+1:f42i(5)) .x ...
obj34.Parameters(:,:,f34i(3)+1:f34i(4)) .* ...
obj28.Parameters(:,:,f28i(1)+1:f28i(2)) , 1/3 ),

power( obj34.Parameters(:,:,f34i(4)+1:f34i(5)) .*x ...
obj28.Parameters(:,:,f281(2)+1:f28i(3)) , 1/2 ),

obj28.Parameters(:,:,f28i(3)+1:f28i(4)));

Sobj = (sparameters(Stot,freq_t));
Sobj.Parameters(abs(Sobj.Parameters)>=1) = 1;

%% Plotting

figure('Position',[100,100,1000,600])
rfplot(Sobj)

legend('Location', 'southwest"')

grid minor

x1lim([14.5,401])

xlim([16,21])

ylim([—105,5])

ylim([—1.1,0.1]1)

xticks([15:1:40])

o® o° % o°

o°
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