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Editor’s Preface

Due to the rapid technological advances of semiconductor technologies
(SiGe, CMOS, GaAs, GaN, InP, etc.) in recent years, the millimeter-
wave frequency region gained enormous interest in academia as well as
in industry. Along with novel and economic packaging technologies,
millimeter-wave applications — such as automotive radar, industrial sensors,
high-speed communication and medical technology — reach for the mass
market. However, not only the realization of the modules but also the
corresponding metrology remains challenging at these frequencies. The
usability of classical connectors above 100 GHz is not only expensive
but is also a limiting factor in terms of size, bandwidth and measurement
accuracy. These limitations led to the development and widespread use of
RF probes for characterizing the performance of integrated circuits (ICs).
Yet, in contrast to the commonly used coaxial or waveguide transmission
lines, such RF probes do not have a single mode of propagation at the inter-
face to the chip, which causes an increase in measurement errors towards
higher frequencies.

This is exactly where the work of Dr. Daniel Miiller comes into play. In the
framework of his activities at the Institute of Radio Frequency Engineering
and Electronics (IHE) at the Karlsruhe Institute of Technology (KIT), he
started with the design of integrated phase shifters for frequencies above
100 GHz. He soon realized that the existing metrology is limiting the
accuracy of the measurement results and thus decided to devote himself
to the improvement of this measurement methodology. For the first time
Dr. Miiller investigated the systematic measurement errors to the device



under test caused by the interaction between the RF probe’s geometry and
the chosen measurement setup, which is many times falsely attributed to
process and fabrication tolerances. By creating 3D models of the RF probes
suitable for electromagnetic simulations, he was able to replicate the occur-
ring effects at the interface and therefore achieve a much better agreement
between the simulation and the measured behavior. Based on this method
Dr. Miiller was able to identify the origin of the measurement errors and he
developed pad structures, which offer a drastically improved performance
up to 330 GHz. Furthermore, using an adapted 2nd-tier calibration proce-
dure he successfully corrected measurement errors caused by crosstalk of
the RF probes. The work of Dr. Daniel Miiller thus represents an impor-
tant innovation to the state of the art. I am sure that his novel measurement
methods will draw much attention and find many users worldwide. For Dr.
Miiller, with his creativity and great organizational skills, I wish him further

much success in his scientific engineering career and economic endeavors.

Prof. Dr.-Ing. Thomas Zwick
- Institute Director -
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Kurzfassung

In den vergangenen Jahren ermoglichte der rasante technologische Fort-
schritt von monolithisch integrierten Schaltungen (MMICs) die Erschlie-
Bung von Frequenzen bis in den Terahertz (THz) Bereich.

Dieser Fortschritt wurde malgeblich durch die starke Skalierung der inte-
grierten Transistoren erreicht, welche zu geringen parasitiren Effekten
und hohen Transitfrequenzen fiihrt. Die notwendige Charakterisierung der
MMICs wird hauptsidchlich mit Hochfrequenz-Messspitzen, sogenann-
ten RF Probes durchgefiihrt. Jedoch konnen weder die verwendeten RF
Probes noch die dazugehorigen Kontaktpads angemessen skaliert werden,
um im Millimeterwellen-Frequenzbereich (30-300 GHz) und dariiber ein
transparentes Verhalten, ohne Beeinflussung der MMIC Performanz, zu
gewihrleisten. Durch die in Bezug auf die Wellenldnge und im Vergleich
zu den restlichen Schaltungskomponenten groflen Dimensionen der RF
Probes und Kontaktpads, sind diese anfillig fiir parasitire Effekte wie
hohere Moden, Abstrahlung und Substrateinkopplung, welche die Messer-
gebnisse und daraus abgeleitete Modelle verfilschen. Die Auswirkungen
der parasitdren Effekte werden oft filschlicherweise Fabrikations- und
Prozesstoleranzen zugeschrieben. Damit zwischen dem Einfluss der RF
Probes und eventuellen Fabrikations- und Prozesstoleranzen unterschieden
werden kann, werden in dieser Arbeit Modelle der RF Probes fiir die
elektromagnetische Feldsimulation erstellt. Dies erfordert als Grundlage
exakte Modelle der zu untersuchenden MMICs, deren Erstellung fiir die
verwendete Indium-Galium-Arsenid (InGaAs) Technologie ebenfalls vor-
gestellt wird. Der interne Aufbau der erstellten RF Probe Modelle und die
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Vorgehensweise zum De-Embedden der RF Probe Modelle aus den simu-
lierten Ergebnissen werden erortert. Die entwickelten Modelle werden unter
anderem dazu verwendet, die Anpassung und Verluste von Kontaktpads
sowie die Genauigkeit von Kalibrierstandards zu verbessern. Weiterhin wird
das Ubersprechen zwischen RF Ein- und Ausgangsprobe untersucht, sowie
der Einfluss auf die Messergebnisse analytisch abgeschitzt. Abschlielend
wird ein neuartiges Verfahren vorgestellt, um die durch Ubersprechen der
RF Probes verfilschten Messergebnisse zu korrigieren, welches erfolg-
reich im Frequenzbereich von 200 bis 330 GHz auf einen integrierten
diskreten Phasenschieber und einen integrierten einpoligen Wechselschalter

angewendet wird.
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Abstract

In recent years monolithic microwave integrated circuits (MMICs) have
increased their performance drastically, approaching operational circuits in
the terahertz region. This advancement is mainly based on the shrinking of
integrated transistors, which minimizes parasitic effects and increases max-
imum transit and oscillation frequencies. To characterize such MMICs it
is common to use radio frequency (RF) probe based measurement systems.
However, compared to the integrated transistors and circuit elements, the RF
probes and corresponding contact pads are large in terms of the correspond-
ing wavelength, which makes these structures prone to parasitic effects such
as radiation, unwanted modes or substrate coupling. These parasitic effects
distort the measurement results and are often falsely attributed from fab-
rication and process tolerances. To clearly distinguish the effect of the
RF probes to fabrication and process tolerances this work presents a novel
method, which is based on accurate models for electromagnetic (EM) field
simulations of the same RF probes used in the measurement setup. This
technique requires the availability of an accurate EM model of the device
under test (DUT), which is discussed and realized for the utilized indium
gallium arsenide (InGaAs) technology. The development of the different RF
probe models, used for signal excitation, is presented and the corresponding
procedure of de-embedding the RF probes out of the simulation results is
discussed in detail. The novel technique is applied to the successful opti-
mization of contact pads in terms of bandwidth and loss as well as calibra-
tion structures for high accuracy measurements. Furthermore, the crosstalk

between input and output RF probe in different measurement environments

iii



Abstract

is investigated and the influence on measurements is estimated analytically.
Finally, a technique for correction of crosstalk distorted measurement results
is presented and successfully verified in the frequency range from 200 to
330 GHz for an integrated discrete phase shifter and an integrated single
pole double throw (SPDT) switch.

iv
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1 Introduction

1.1 Motivation

The classical way of characterizing microwave and millimetre wave (mmW)
components is to embed the device under test (DUT) into a rectangular
waveguide (WG) and perform the characterization in a WG based measure-
ment system. This has the advantage that, within the specified frequency
range of the corresponding waveguide band, there is only a single mode
of propagation present at the WG interface and there is no ambiguity of
what is being measured. After the successful characterization, these indi-
vidual devices can be connected to more complex systems. However, this
technique was highly time and money consuming, which led to the devel-
opment of radio frequency (RF) probes, which act as an adapter between
the WG and the pad on the DUT. Therefore, using RF probes allows to
directly measure the DUT performance without the need of prior packaging.
Nowadays almost all measurements of monolithic microwave integrated cir-
cuits (MMICs) are performed by the use of such RF probes. A typical RF
probe based measurement is shown in Fig. 1.1a. A close-up photograph of
a common RF probe tip is shown in Fig. 1.1b.

The actual probe tips of such RF probes usually consist of three signal con-
ductors in a ground-signal-ground configuration, which create a mechanical
and electrical contact to the DUT. This is well proven at low mmW fre-
quencies, where the wavelength is much larger than the dimensions of the
RF probe. Approaching the high mmW frequency range on the other hand,

a number of measurement and calibration issues arise. These issues are,
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besides fabrication tolerances of the RF probe itself, a result of the decreas-
ing wavelengths, which eventually end up in the same order of magnitude
as the RF probe tip and contact pad dimensions. Compared to waveguide
based calibrations and measurements, where a single mode of propagation
is present at the interface of two devices, RF probe tip to pad interconnects
are, due to the relatively large dimensions, prone to multi mode propagation

and parasitic effects. This issue is sketched in Fig. 1.2.

S mm

(b)

Figure 1.1: Photograph of a (a) typical on-wafer RF probe based measurement and
(b) close-up of a common RF probe tip.

Probe
Radiation Coupling

Reference Planes

Substrate =
Coupling ‘ ‘

(a) (b)

Figure 1.2: Exemplary measurement of a simple line section for (a) WG based measurements
and (b) RF probe based measurements.

Effects like substrate coupling, radiation and RF probe coupling are
inevitable and do not only limit the accuracy of the calibration but also
have an impact on the overall circuit behaviour. In addition to these

systematic errors, further deterioration such as poor RF probe contact,
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bad planarization, inaccurate RF probe placement, etc. may occur if an
untrained operator is carrying out the measurements. While these effects
are related to RF probe based measurements, there are also several parasitic
effects of the DUT itself, which arise at mmW frequencies and worsen
the circuit performance. Generally, components can be modelled using
lumped elements as long as their spatial extend is smaller than approxi-
mately one tenth of a wavelength [Kai0O5]. However, going up in frequency
this requirement cannot be fulfilled any longer. For example at 300 GHz
one tenth of the free space wavelength is equal to 100 um but for on-chip
integrated transmission lines, where part of the electric field propagates
inside the substrate, the effective wavelength shortens by the velocity factor
YNt €.cfr 1 the effective dielectric constant and can be approximated for
a coplanar waveguide (CPW) transmission line by [SimO1]

g+1
2

(1.1

Ereff =

with & being the dielectric constant of the used substrate. For a CPW
line on Gallium Arsenide (GaAs) substrate this results in an effective per-
mittivity .. of approximately 6.95, resulting in a guided wavelength of
380 um. Therefore, for the design of MMICs operating in the high mmW
frequency range it is necessary to use distributed circuit element models.
Furthermore, the complex layer stack of MMIC technologies, consisting
of several metal and dielectric layers, degrades the accuracy of analytical
models e.g. for calculating the characteristic impedance of a transmission
line. Other issues when going to mmW frequencies are parasitic modes,
which start to propagate inside the substrate [God92]. One way to shift
the cutoff frequencies of these parasitic modes is to decrease the thickness
of the substrate. However, very thin wafers are mechanically fragile and
tend to crack easily. Another way of substrate mode suppression is to add

through-substrate vias with a close spacing between each other, depending
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on the frequency. All these effects make it inevitable at mmW frequen-
cies to verify the electrical characteristics and robustness of a circuit design
by full wave electromagnetic (EM) simulations, which are in combination
with precise RF probe tip models, capable of precisely predicting the actual

circuit behaviour.

1.2 On-wafer measurements

Measurements at mmW frequencies are predominantly performed using RF
probes in conjunction with manual or automatic probing stations for posi-
tioning and contacting the DUTs. The RF probes realize a mechanical and
electrical contact between probe and DUT to introduce the measurement
signal and if necessary provide bias to the circuit. In contrast to non-contact
measurement systems, which require very specific pad structures [Jam+14;
ZG11], the pads of RF probe based measurements can be designed to be
not only suitable for measurements, but also for wire bonding or flip chip
packaging. This is essential for high accuracy RF application, since fab-
rication tolerances require characterization of each die before packaging.
Due to this advantage, contact based RF probes were developed rapidly in
recent years and are nowadays available up to 1.1 THz with a contact pin
pitch down to 25 um [Bau+14]. Vector network analysers (VNAs), which
generate and measure the test signals, are currently limited to frequencies
below 70 GHz and therefore so called VNA extension modules are used to
extend the frequency range into higher bands. These modules, based on
frequency multipliers, subharmonic mixers and couplers are available up to
1.5 THz nowadays [VDI].

1.2.1 Used on-wafer measurement system

All measurements presented in this work were performed on the measure-

ment system described in the following paragraph, which operates up to
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a maximum frequency of 330 GHz. A Keysight PNA-X N5247A VNA is
used to record the measurements, internally covering the frequency range
from 10 MHz to 67 GHz. To address the WR3 frequency range (220 to
325 GHz), extension modules manufactured by Oleson Microwave Labs
Inc. (OML) [OML] were connected to the VNA using a Keysight N5262A
mmW controller. In addition to the specified WR3 frequency range, the
used WR3 extension modules generate sufficient output power from 200 to
330 GHz and can be calibrated with only little decrease in dynamic range at
the unspecified frequencies. The measurement setup is shown in Fig. 1.3.

Microscope

WR3 extension
module

PC/Controller

’ /

Probe station

Figure 1.3: Photograph of the used on-wafer measurement setup.

To contact the DUTs, two different RF probes were used: Cascade
Microtech Inc. (CM) Infinity Probes® with a pitch of 100 um and GGB
Industries Inc. (GGB) Picoprobes® with a pitch of 80um. Both RF
probes are specified for the investigated frequency range but differ in their
physical realization, see Fig. 1.4. Detailed descriptions of the used probes

are discussed along with the corresponding EM models in section 3.1.



1 Introduction

For a better readability the Cascade Microtech Inc. Infinity Probes® are
referred to in the following work as CM probes while the GGB Industries

Inc. Picoprobes® are referred to as GGB probes.

o~
.

i325-T
DG28V-1

Figure 1.4: Pictures of the used RF probes. (a) Cascade Microtech Inc. Infinity Probe®
(b) GGB Industries Inc. Picoprobe®.

The probes are mounted on positioners which allow fine adjusting of the
probe position in X, Y and Z direction with an accuracy down to 3 um. Fur-
thermore these positioners allow to adjust the tilt of the RF probes, which
is essential to align the probe to the DUT and ensure a proper contact of all
three contact pins. Since measuring the circuits on the wafer before sepa-
ration may suppress parasitic effects, due to the extended substrate, in this
work only individual dies were measured. This is also a better representa-
tion of the environment for packaged MMICs. Furthermore, this restricts
the EM simulation volume and eliminates any possible influence from adja-
cent structures. Since the probes have a mechanical contact to the DUT it
is necessary to fix the MMIC in order to prevent shifting or flipping of the

die. While whole wafers or large dies can be fixed applying vacuum to the
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probe station chuck, this is not possible for small dies since the diameter of
the vacuum holes is in the same order as the chip size (in this work down to
500 x 500 um?). Usually, such small dies are attached to a metal plate using
an electrically conductive adhesive, which can then be fixed by vacuum.
However, during this process it has to be ensured that the adhesive is strictly
restricted to the area under the MMIC as a thin layer and no overflow occurs
at the edges of the MMIC. Any overflow may influence the RF characteris-
tics of the MMIC in an unknown manner. This strict requirement could not
be guaranteed with the given laboratory equipment and therefore to measure
the small dies they were first fixed with direct current (DC) probes, usually
used for bias supply, at the upper and lower edge of the MMIC and then
contacted with the RF probes. For passive circuits without DC bias, the DC
probes were lifted up prior to the measurement to not alter the measured cir-
cuit performance. With this technique the MMICs are directly placed on the
measurement chuck, which simplifies EM re-simulation of the measurement

environment drastically.

1.2.2 Calibration of the measurement system

In order to separate the influence of the measurement system from the DUT
behaviour, a calibration has to be performed each time a specific measure-
ment configuration is set up. Sometimes this task is also called error correc-
tion. The basic calibration concept is shown in Fig. 1.5 and is based on two
error two-ports G and H, which contain the system response of test port 1
and test port 2, respectively. The VNA measurement values equal agy, bgo,

apo, b, which in terms of transfer matrix parameters is given by:
Tmeas = TG . TDUT . TH (1 2)

with Tg and Ty being the transfer matrix of the two error ports and Tpyr

representing the transfer matrix of the DUT. The purpose of the calibration
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algorithm is first to determine the matrices Tg and Ty. After this the actual
DUT response Tpyt can then be extracted with inverse matrix calculations:

Tour = Tg'  Trmeas - Ty (1.3)
Common implementations of calibration algorithms are Short-Open-Load-
Thru (SOLT), Line-Reflect-Reflect-Match (LRRM) and Thru-Reflect-Line
(TRL). Depending on the calibration algorithm, the error terms are calcu-
lated by measuring a set of known or partially known standards. For on-
wafer RF probe measurements these calibration standards are embedded on
an impedance standard substrate (ISS) whereas depending on the frequency
range and probe pitch the probe manufacturer provides a specific ISS fitting
the requirements. Furthermore, for RF probe based measurements at mmW
frequencies the calibration algorithm has to be selected carefully [HieO7],

as described below.

Test port 1 +— Ref. plane — Test port 2
ag) bgi a; by aui b
el Soy €3
€00 el Si Sa S e33
eo1 Si2 €23
baz aGl b, ay by b
Error two-port G DUT Error two-port H

Figure 1.5: 7-term calibration error model [HieO7].

Short-Open-Load-Thru

The first published solution for determining the error terms was the SOLT
method [KS71], which is based on measuring known reflect standards (open,
short and match) as well as a direct connection (thru) between both ports.
However, using this technique for accurate calibrations it is essential to

either provide ideal standards or to have fully known standards. Both of
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these requirements are very challenging at mmW frequencies and can usu-
ally not be fulfilled. Furthermore, this calibration technique is sensitive to
the accuracy of the RF probe placement [SHO2]. Therefore, SOLT calibra-

tions are only used at low mmW frequencies.

Line-Reflect-Reflect-Match

The LRRM method was specifically developed for use in on-wafer measure-
ment scenarios [DJS90]. The novelty of the algorithm is the determination
of the series inductance for the match standard during the calibration process
which increases the calibration accuracy. Another advantage, especially for
on-wafer measurements, is that the technique does not require lines of dif-
ferent length and therefore the distance between the RF probes is fixed for
all calibration standards, which increases repeatability. The disadvantage is
that the load standard is only measured at one of the VNA ports, which may

lead to calibration errors at the second port.

Thru-Reflect-Line

The development of the TRL technique allowed the use of standards which
were neither ideal nor fully known [EH79]. Three standards, two lines of
different length and a reflect (open or short) need to be measured in order
to calculate the error terms. Since the characteristic impedance of the line
defines the reference impedance of the calibrated measurements, it has to be
well defined and close to the system impedance, which is usually 50 Q. The
phase of the reflect standard has to be known to at least £90°, i.e. depending
on the location of the reflect position an approximate length offset must be
given. These relaxed requirements allow easy integration of own calibration
standards on the utilized MMIC technology. It has to be noted that, due
to the different length of the calibration lines, the probe distance has to be
changed during the calibration procedure, which if handled improperly may

distort the calibration accuracy. Another disadvantage of the TRL technique
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is the frequency band limitation which requires a phase difference of the
thru and line standard between 20° and 160°. However, in waveguide based
mmW measurements the usable frequency range is limited by the cutoff fre-
quency of the lowest order and the next higher order mode of the waveguide.
For standard rectangular waveguides this results in a usable frequency ratio
of approximately 2 whereas the TRL calibration operates over a frequency
ratio of approximately 8. If it is necessary to overcome the TRL bandwidth
limitation, an adapted multiline TRL (mTRL) method — making use of mul-
tiple lines with different lengths — was presented in [Mar91].

In this work the TRL calibration was selected for all measurements and

simulations, due to the possibility to easily use own calibration standards.

1.3 State of the art

To accurately predict the behaviour of high frequency circuits and compo-
nents, EM simulations have a long tradition in RF and mmW engineering.
The foundation for modern EM simulations was laid by [Yee66] who
introduced the basic finite-difference time-domain (FDTD) algorithm.
Since then, EM simulations have evolved rapidly and many commercial
simulators are available, making EM analysis of circuit components daily
routine to RF engineers.

For the investigations presented in this work the commercially available
software suite Computer Simulation Technology AG (CST) Microwave
Studio® [Tec17] was chosen, but others may be adopted as well. To sim-
ulate the characteristics of the DUT, the incident signals must be excited.
The recommendation of CST for the excitation of CPW structures is the
use of so called WG ports, which are exemplary shown in Fig. 1.6a. These
ports first calculate the possible WG port modes using a 2D eigenmode
solver, which are then used to excite the circuit. Even though this is a robust
method for exciting single mode structures, this cannot be applied for the

RF probe to contact pad interconnect, where a single mode of propagation
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1.3 State of the art

cannot be assumed. Therefore, to improve the simulation accuracy and
investigate various effects, which arise from the interconnect, methods for
more realistic signal excitation of the RF probe to pad interconnect were
investigated in recent years. The work presented in [Sch+11] is proposing
a novel approach where the signal is excited using a bridge of perfect
conducting material between the ground planes and a discrete port to excite

the inner conductor. This is exemplarily shown in Fig. 1.6b.

_ Discrete port

(@) (b)

Figure 1.6: (a) WG port excitation (transparent substrate for clarity) and (b) bridge + discrete
port excitation.

They show a better prediction of the loss in CPW lines up to 110 GHz. This
approach is picked up by [SGA13] and extended into the WR3 frequency
range (220 - 325 GHz) but is only used to excite simple uniform coplanar
transmission line structures. To investigate both excitation techniques, the
WG port and the bridge with a discrete port, a simple test structure con-
sisting of a transmission line and two contact pads was measured and sim-
ulated in the frequency range from 10 MHz to 330 GHz. The results are
summarized in Figs. 1.7a and 1.7b for the magnitude of S;; and S, respec-
tively. Two different RF probes were used for the measurements to verify the
results. Comparing the curves of the input reflection coefficient S;; shows
that the bridge method approximately describes the measured behaviour up
to 170 GHz while the WG port results are starting to deviate at approxi-

mately 70 GHz. Above 170 GHz a strong deviation between measurement
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and simulation can be observed for both excitation methods. For the trans-
mission coefficient Sz1, a drop in magnitude around 300 GHz is predicted
by the bridge excitation method but not if WG ports are used for signal
excitation. However, this drop is verified by the measurements with both
RF probes.

- El- Meas. CM probe - ©- Meas. GGB probe —&— Simu. WG Simu. bridge ‘
0 T T T
o Y K 2a)
< poB 18" ] S
— & —
@ 20| /- AN F ™
) Y
d }&w ¥
~30 :I | \ | b |
0 100 200 300 0 100 200 300
Frequency (GHz) Frequency (GHz)
(a) [S11] (b) [S21]

Figure 1.7: Comparison of measurement and simulation results of a transmission line test
structure using different excitation methods.

While it seems to be possible by using the bridge method to simulate the
coarse influence of multimode propagation and other parasitic effects on the
return loss and insertion loss, detailed results cannot be achieved by either
simulation method. Furthermore, the measurements indicate that the choice
of RF probe has an influence on the measurement results, which is especially
visible in the deviating reflection coefficient Sy;. It is therefore necessary to
include a model of the RF probe tips into the simulation domain, to compre-
hend the interaction between contact pad and RF probe. There are several
publications which consider the influence of the RF probe by means of EM
simulations. To predict the impact of the RF probes, [GS15] investigated
the influence of different substrates between calibration and measurement
up to 110 GHz by means of 3D EM simulation, using a simplified RF probe
model. They successfully minimized the residual error by up to 50 % for
a calibration transfer from alumina (&, = 9.6) to the DUT with g, = 4.1.
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A more realistic RF probe model was used by [Wil+14a] where the authors
evaluated the impact of probe crosstalk to the DUT and proposed a cor-
rection method for frequencies up to 110 GHz. Another approach was pre-
sented in [Saf05] in which the whole RF probe from connector to RF probe
tip was 3D EM simulated and characterized. The authors showed a good
agreement to measurements up to frequencies of 30 GHz with special focus
of the unwanted microstrip mode between the RF probe outer conductor and
the underlying metal chuck.

In conclusion, the embedding of RF probe models into EM simulations
seems to improve the simulation results accuracy. However, the available
publications on this topic are limited to frequencies below 110 GHz and only
coarse models of the used RF probes were created for the EM simulations.
The goal of this work is to increase the frequency range up to 330 GHz and
to develop very accurate models of the used RF probes. This allows to pre-
cisely analyse the RF probe influence to the DUT and therefore to reveal the

true circuit performance.

1.4 Goals and organization of the work

The goal of this work is to investigate parasitic effects in RF probe based
on-wafer measurements above 200 GHz, which are observed frequently but
cannot be comprehended nowadays with the existing simulation methods.
These unwanted effects lead to a deviation from simulation to measurement,
which usually results in a deterioration of the DUT RF performance but may
also lead to complete failure. To have full control of the environment these
investigations are carried out by 3D EM simulations. The pursued approach,
to improve the agreement between measurement and simulation, is to embed
RF probe tip models into the simulation domain and therefore replicate the
real world environment as closely as possible. The present work is organized

as follows:
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Chapter 2 describes the utilized InGaAs MMIC technology of the
Fraunhofer Institute for Applied Solid State Physics (IAF) and the chal-
lenges of non-planarized wafers for EM simulation purposes are discussed.
After the features and layer stack of the used technology are discussed the
technique for converting layouts of non-planarized MMICs is presented.
Furthermore, the EM simulation setup and required preprocessing for

passive and active circuits is treated.

Chapter 3 first describes the developed EM simulation RF probe tip models
of the CM probe and the GGB probe. Next, the corresponding calibration
standards on the manufacturers ISS are presented along with the verifica-
tion of the RF probe tip models by comparing measurement and simulation

results of the calibration standards.

Chapter 4 first investigates the performance of the existing RF contact pads
as included in the process design kit (PDK) of the Fraunhofer IAF. Sub-
sequently, the occurred parasitic effects are investigated in detail in terms
of EM simulations and analytical investigations. Based on the acquired
insight, optimized pad structures for packaging and measurement purposes

are developed, realized and verified by measurement.

Chapter S discusses the principle of on-wafer calibration which is intended
to remove the influence of the RF probe to pad interconnect from the mea-
surement results. Evaluation of the existing calibration structures shows that
the calibration accuracy is distorted by several parasitic effects such as mode
excitation inside the substrate and coupling to adjacent structures. Follow-
ing the EM based investigations on these parasitic effects, an optimized,

electrically robust calibration substrate was developed and characterized.

Chapter 6 analyses the influence of different contact pad structures and
calibration methods to the measured circuit performance. Depending on

the chosen pad, there is a strong influence on the overall circuit behaviour.
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Furthermore, RF probe crosstalk influences the measurement results espe-
cially for lossy circuits. To counteract these deviations a technique to correct
the crosstalk in measurement results based on EM simulations is developed

and successfully applied.
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2 MMIC technology and EM
simulation setup

The technology, which was used for realizing the test circuits for verification
of the investigations in this work, was provided by the Fraunhofer Institute
for Applied Solid State Physics (IAF) located in Freiburg, Germany. In
this technology metamorphic high electron mobility transistors (nHEMTSs)
are grown on 4-inch gallium GaAs wafers. For the present work, two
technologies with gate lengths of 50nm [Leu+07] and 35nm [Leu+13],
were used. All transistors are encapsulated in a benzo-cyclo-butene (BCB)
layer with a permittivity of & = 2.65, which reduces the parasitic gate
capacitance and enhances the RF performance. The 50nm technology
realizes transistors based on a Ing §Gag 2As/Ing 53Gag 47As composite chan-
nel. Due to the very low source contact resistance Ry of 0.15 Qmm the
internal transistor performance is accessible and transit frequency f; and
maximum oscillation frequency fp,x of 375 GHz are achieved, with a
maximum transconductance gy max of 1800 mS/mm. For the 35 nm pro-
cess the same Ing gGagorAs/Ings3Gag47As composite channel is used but
scaled down. The achieved transit frequencies f; and fy,,x are 515 GHz and
>1000 GHz, respectively. Compared to the 50 nm technology the maximum
transconductance gy, max 18 increased by almost 40 % to 2500 mS /mm.

The passive technology features comprise several structures such as trans-
mission lines and capacitors, which are based on up to three metal layers.
The first metal layer (MET1) with a thickness of 350 nm and a resistivity
of 0.1 Q/0J is used to realize a CPW transmission line environment. Com-
pared to microstrip transmission lines the advantage of CPW transmission
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2 MMIC technology and EM simulation setup

lines are low crosstalk and lower radiation. Furthermore, when using active
components, CPW has the advantage of direct connection to the ground
potential without the use of vias [Sim01]. The second metal layer (MET2)
is only available in the 35 nm technology and is separated from MET1 by a
1.4 um thick BCB layer. The metal thickness and conductivity are identical
to MET1. Using MET2 in conjunction with a MET1 ground plane allows to
realize thin film microstrip (TFMS) transmission lines. The third metal layer
(METG), a galvanic deposited metal with a thickness of 2.7 um and a resis-
tivity of 8 mQ/[J, is used, among other things, to suppress the excitation of
unwanted modes on the CPW transmission lines by realizing airbridges con-
necting the ground planes above the signal line. The MMICs are passivated
using a 250 nm and a 80 nm thick silicon nitride (SiN) layer in the 50 nm
and 35 nm technology, respectively. This SiN layer is also used for realizing
the metal-insulator-metal (MIM) capacitors by separating METG to MET1
and MET?2 achieving a capacitance of 225 pF/mm? and 800 pF/mm? for the
50 nm and 35 nm process, respectively.

Fig. 2.1 shows the layer stack for different applications of the available lay-
ers of the 50 nm technology. For minimizing the loss of transmission lines
MET1 can be enhanced with METG to form a thick transmission line. To
realize the contact between MET1 and METG the passivation layer SiN has
to be opened, see Fig.2.1a. This technique is used at frequencies below
200 GHz since the geometrical constraints of the CPW transmission lines at
higher frequencies would conflict with the minimum gap and feature size of
the process. Another application of METG is the realization of airbridges
(Fig.2.1b) to suppress unwanted odd-mode excitation on the CPW trans-
mission line or to route DC connections above signal lines. The realization
of MIM capacitors is shown in Fig. 2.1c, showing the separation of MET1
to METG by a layer of SiN. Resistors are realized using a thin film layer
of nickel-chromium (NiCr) with a sheet resistance close to 50 Q/[]. The
resistive layer is located below the BCB and therefore an opening has to be

etched in order to connect MET1 with the NiCr layer, see Fig. 2.1d.
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METI1 BCB

(a) (b)

(c) (d)

MET1 MET1
. ISO OHM BC
SiN

o]

(e) ®
Figure 2.1: Layer stack of the Fraunhofer IAF process for different applications. (a) thick

metallization (b) airbridge (c) MIM capacitor (d) NiCr thin film resistor (e) bond
pad (f) via hole.
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To realize contact and bond pads the thick metal stack from Fig.2.1a is
further enhanced with the conductive OHM and ISO layers, as shown in
Fig.2.1e. The ISO layer is the mesa layer of the MMIC process which is
contacted with the thin OHM layer. The compound of these layers results in
a good adhesion and therefore high mechanical stability of the pad, which is
necessary for wire bonding or flip chip packaging. Vias, which are primarily
used for substrate mode suppression, are structurally enhanced on the top-
side by the bond pad layer stack. After the frontside processing is finished
the wafers are thinned to 50 um and the vias are etched from the backside,
before backside metallization is applied. The resulting layer stack is shown
in Fig. 2.1f.

A scanning electron microscope (SEM) picture shows the passive features
of the technology in Fig. 2.3a. The picture shows a detailed view of a com-
mon MMIC design consisting of bond pad, series and parallel capacitors as
well as airbridges and vias. Finally, after all process steps are completed
the wafers are diced by laser cutting and the individual dies are stored and
shipped in gel-paks®.

2.1 Electromagnetic field simulation of MMICs

To be able to simulate the true EM behaviour of whole MMICs an accurate
3D EM model of the corresponding circuit is required. Compared to printed
circuit boards (PCBs), which have a simple layer stack consisting basically
only of the substrate and the metal, MMICs have a much more complex
layer stack as already discussed in section 2. While most silicon technolo-
gies make use of chemical mechanical polishing (CMP) to have each layer at
a defined height, so called unplanarized MMICs are common in III-V tech-
nologies such as GaAs or indium phosphide (InP). In unplanarized circuits
no intermediate CMP is performed to level each layer. Therefore, structures
of the same layer are at different heights, depending on which layers are

used underneath. This is exemplarily shown in Fig. 2.2 for the METG layer
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2.1 Electromagnetic field simulation of MMICs

of the Fraunhofer IAF process, which results in several different heights
depending on the application e.g. capacitor or airbridge. Therefore, such
circuits cannot simply be imported into commercially available EM simula-
tion tools, which expect a layer at the same height across the whole MMIC.
The challenges and solutions of importing unplanarized MMIC layouts are

discussed in the following section.

2.1.1 CAD model generation of passive circuits

To allow the import of unplanarized MMICs into the EM simulation soft-
ware, a sophisticated conversion tool was developed in this work.

For passive circuits, i.e. circuits without active components such as transis-
tors or varactors, the layout requires no preprocessing before conversion to
the EM simulation suitable format. The tool uses the circuit layout of the
MMIC and slices a single layer into multiple layers depending on the under-
lying layers. For this task the layer of interest is compared by geometrical
boolean operations with the underlying layers. The generated layers are
each on a defined height and can therefore be imported into the EM simu-
lation tool using standard importing tools. For simplification of this conver-
sion, the layer BCB is modelled directly on the substrate regardless of any
potential underlying layers. Therefore, the thin layers ISO and OHM, which
are actually below the BCB layer are modelled as recess layers into the sub-
strate. This reduces the number of different layer combinations involving
METG from 18 to 5. Fig. 2.2 shows the remaining combinations and corre-
sponding height of the METG layer above the substrate.

Similar considerations were made for the layers SiN and MET2 (in case
of the 35 nm technology) whose absolute heights are also dependent on the
underlying layers. The final converted EM circuit models consist of up to
18 and 38 layers for the 50 nm and 35 nm technology, respectively. A quali-
tative comparison between converted EM simulation model and a SEM pic-

ture of the corresponding structure is shown in Fig. 2.3. The corresponding
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2 MMIC technology and EM simulation setup

cross-section of the converted layout is depicted in Fig. 2.3c and shows the
resulting layer stack of a serial MIM capacitor in detail.

I 2 . C\{
[\l
(©) (d)

Figure 2.2: Possible layer combinations involving METG (a) thick metal (b) MIM capacitor
(c) METG routing on SiN (d) airbridge routing above MET1 (e) airbridge routing
without MET1 (dimensions in pum).
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Figure 2.3: Comparison of (a) SEM picture [Tes+08], (b) converted EM simulation model
(the layers SiN and BCB are hidden) and (c) cross-section of the same structure.
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2.1.2 Simulation setup for passive circuits

Even though commercially available EM tools offer several ways of signal
excitation, initial investigations indicated that the integrated methods may
lead to severe deviations between measurement and simulation. The origin
of this lies in the dimensions of the RF contact pad and the RF probe, which
are in the WR3 frequency range both in the dimension of the wavelength,
leading to complex interaction. To comprehend this behaviour it is essential
to include a model of the RF probe into the EM simulation. Therefore, the
imported circuits are excited with partial models of the RF probe, contacting
the circuit identical to the real life measurement setup. The signal excita-
tion is performed by WG ports at the coaxial conductor of the RF probe
model, where a pure mode can be assumed. While the upper frequency
is limited in a measurement setup by the VNA extension modules and the
used waveguides, the simulations are not bound by these limitations. How-
ever, the upper simulation frequency is limited by the excitation of higher
order modes in the coaxial cable of the RF probe model. Analytically, with
an inner conductor diameter of 80 um and an outer conductor diameter of
270 um, the next higher mode starts to propagate at 380 GHz but the effects
start to arise at lower frequencies. Therefore, to keep a certain frequency
reserve, the maximum simulation frequency was set to 360 GHz. The lower
frequency limit was chosen at 170 GHz, which is a compromise between an
increased frequency range and clarity of the resulting figures. Furthermore,
extending the frequency range may lead to inaccurate results since the actual
RF probe geometry of the corresponding bands may differ. To represent the
measurement setup environment in the simulation, electric boundaries were
chosen at the zmniy plane, which is a good approximation of the metal chuck
of the probe station. An open add space boundary condition was chosen
at the remaining planes, representing the surrounding free space. The sim-
ulation was done in CST Microwave Studio® (MWS) using the frequency

domain solver with a tetrahedral mesh. For the investigated structures with
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the very thin layers of the MMIC models and the rather large geometries
of the RF probe models, the tetrahedral mesh is superior to the hexahedral
mesh, due to its geometrical flexibility. The mesh size limits were set to a
maximum step of 35 um for the RF probe model and 12 um for structures of
the MMIC model, which is 1/6 and 1/20 of the shortest wavelength, respec-
tively. Simulations showed that a lower step size does not improve the accu-

racy of the results but significantly increases the required simulation time.

2.1.3 Preparation of active MMICs for EM simulation

The work-flow for passive as well as active DUTs is depicted in Fig.2.4.
While passive circuit layouts require no specific preparation, active circuit
components such as transistors or varactors underlie quantum mechanic
effects and can therefore not be simulated by commercially available EM
software tools, which are based on solving the Maxwell equations. This
requires to subdivide the circuit of interest into two parts. The active com-
ponents are removed from the layout before converting and importing them
into the EM simulation tool using the conversion process described in sec-
tion 2.1. Once the layout is imported WG ports are added at the reference
planes of the active to passive interfaces. These ports are able to excite a
pure CPW mode at the interface plane, which is a good approximation of
the field distribution at this interface and was already successfully used in
[Die+12] for simulating the parasitic elements of a transistor shell.

The active components of the MMIC require DC connections to provide the
supply voltages and currents, which is usually done by DC contact pads in
the upper and lower area of the chip. To contact these pads, DC probes
are used. Because these DC probes are close to the RF probe tips during
a measurement, it is necessary to also include them into the simulation in
order to reproduce the measurement setup as close as possible and therefore
get precise simulation results. The frequency range, mesh and boundary

conditions were chosen identical to the passive simulation setup.
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Remove transistors
from layout

Simulate DUT Simulate calibration
yes Simulate Thru, Line
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on contact pads
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Import into
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Connect transistor
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MMICs including probe tip models.

Figure 2.4: Flowchart of the procedure for simulating and calibrating active and passive
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After the EM simulation is completed, the results are imported into the cir-
cuit simulator software Keysight Advanced Design System (ADS). Models
of the active components are then attached to the ports and by importing the
previously calculated error terms the RF probe models are de-embedded and

the actual circuit behaviour is simulated.

2.2 Conclusions of chapter 2

In this chapter first the Fraunhofer IAF indium gallium arsenide (InGaAs)
technology is presented, which is used for realization of the various MMICs
required for the verification. Due to transit frequencies of at least 375 GHz,
this technology builds a solid foundation for mmW and sub-mmW circuit
design. However, the non-planarized layer stack does not allow the use
of standard import tools for EM simulation software. The resulting layer
heights depending on the underlying layers are discussed in detail. This
issue was resolved by using boolean operations and slicing one layer to
multiple layers each with a defined height. The development of a specific
software tool allowed to convert existing layouts into a suitable format for
importing tools of common EM simulation software. Therefore, MMIC
designs can be imported with only little preprocessing, including all struc-
tural details and a full 3D EM verification can be carried out.
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3 Electromagnetic field simulation
of RF probes

Key to simulating the RF probe influence onto the resulting behaviour of
the DUT is a precise EM model of the used RF probe. Since the type of
RF probe has an influence on the DUT, two RF probes of different manu-
facturers and distinct practical realizations were investigated. Each of these
probes has a corresponding ISS, which was also modelled and simulated. In
analogy to the measurement, the simulated calibration standards were used
to calculate a corresponding error set, which is used to correct the simula-
tions and remove the influence of the probe model [Miil+17d].

3.1 Modelling of the RF probes

A photograph of both used probes has already been shown in Fig. 1.4. Com-
mon for both probes is the WR3 waveguide flange, where the measurement
equipment is connected. The waveguide is bent at an angle of approximately
45° and mounted to the probe body. A broadband transition from waveguide
to coaxial cable is embedded inside the probe body. At the probe tip the coax
mode is converted into a CPW mode for the three contact pins.

Compared to the actual probe tip, which consumes less than 1% of the
overall spatial probe volume and the size of the MMICs, the overall probe
dimensions, including the probe body and the waveguide connector, are

tremendous in terms of wavelengths at mmW frequencies.
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3 Electromagnetic field simulation of RF probes

However, simulations indicated that the probe body and waveguide connec-
tor have no significant influence as long as the radiation behaviour of the
DUT is of no interest, i.e. no antennas are embedded on the MMIC.

To reduce the size of the EM simulation volume, and therefore being able
to solve the problems with the available computational power, only a small
part of the probe was modelled. This part comprises the actual probe tip as
well as approximately 1 mm of the remaining probe.

Since neither Cascade Microtech Inc. nor GGB Industries Inc. provide
computer-aided design (CAD) models of their probes, the models presented
below are based on a few available publications, microscopic photographs

and educated assumptions on the internal structures.

3.1.1 Cascade Microtech Infinity WR3 probe

The model for the CM probe was generated using the description given in
[Cam+07; Cas04; Cas] and microscopic photographs. The cross-section of
the final model is shown in Fig. 3.1a.

In reference to the contact plane the coaxial cable is bent to approximately
45°, ground down at the end and the dielectric is removed to a certain depth.
To contact the DUT the CM probe uses a polyimide (PI) membrane with
two metal layers embedding a coax to microstrip and microstrip to CPW
transition. The distance between the three wafer contacts defines the pitch
of the RF probe, whereby the RF probes used in this work have a pitch of
100 um. This membrane is attached to the ground down coaxial cable by
means of soldering. After attaching the membrane, the probe tip is mechan-
ically stabilized with epoxy glue. The excess epoxy is afterwards ground
off, to allow sight on the probe contact pins with a microscope from above.
This is essential for proper probe placement during measurements. In order
to suppress unwanted propagation along the outside of the coaxial cable,
the conductor is surrounded by an absorptive material. A comparison of

the final model to microscopic photographs at various angles can be seen in
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Fig.3.2. The lowest operating frequency of the real probe is limited by the
cutoff frequency of the basic mode and the upper frequency limit is set by
the cutoff frequency of the next higher mode. For a WR3 waveguide these
frequencies are at 173.5 GHz and 347.1 GHz. The model of the probe tip,
however, does not depend on the WR3 characteristics since the waveguide
is not part of the model. Therefore, the model can theoretically be used for
simulations down to DC. The upper frequency limit of the probe tip model
is limited by the excitation of higher modes in the coaxial cable, which start
to occur at 390 GHz. However, it has to be kept in mind, that using the probe
tip model outside of its specified frequency range might lead to results which
differ from the actual results when a suitable RF probe is used. This is due
to a change of probe tip geometry depending on the frequency band and

therefore other parasitic effects, which might occur.

(a) (b)

Figure 3.1: Cross-section of the CAD RF probe models (a) CM Infinity Probe (b) GGB
Picoprobe.
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Figure 3.2: Microscopic photograph of a CM probe and the CAD model (a) sideview
(b) diagonal from above (c) diagonal from below.
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3.1.2 GGB Picoprobe WR3 probe

For the GGB Picoprobe only very limited information is given by the man-
ufacturer [GGB] and therefore the model is mostly based on several micro-
scopic photographs and assumptions about the internal construction. The
cross-section of the final model is shown in Fig. 3.1b. After the waveguide
to coax interconnect the GGB probe uses a square coaxial cross section,
which is milled into the split-block body of the probe. The inner conduc-
tor is isolated with polytetrafluoroethylene (PTFE) shell as dielectric against
the split-block case, which acts as ground reference. The two mirrored parts
of the probe body are assembled by closely arranged screws to achieve a
minimum gap between them. A gold-plating is applied to the probe body to
minimize the electrical losses of the mmW signal. Towards the actual probe
tip the split-block is narrowed down and a slot is cut to facilitate mount-
ing of the ground contacts. Depending on the pitch, different spring loaded
Beryllium-Copper wing-like triangular plates with a sharp contact area are
soldered directly into the cut of the split-block. The excess solder is also
included in the simulation model. The probes used in this work have a pitch
of 80 um. The center contact pin consists of the extension of the inner con-
ductor and is sharpened to ensure a small scrub area with reliable contact
to the DUT. The drawback of the probe design is the short distance from
the actual probe tip to the probe body, which limits the use of DC probes
for bias supply, due to geometrical constraints. This restricts the use of the
probe for verification of either passive MMICs without DC supply or large
MMICs with a minimum lateral distance of 250 um between RF pad and
DC pad. The final model compared to microscopic photographs of three

different perspectives is shown in Fig. 3.3.
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Figure 3.3: Microscopic photograph of a GGB probe and the CAD model (a) sideview
(b) diagonal from above (c) diagonal from below.
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3.2 Verification of the proposed models

To apply the same calibration procedure used in measurements also for the
RF probe tip simulation, it was necessary to create CAD models of the
employed ISS calibration standards. The manufacturer’s recommendation
for the WR3 frequency range is to use the CM ISS 138-357 for the CM
probe and the GGB Industries Inc. CS-15 ISS for the GGB probe. Overview
pictures of both ISS are shown in Fig.3.4. The simple layer stack of both
ISS consisting only of the Alumina substrate and a 3 pm thick gold metal
layer simplifies the CAD modelling drastically. Both substrates comprise
the standards open, short, match and thru as well as several lines of different
lengths. This allows the use of various calibration techniques such as SOLT,
LRRM, TRL or mTRL. For this work only the TRL calibration was used,

due to its simplicity (see section 1.2.2).

5 mm
—

Figure 3.4: Photograph of the (a) CM ISS 138-357 and (b) GGB CS-15 ISS.
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3.2.1 Cascade Microtech ISS calibration substrate

An overview of the CM ISS 138-357 calibration substrate is shown in
Fig. 3.4a and close-up microscopic photographs of the individual standards
are shown in Fig. 3.5.

The ISS provides groups of standards for RF probe pitches of 100 pm,
125 um and 150 uym. For this work the standards suitable for 100 um pitch
RF probes were used and schematic pictures showing the dimensions of
the standards are shown in Fig.3.6. The standards open, short and load
are based on the same basic contact pad layout. While the open standard
has no connection to the ground areas, the short standard is connected by a
25 um wide connection in the gold layer. The load standard is realized by
two parallel 100 Q resistors consisting of a 18 ym wide resistive layer with
a sheet resistance of 45 Q /[, see Figs. 3.6a-c. The thru standard, shown in
Fig.3.6d, is designed to have a characteristic impedance close to 50 Q and
a length of 135 um. The layout of the line standards differs from the thru
standard by larger ground planes and additional absorptive areas at the outer
edge of the ground planes. These absorptive areas are intended to suppress
field propagation along the edge of the standard. For TRL calibration of the
WR3 frequency range the recommended line standard, shown in Fig. 3.6e,
has a length of 250 um. This yields to an optimal TRL frequency range
from 62 to 497 GHz.

3.2.2 GGB Industries Inc. calibration substrate

The overview of the GGB CS-15 calibration substrate is shown in Fig. 3.4b
and microscopic photographs of the utilized standards are shown in Fig. 3.7.
While the GGB CS-15 ISS basically comprises the same standards as the
CM ISS 138-357, the layout is carried out in a different manner. The layout
of the CS-15 standards does not distinguish the RF probe pitch and uses the
same standards for a pitch range from 40 to 150 um. Schematic drawings of

the standards with detailed dimensions are shown in Fig. 3.8.
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—_—
100 pm

[em——— (R
100 pm 100 pm

(b)
Figure 3.5: CM ISS 138-357 standards (a) open, (b) short, (c) load, (d) thru and (e) line.
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Figure 3.6: Schematic representation (dimensions in um) of the CM ISS 138-357 standards
(a) open (b) short (c) load (d) thru (e) line.
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Figure 3.7: GGB ISS CS-15 standards (a) open, (b) short, (c) load, (d) thru and (e) line.
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Figure 3.8: Schematic representation (dimensions in um) of the GGB CS-15 ISS standards
(a) open, (b) short, (c) load, (d) thru and (e) line.
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As for the CM ISS, the GGB CS-15 standards for open, short and load are
built on the same basic contact pad layout with the short and load stan-
dard derived from the open standard, see Figs. 3.8a-c. The distance between
two opposite standards is 125 um, which is more than two times the dis-
tance of the CM calibration standards and is intended to minimize RF probe
crosstalk. The area of the inner conductor is 25 pm x 25 pm and therefore
only 45 % of the CM ISS contact area. The dimensions of the inner con-
ductor and the gap size to the ground planes is optimized to a characteristic
impedance of 50 Q. Therefore, the same dimensions of the inner conductor
width and gap width to the outer conductor are also used for the thru and
line standards, as shown in Figs.3.8d and e. The thru and line standards
also have a resistive sheet with a resistivity of 60 Q /[ at the edge of the
ground planes, which is intended to suppress field propagation along the
outer edges. The length of the available thru and line standard for the WR3
frequency range are 175 pum and 355 pm, respectively.

The length difference of both lines fulfils the TRL criteria in the frequency
range from 39.7 to 317.3 GHz, therefore the calibration quality at the upper
WR3 band edge is degrading.

3.2.3 Comparison of measured and simulated
calibration standards

To verify the deduced RF probe models, measurement and simulation results
of the calibration standards were compared. The simulation results of the
thru, line and open standard were used to calculate a TRL error set, which
is then used to make the error correction for the simulations. Verifying the
calibration on the same standards, which were used for calibration is only of
limited significance, because the used standards are partially mapped to the
expected behaviour. However, there are several standards available on the

ISS which were not used during the calibration: The short, match and open
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in air standard are not required for the TRL calibration and are therefore
available for the verification.

Both RF probes, CM probe and GGB probe were measured and simulated
using their corresponding calibration substrate with reference planes shifted
directly to the RF probe tips. For direct comparison, the results of mea-
surement and simulation of the ISS 138-357 standards contacted with the
CM probe are shown in Figs.3.9 and 3.10. The reflection coefficient S;;
shown in Fig. 3.9 for the frequency range from 200 to 330 GHz shows a good
agreement between measurement and simulation. Generally, all Smith dia-
gram charts shown in this work are restricted to the frequency range 200 to
330 GHz and do not use the extended frequency range from 170 to 360 GHz.
This is necessary to keep the curves of simulation results comparable to the
measurements. Comparing the results of the short and open standard in
Fig. 3.9 shows that the simulated phase of Sy has less variation, which may
be caused by a slightly different RF probe position between measurement
and simulation. However, it can be seen that measured and simulated stan-
dards all include an inductive component and are therefore located in the
upper half of the Smith chart. The investigations carried out in appendix A
indicate that this behaviour depends on the used calibration substrate and
not on the used RF probe.

Comparison of the transmission coefficient So; in Fig.3.10, also shows a
good agreement between measurement and simulation, even at low magni-
tude levels. For the sake of clarity the line standards are shown separately
in Figs.3.10a and 3.10b. As can be seen, simulation and measurement are
almost identical and the results follow the expected behaviour of a trans-
mission line with increasing loss and decreasing phase towards higher fre-
quencies. The S»; results of the reflection calibration standards are shown
in Figs. 3.10c and 3.10d. Simulation and measurement are generally in very
good agreement down to magnitudes of —40 dB, which is close to the noise
level of the measurement setup. It is notable that even at these low magni-

tudes the phase of Sy is predicted accurately by the EM simulations.
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——— Measurement
— Simulation

Figure 3.9: Measured and simulated S;; of CM ISS 138-357 standards contacted with a
CM probe in the frequency range 200 to 330 GHz [Miil+17d].
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Figure 3.10: S»; measurement (dotted) and simulation (solid) of CM ISS 138-357 standards
contacted with CM probes [Miil+17d].
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Figure 3.11: Measured and simulated S;; of GGB CS-15 ISS standards contacted with a
GGB probe in the frequency range 200 to 330 GHz.
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Figure 3.12: Measured (dotted) and simulated (solid) S»; of GGB CS-15 standards contacted
with GGB probes.
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The verification of the GGB probe with the corresponding CS-15 ISS is
shown in Figs.3.11 and 3.12 for the input reflection coefficient S1; and the
transmission coefficient Sy, respectively. Analogue to the verification of the
CM probe model, a very good agreement between measurement and simu-
lation is observed. Compared to the CM probe and ISS results, Fig.3.11
shows that the calibrated match, open and open in air standard of the GGB
setup have less inductance, which shifts the match and open standard into
the capacitive region of the Smith chart.

The transmission coefficient Sy is evaluated in Fig. 3.12. Compared to the
CM ISS the calibrated results of the line standards result in less loss and
lower phase variation, see Figs.3.12a and 3.12b. Generally, this behaviour
is predicted very precisely by the RF probe tip simulation. The evaluation
of the reflect and match standards is shown in Figs. 3.12c and 3.12d for the
magnitude and phase of S»;, respectively. Again a good prediction even of
the phase is achieved for magnitudes above —40 dB whereas lower magni-
tudes vanish into noise.

Up to this point the evaluation was focused on the RF probe tip model
with its corresponding ISS. This, however, is prone to errors due to a co-
dependency of errors in the RF probe tip model to errors in the calibra-
tion standards, i.e. it is possible that an error in the RF probe tip model is
compensated by another error in the model of the calibration standard. To
investigate the accuracy of the RF probe tip models, further simulations and
measurements were performed. Therefore, a setup with RF probe and ISS of
different manufacturers was investigated, i.e. the CM probe was calibrated
using the GGB CS-15 ISS and the GGB probe was calibrated on the CM
ISS138-357. Furthermore, this evaluates whether the reflect, transmission
and crosstalk behaviour depends on the RF probe or the utilized ISS. The
measured and simulated results are presented in appendix A. While some
deviations between measurement and simulation occur, the overall agree-
ment is very good, proving the quality of the RF probe tip models. The
evaluation of the reflect standards shows that the location in the Smith chart
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is to a first order dependent on the used ISS and not on the RF probe. Eval-
uating the crosstalk shows a lower coupling of the GGB Picoprobe indepen-
dent of the used ISS.

3.3 Conclusions of chapter 3

In this chapter, the two used RF probes manufactured by Cascade Microtech
Inc. and GGB Industries Inc. were discussed in detail along with the gener-
ation of the corresponding EM models and the calibration procedure. While
both RF probes address the same frequency range, they differ significantly in
their physical realizations. This also affects the necessary effort in creating
the corresponding EM simulation models. The CM probe using a coaxial
conductor with an attached structured membrane embedding the RF probe
tips has several degrees of freedom, which required an extensive amount of
microscopic pictures and design iterations to achieve satisfying results. The
GGB probe on the other hand uses a split block realization with a simpler
geometrical structure. The ground pins are directly soldered to the body of
the RF probe. A sharpened extension of the inner conductor of the coaxial
line, which is milled into the split block body, is used as the center pin of the
RF probe. This simple physical realization also relaxed the EM modelling
and satisfying results were achieved after few design iterations. The ver-
ification of both RF probes using the manufacturers calibration substrates
showed a very good agreement between measurement and simulation. Fur-
thermore, verification using the competitors calibration substrate verified the
robustness of the probe models as well as the models of the calibration stan-
dards. Compared to the CM probe the GGB Picoprobe showed less crosstalk
with up to 25 dB difference for the open in air measurement at the same RF
probe distance. Generally, the EM simulation results are in very good agree-
ment to the measurements and precisely predict the different effects even at
low magnitude levels for crosstalk investigations, proving that the occurring

parasitic effects are precisely replicated by the EM simulations. Generally,
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the very good agreement between measurement and simulations allows to
investigate the influence of the RF probes on actual MMICs, which is carried

out in the following chapters.
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4 Evaluation and optimization of
RF pad structures

The task of the MMIC contact pads is to connect the internal circuitry to the
outer world. Ideally a contact pad shows transparent behaviour in terms of
RF performance, i.e. the internal circuit characteristics are not altered by the
pad and the true performance is accessible from the outside. Measurements
in the WR3 frequency range however show that depending on the type of
contact pad a large influence on the overall circuit performance is present.
This raises the suspicion that there are parasitic effects in the available con-
tact pads, which were up to now unobserved. This chapter first analyses
the behaviour of the existing RF pads in the Fraunhofer IAF PDK, as avail-
able in March 2016, in terms of RF performance and their qualification for
packaging purposes. Using the EM probe tip models presented in section
3.1 allowed to precisely comprehend the occurring deviations by evaluat-
ing the corresponding E-fields. Following this, improved pad structures are
designed, realized and verified by measurements. By utilizing the RF probe
tip models it was furthermore possible to optimize the contact pads within
only one design iteration and achieve satisfying results with resonance-free
behaviour, low loss and good matching up to 330 GHz. Compared to the
classical contact pad optimization, where the actual behaviour is only visible
after realization and measurements of suitable test structures, this technique

saved a significant amount of time and money.

45



4 Evaluation and optimization of RF pad structures

4.1 Evaluation of the existing RF pads

4.1.1 Description of the existing RF pads

To evaluate the existing PDK RF pads, simple test-structures were designed,
embedding two pads at the input and output, which are connected by a
170 ym long CPW transmission line. The three different RF pads of the
PDK, suitable for WR3 frequencies, were evaluated and are shown in
Fig.4.1. Each of these pads is designed for a specific application.

The pad shown in Fig.4.1a is intended for both measurement as well as
packaging purposes. Therefore, the dimensions are chosen to fit the require-
ments imposed by the available packaging technology, i.e. wire bonding or
flip chip. The actual contact area of the pad makes use of the full layer
stack shown in Fig.2.1e with both available metal layers. With a size of
30 x 75 um? the dimensions of the inner conductor are large enough to allow
wire bonding or flip chip packaging. Therefore, this pad configuration is
referred to as "bond-pad’ in the following discussion. The gap size of the
inner conductor to the ground planes sets the characteristic impedance of the
CPW mode, which is usually intended to be close to 50 Q. Given the sub-
strate height of 50 um, the gap size to achieve a characteristic impedance of
50 Q is approximately 60 um, leading to a parasitic microstrip mode, which
is a result of the improper gap to substrate height ratio and the metallized
backside of the MMICs.

To achieve a dominant coplanar mode, the gap was chosen to 27 pm,
resulting in a characteristic impedance of approximately 40 Q. Simulations
showed that, if exited with a CPW mode, this has only minor influence
on the overall performance. After the contact area, a taper using the first
metal layer is embedded, converting the pad dimensions to the intended
CPW environment with a ground-to-ground spacing of 14 ym and an inner

conductor width of 7.4 um, resulting in a characteristic impedance of 50 Q.
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Figure 4.1: Schematic layouts (dimensions in um) of the (a) bond-pad (b) measurement-pad
and (c) characterization-pad.
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Due to unsymmetrical probe placement the excited field may not be a per-
fect CPW mode and therefore an airbridge connecting both ground planes
is added at the narrow end of the taper to suppress potential odd-mode exci-
tation. A second pad for WR3 frequencies, which is only intended for
measurement purposes, is shown in Fig. 4.1b. In the design of the pad, the
dimensions were not bound by the packaging requirements and it was pos-
sible to optimize the characteristic impedance to approximately 50 Q. The
dimensions depicted in Fig.4.1b show that compared to the bond-pad, the
ground-to-ground spacing as well as the width of the inner conductor are
narrower. The basic idea behind this downscaling is to prevent the excita-
tion of a parasitic microstrip mode. Again, a taper is added after the contact
area to adapt to the CPW environment. The narrow dimensions make it dif-
ficult to package the circuit with standard packaging technology and hence
this pad is referred to as *'measurement-pad’, since it is predominantly used
for circuit verification by on-wafer measurements.

The third pad, shown in Fig.4.1c, is predominantly used for high accu-
racy characterizations of transistor test structures [See+15] and is therefore
referred to as ’characterization-pad’. The dimensions were not restrained
by packaging requirements, resulting in a characteristic impedance close to
50 Q. In addition to the taper, a 80 um long CPW transmission line is added
to ensure a pure CPW mode at the reference plane for on-wafer calibrations.
In contrast to the bond-pad and measurement-pad, this pad is backed by a
closed via ring connected to ground, which acts as an electric shield to the
remaining circuit. Furthermore, the shielded environment in the area close
to the probe contact position minimizes the influence of the surrounding
structures. The drawback of this pad is the large required chip-area and the
fact that, due to the via ring, it is not feasible to connect it with short bond
wires. This is however crucial for broadband and low loss interconnects at
mmW frequencies.

Microscopic photographs of the corresponding test-structures used to verify

the characteristics of each pad are shown in Figs. 4.2a-c.
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Figure 4.2: Photograph of the contact pad test structures for (a) bond-pad, (b) measurement-
pad and (c) characterization-pad.

4.1.2 Evaluation of the existing RF pads

All three test structure MMICs were measured and EM simulated includ-
ing RF probe tip models in conjunction with an ISS TRL calibration, which
shifts the reference plane to the probe tips. A 3D rendering of the simula-
tion setup including the probe tips is exemplarily shown for the bond-pad
test structure in Fig.4.3. A fine tetrahedral mesh was chosen for the sim-
ulation which resulted in approximately 420,000 mesh cells per structure,
including the probe tip models. Both RF probes presented in section 3 were
used for the investigations, i.e. CM probes and GGB probes were used in

the measurement as well as in the simulation setup. The calibrated results
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of the test structures are shown in Figs.4.4-4.6. In addition to the mea-
surements and EM probe tip simulations, the test structures were also EM
simulated with WG port excitation at the same position as the probe contact,
which is the common excitation in EM simulations of CPW structures. With
a single CPW mode excited at the contact position, this estimates the max-
imum achievable performance of the corresponding structures. Evaluation
of the measurement and simulation results is carried out in the following
sections. Due to the symmetry and the passive nature of the DUTS, only the
input reflection coefficient (S1;) and forward transmission coefficient (S1)

are considered in the following discussions.

Figure 4.3: Exemplary CAD rendering of a bond pad test structure contacted with CM probe
tip models.

PDK bond-pad evaluation

The resulting reflection coefficients S, of the bond-pad test structure are
shown in Fig.4.4a. While there are small differences between measure-
ment and probe tip simulation, the overall agreement is very good over the
observed frequency range. At frequencies below 270 GHz the measured
reflection coefficient, when contacted with the CM probe is even better than
predicted by simulation. The reflection coefficient measured and simulated
with the GGB probe is also in very good agreement over the full frequency
range. However, compared to the WG simulation, the measured and probe
tip simulated reflection coefficient S;; is severely increased.
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Figure 4.4: Measurement and simulation of the PDK bond-pad test structure.

Evaluation of magnitude and phase of the transmission coefficient Sy is per-

formed in Figs. 4.4b and 4.4c, respectively. At frequencies around 300 GHz

a large deviation from the ideal WG simulation is visible for both probes. A

resonance is clearly visible in measurement and simulation for both probe

tips. The transmitted signal is strongly attenuated, resulting in amplitudes of
only —14dB and —20dB for the GGB probe and CM probe, respectively.

The phase of S»; also strongly deviates form the expected behaviour pre-

dicted by the ideal WG simulation. Fig. 4.4d shows the conductor, dielectric
and radiation (CDR) loss of the structure as calculated by [Poz12]:

CDR Loss = 1 —|S1]* — [S21?

@.1)
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At frequencies around 200 GHz the measured and simulated CDR loss
for both probe tips is close to the prediction of the ideal WG simulation.
However, towards higher frequencies the loss of the WG simulation only
slowly increases whereas the measurements and probe tip simulations show
a strong increase with a maximum loss at approximately 315 GHz. At this
frequency 80 % of the incident energy is either radiated or absorbed in
metal and dielectric losses, which altogether results in a drastic decrease of
the transmission coefficient S>;. Above the specified frequency range the

overall CDR loss is predicted to decrease again.

PDK measurement-pad evaluation

Evaluating the measurement and simulation results of the measurement-pad,
the test structure shows comparable behaviour to the bond-pad test struc-
ture. The reflection coefficient S;; shown in Fig.4.5a shows that the mea-
sured and probe tip simulated behaviour is again worse than predicted by the
ideal WG simulation. While the matching is below —10dB for almost all
frequencies with both probes, the matching of the GGB probe is generally
slightly better over the full band. The transmission coefficient S»;, shown in
Figs. 4.5b and 4.5c, shows a resonance at approximately 295 GHz, which is
comparable to the resonance of the bond-pad test structure but not as severe
in the magnitude influence. A minimum S3; magnitude of approximately
—6dB and —4.3 dB for the CM probe and GGB probe are observed, respec-
tively. The increased transmission loss consequently also increases the over-
all loss of the structure, as shown in Fig. 4.5d. At 200 GHz the GGB probe
shows almost identical loss to the ideal WG simulation whereas the loss of
CM probe is slightly higher. Both probes stay below 70 % loss, which is

about 13 % lower compared to the bond-pad test structure.
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Figure 4.5: Measurement and simulation of the PDK measurement-pad test structure.

PDK characterization-pad evaluation

The characterization-pad test structure shows the lowest deviations from the
WG simulation results and moreover generally of all PDK pad test struc-
tures. Even though the input reflection coefficient S;; shown in Fig. 4.6a is
above the predicted ideal behaviour, the resulting curves show no resonant
behaviour. Evaluating the transmission coefficient S»; in Figs. 4.6b and 4.6¢
confirms the resonance free operation in the WR3 frequency range. The S»;
magnitude shows less than 2.2 dB insertion loss up to 330 GHz with a linear

decreasing phase. The overall loss of the structure is shown in Fig. 4.6d and
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is below 40 % over the full frequency range. Especially the measurement
and simulation employing the GGB probe are in good agreement to the loss

predicted by the WG simulation.
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Figure 4.6: Measurement and simulation of the PDK characterization-pad test structure.

In conclusion, only the characterization-pad offers a good performance
over the full WR3 frequency range with a maximum loss of 2.2dB. The
measurement-pad and bond-pad show a severe resonance around 300 GHz,
with a maximum loss of 6 dB and 20 dB, respectively. This limits the use
of these pads to frequencies below 250 GHz. The observed resonance is not
visible if the circuits are simulated using the WG port excitation, but are

precisely predicted if the RF probe tip models are used for excitation.
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4.2 Analysis of parasitic modes in RF-pads

As discussed in the previous section, two of the PDK RF pads show severe
deviations from the expected behaviour, which may lead to malfunction of
the MMIC. The origin of these deviations is subject to the investigations of
the following section. The good agreement between measured and simu-
lated S-parameters allows the conclusion that the occurring parasitic effects
are precisely reproduced by the EM simulations including the RF probe tip
models. This allows furthermore to evaluate the E-field of the structures
at several frequencies and investigate the origin of the observed deviations.
After this, an analytic model is developed, which is able to predict the reso-
nance frequency dependent on the dielectric properties of the substrate and
the via placement in the vicinity of the RF pad structure.

4.2.1 Evaluation of EM fields at the resonance frequency

Special focus in the evaluation of the E-fields was on the resonance occur-
ring around 300 GHz, which diminishes the transmission coefficient Sy;.
The E-field components were evaluated exemplarily for the bond-pad test
structure, which shows the strongest deviations. So called E-field monitors,
which calculate the complex E-field tensor at the frequency of interest, were
simulated and evaluated. Since measurements and simulations employing
the CM probe showed stronger distortions, the following investigations are
based on the use of this RF probe. Fig.4.7 shows a z-plane cross-section
of the test structure along with an overlay of the E-field magnitude. Fig. 4.8
shows the same simulation but the cross-section is chosen in the y-plane.
As can be seen, the electric-field (E-field) at 200 GHz is well concentrated
inside the MMIC substrate below the contact pad.
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Figure 4.7: Top view of a z-plane cross-section at the center of the MMIC showing the E-field
magnitude for different frequencies of the PDK bond-pad test structure (feed left).

56



4.2 Analysis of parasitic modes in RF-pads

200

121

74 g

27 B2

16

10
7 350 GHz
y] % :500 pm:

Figure 4.8: Side view of a y-plane cross-section at the center of the MMIC showing the
E-field magnitude for different frequencies of the PDK bond-pad test structure
(feed left).
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Starting at 250 GHz the E-field starts to radiate outside of the MMIC. At
300 GHz the E-field strongly radiates towards the input RF probe and a
microstrip mode is present between the outer conductor of the RF probe and
the metal chuck, which is represented by a ground plane. The decrease in
transmission coefficient S»; around 300 GHz is clearly visible by a vanishing
magnitude of the E-field inside the coaxial conductor of the output RF probe,
which is on the right hand side of Fig. 4.8. At frequencies around 350 GHz
the microstrip field components under the RF probe decrease and the field
components inside the output RF probe increase again. However, multiple
parasitic modes are excited inside the MMIC in the volume between the
vias, as can be seen in Fig. 4.7. These results clearly show, that the number
and placement of vias have a large influence on the overall circuit behaviour

at mmW frequencies.

4.2.2 Analytical investigation of parasitic modes

While the EM simulations using the RF probe tip models provide an accu-
rate prediction of the pad resonance frequency, the model generation is
complex and the simulations themselves are time consuming. An analyt-
ically based prediction on the other hand is able to achieve instant results
and allows a simple understanding of the occurring effects. A simplified
drawing of a conventional contact pad is shown in Fig.4.9. The pad con-
sists of a CPW topology with the inner conductor and the ground planes
being the landing area of the RF probe or the bond wires. After the con-
tact area, the inner conductor and ground planes are tapered down to the
intended dimensions of the CPW transmission line used for connecting the
internal circuitry. Since the backsides of the MMICs are metallized it is nec-
essary to introduce vias for substrate mode suppression. The evaluation of
the E-fields in section 4.2.1 indicates that top metal, bottom metal and the
vias form a resonant cavity, which is shown as a dashed overlay in Fig. 4.9.

The dimensions sketched in Fig. 4.9 can be considered only as a first order
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4.2 Analysis of parasitic modes in RF-pads

approximation of the resonator’s dimension, since the vias do not form a
closed conducting wall and electric field components enter the area between
the vias, extending the effective size of the resonator. Furthermore, the pad
is usually not directly placed at the edge of the chip but has a certain offset,
which is required to facilitate dicing of the MMICs. This offset leads to
fringing fields, comparable to a parallel plate capacitor, effectively increas-

ing the resonator volume and decreasing the resonance frequency.
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Figure 4.9: Schematic representation of a conventional contact pad (a) top-view (b) cross-
section. The dashed overlay shows the dimensions of the resonator cavity.

To calculate the resonance frequency of the cavity, a simplified model was
developed and is shown in Fig.4.10. A cuboid with the dimensions of the
resonator cavity shown in Fig. 4.9 and the dielectric constant €. of the sub-
strate, was used for the analytical investigation. The boundary condition was
chosen to electric (no transverse electric fields) at all faces that are in contact
with metal i.e. top and bottom of the MMIC and at faces that are in direct
contact with vias. At the interface between substrate and air, the boundary
of the cuboid is chosen to magnetic (no transverse magnetic fields), which is
a good approximation for substrates with a high dielectric constant [ZLO0S8],

as common in semiconductor technologies.
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4 Evaluation and optimization of RF pad structures

Figure 4.10: Model of the resonator cavity showing the orientation and boundary conditions
as well as the dimensions.

The dominant mode (lowest resonance frequency) of such a cuboid can be
derived from the transverse E-field E; of a rectangular waveguide, which is

given by [Poz12]:
Ei(x,y,2) = é(x,y)[AT e IPm7 4 A= ePm7] 4.2)

with &(x, y) being the transverse variation of the mode, A™ and A~ the ampli-
tudes of the forward and backward travelling waves and f3,,,,, the propagation
constant of the corresponding mode with order m and n. At z = 0 the elec-
tric field is shorted by the closely arranged vias and therefore the boundary

condition is set to:

E(x,y,0)=0 (4.3)
resulting in the equivalence A™ = —A~, therefore simplifying (4.2) to:
Ei(x,y,2) = =2jAT&(x,y) sin(Bun2) 4.4)
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4.2 Analysis of parasitic modes in RF-pads

Due to the magnetic boundary at z = b the transverse magnetic field has to

fulfil the following condition:

_— é(x,y)A*"

H, cos(Bunb) =0 4.5)
Z1g

with Ztg = E,/H,. This results in the nontrivial solution B,,,b = w(n+1/2).

Therefore, the resonance frequency of the m, n-th mode can be calculated
with [Poz12]:

¢ m\ > n+1/2\2 1\?
=g (5 (52 G) o

where the dominant mode TE oo has a resonance frequency calculated by:

¢ 1\? 1/2\? 47
floo—z\ﬂE <a) +<b> 4.7

Evaluating (4.7) shows that for a typical pad configuration where the dimen-

sions fulfill the condition a > b > h, the dominant mode is dependent on the
width a and length b of the cavity and independent of the substrate height h.
The obtained solution gives a fast estimation, whether or not a pad configu-
ration is prone to parasitic modes in the frequency range of interest and can
be adapted to various substrates without effort. For GaAs substrates with a
dielectric constant & = 12.9 the resulting critical frequencies for a variety
of the parameters a and b are shown in Fig.4.11. Considering that using
a conventional RF probe with a pitch of 100 um will generally require the
width of the pad to be at least @ = 200 um, it can be seen that especially
when going into the high mmW frequency range around 300 GHz, a proper
pad design has to be carried out. When designing a contact pad, it has to
be kept in mind that a certain frequency reserve is necessary, since the dete-

rioration caused by the resonance has a specific bandwidth, depending on
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4 Evaluation and optimization of RF pad structures

the quality factor of the resonance. Initial comparison to existing pad con-
figurations showed that the resonance frequencies can be predicted using
(4.7) with errors below 20 %. Yet, the simple analytical model gives no
insight on the quality factor of the resonance and therefore on the frequency
reserve that has to be considered in the pad design. As already discussed,
to precisely predict the resonance and overall pad behaviour, the use of EM

field simulation in conjunction with the corresponding RF probe models is

inevitable.
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Figure 4.11: Resonance frequency of the dominant mode depending on the parameters a and
b of the RF contact pad calculated with (4.7) [Miil+18c].

4.3 Optimized bond pad design

After the comprehensive analysis of the resonant pad behaviour this section
discusses the optimization of the RF pad structures. The main design goal
is to achieve resonance free operation with good matching and low loss in
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4.3 Optimized bond pad design

the frequency range of interest, i.e. in this work up to 330 GHz. The dimen-
sions given by the simplified evaluation of the previous section are consid-
ered as a starting point and corresponding RF pad designs were carried out
according to the design rules of the Fraunhofer IAF 50 nm and 35 nm tech-
nology. These designs were first validated by EM simulations including the
RF probe tip models and the most promising candidates were realized and

characterized by measurements.

4.3.1 Design rule conformal pad structures

Up to this point the investigations on the pad performance depending on the
size of the resonator cavity were based on a simplified analytical model and
assumptions that were not necessarily in agreement with the design rules. To
fulfil the design rules, the pad requires a certain minimum distance between
the metal layers and the edge of the MMIC. This leads to an extension of
the substrate at the outside of the pad, resulting in fringing fields and an
additional enlargement of the effective resonator volume. In addition the
process comprises several dielectric layers which are not included in the
analytical model such as BCB or SiN. To predict the real behaviour as close
as possible and to simulate effects that may be suppressed by the simplified
model, four test structures were designed which fulfil the design rules of
the MMIC process. Parameters that had to be considered were for example
distance between adjacent vias, minimum feature and minimum gap size as
well as thickness of the dielectric and metal layers. These test structures
were translated as described in section 2.1 and imported into CST MWS,
including all layers and vias. To achieve accurate predictions, the CM probe
models presented in section 3.1 were used in the simulations, together with
the corresponding error set for calibration of the results.
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4 Evaluation and optimization of RF pad structures

4.3.2 Variation of via placement in pad design

To investigate the influence of the quantity and position of vias in the contact
pad design, four different configurations shown in Fig. 4.12 were evaluated
[Miil+18c]. When arranging the positions of the vias it has to be kept in
mind that probing or wire bonding directly on a via may lead to a crack in the
surface and therefore destruction of the pad. The pad configuration shown
in Fig. 4.12a has no additional vias in the contact plane and can therefore be
probed with arbitrary pitch and packaged without taking care of underlying
vias. Additional vias were added in Figs. 4.12b and 4.12¢ which limits these
pads to RF probes with a pitch ranging from 50 to 150 um and 50 to 100 pm,
respectively. The pad shown in Fig.4.12c is identical to the bond-pad of
the PDK. The configuration shown in Fig. 4.12d is optimized for RF probes
with a pitch of 100 um, which allows to add additional vias in-between the
contact area of the RF probe tips and represents the closest possible via
spacing within the used pad layout.
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Figure 4.12: Different via placement for a RF probe pitch of (a) A: 50 to 200 um (b) B: 50 to
150 um (¢) C: 50 to 100 um (d) D: 100 pm. (Dimensions in pum).

Inserting the approximate resonator dimensions in (4.7) gives the resonance
frequencies of these structures at 337 GHz, 363 GHz and 531 GHz for pad
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4.3 Optimized bond pad design

B, C and D, respectively. Since pad configuration A has no vias which con-
fine the electric field, the boundary assumptions of the analytical equation
are not fulfilled and the equation cannot be used. To verify the resonance
and overall behaviour of the different pad configurations, test structures ana-
logue to the PDK pad test structures were designed. As an example, a
schematic drawing of the test structure for verification of pad configuration
D is shown in Fig.4.13. In addition to the MMIC, the position of the RF
probes is sketched showing the contact position of the probe pins. Further-
more, the plane of the cross-section B-B’ which is used for evaluation of the
E-field distribution in section 4.3.2 is marked. The size of the test structure
is 0.5 x 0.5mm? with an offset of 50 um between top metal and the chip
edge, which ensures that no debris drops on the pad structure during the
dicing process. Located on the backside of the chip is a closed metal plane
with a lateral distance of 35 um to the chip edge. In addition to the vias that
are embedded in the pad, the MMIC contains additional vias to suppress
any potential mode excitation inside the substrate. Especially in the direct
vicinity of the CPW transmission line, vias are added to avoid radiation into

the substrate.
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Figure 4.13: Top-view of the test structure for the different pad configurations including part
of the RF probe tip.
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S-parameter simulation results of different via configurations

Simulations of the different test structures were performed in the frequency
range from 110 GHz to 360 GHz and calibrated with an ISS TRL calibration
error set of the corresponding frequency range. The results of the calibrated
S-parameters are shown in Figs.4.14a-d. To evaluate the distortion intro-
duced by the different pad configurations, the internal CPW line connecting

both pads was also simulated stand-alone without any connected pads.
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Figure 4.14: S-parameter simulation results of different pad via configuration test structures
and the internal line connecting the pads [Miil+18c].

Evaluation of the simulated results in Fig. 4.14a shows, that up to 200 GHz
the different pad configurations have almost identical behaviour with a
reflection coefficient Sy better than —12 dB. Above 200 GHz the behaviour

of the different test structures deviates strongly. While pad configuration A,
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B and C show a rapid decrease in the reflection coefficient up to —5dB and
worse, pad configuration D is matched below —10dB up to 305 GHz.

Evaluation of the transmission coefficient S»; of the different test structures
shows a maximum loss of 1.6 dB up to 200 GHz, which occurs for the test
structure of pad configuration A, as shown in Fig.4.14b. However, it has
to be kept in mind that this is outside of the specified frequency range for
the used RF probe model and actual values might differ. Above 200 GHz
the results start to deviate and the impact of the parasitic modes is clearly
visible. Pad configuration A, which has no additional vias, has the first
resonance at 230 GHz and a second resonance is occurring outside of the
specified frequency range towards 350 GHz, leading to local minima in the
transmission coefficient S»;, as shown in Fig. 4.14b. Similar behaviour can
be observed for pad configuration B and C. The pads are based on the same
topology but pad C has two additional vias, which reduces the resonator
cavity volume and therefore increases the resonance frequency, as can be
seen in Fig.4.14b. At the resonance frequencies 270 GHz and 298 GHz
transmission coefficients S»; of —11.5dB and —21 dB are observed for pad
configuration B and C, respectively. Pad configuration D, embedding the
maximum number of vias, shows no resonance in the specified frequency
range with a maximum loss of 3.2dB. The phase of S,; for all structures
is depicted in Fig. 4.14c and shows that the structures have generally a lin-
ear decrease of phase up to the resonance frequency. At the resonance fre-
quency, the phase of S»; is delayed and deviates towards higher frequen-
cies. The resonance free pad configuration D shows a linear decrease in the
phase of S»; with only minor distortions towards the upper specified fre-
quency limit. Above the specified frequency range the simulation results
indicate first signs of deviations from the ideal behaviour. Calculating the
overall CDR loss according to (4.1) of the stand-alone CPW transmission
line shows the expected behaviour with a monotonic increasing loss towards
higher frequencies. Evaluating the calculated loss for pad configuration A

shows that both resonances result in a decrease in transmission coefficient
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4 Evaluation and optimization of RF pad structures

S>1 but the effect of the second resonance is much stronger, as shown in
Fig.4.14d. The origin of this behaviour are modes of different order, which
result in different radiation behaviour, depending on their field distribution.
Compared to configuration B the loss of pad C is about 20 % higher and

influences a wider bandwidth. Pad configuration D shows the lowest loss of

the investigated pads with a maximum loss of 30 % at 305 GHz, as can be
seen in Fig. 4.14d.
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Figure 4.15: Magnitude of the E-field for all four pad configurations at the cross-section B-B’
for 200 GHz and at the corresponding resonance frequency [Miil+18c].
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E-field evaluation of different via configurations

The electric field magnitude in the cross-section B-B’ (indicated in
Fig.4.13) for the different pad configurations is shown in Fig.4.15. The
white areas indicate zero electric field magnitude, which is the case inside
conducting objects, e.g. RF probe tips, vias and metal layers. Generally,
there is a moderate to high field concentration in the upper half of the plot,
which shows the gap of the internal CPW structure of the RF probe tips.
At low frequencies the field distributions of the different pad configurations
are almost identical, as can be seen exemplarily at 200 GHz in Figs. 4.15a,
c, e and g. The major part of the field is concentrated in the gap between
the inner conductor and the ground planes on top of the MMICs, with only
low field magnitudes towards the bottom ground plane.

Field distributions of the pad configurations at the corresponding resonance
frequencies are shown in Figs.4.15b, d, f and h. Without any additional
vias, pad A shows a strong field concentration at the edges of the top ground
planes (Fig.4.15b) with only low field magnitudes towards the bottom
ground plane. With an increasing number of vias, pad B and C confine
the electric field and successfully suppress radiation at the edges of the top
metal. With increasing frequency, the field starts to concentrate towards the
bottom ground plane and microstrip-like behaviour is observed (Figs. 4.15d
and f). Especially pad C shows a microstrip-like mode below the inner
conductor of the contact pad, which leads to a strong radiation, as discussed
earlier. Analysis of the E-field distribution of pad B and C showed, that
the field distribution of pad C is comparable to the field distribution of a
dielectric resonator antenna, therefore leading to stronger radiation at the
corresponding resonance frequency compared to pad B. This microstrip
mode is mostly suppressed in pad configuration D (Fig.4.15h) by the
close via arrangement. Therefore, no resonance occurred in the simulated
frequency range and the electric field distribution is plotted at the maximum

specified frequency of 330 GHz.
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4.3.3 Verification of the optimized bond-pad structure

Due to the promising results of pad configuration D this pad was selected
as a candidate for the optimized bond-pad. To verify the resonance free
behaviour up to 330 GHz the corresponding test structure was realized and
measured. A microscopic photograph of the test structure is depicted in
Fig. 4.16. The outer dimension of the chip is 0.5 x 0.5 mm?. The CM probe
as well as the GGB probe were utilized for the verification with a cor-
responding TRL calibration. The calibrated simulation and measurement
results are shown in Fig. 4.17.
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Figure 4.16: Chip photograph of the test structure for pad configuration D. The chip size is
0.5 x 0.5 mm?.

While the detailed discussion of the PDK bond-pad was already carried out
in section 4.1, the results are again shown in Fig.4.17 to allow direct com-
parison to the optimized bond-pad. Evaluating the reflection coefficient Sy,
shown in Fig.4.17a, shows a dependency on the used RF probe. While
the CM probe measurement results indicate a matching better than —10 dB
up to 315 GHz, the GGB probe results indicate a matching below —10dB
only up to 285 GHz. The minimum transmission coefficient Sz;, shown
in Fig.4.17b is —3.2dB and —5.3dB at 330 GHz for the CM probe and
GGB probe, respectively. Evaluating the Sy phase of the test structures in
Fig. 4.17c shows, that the optimized bond-pad has no deviations from the
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4.3 Optimized bond pad design

expected behaviour. The overall CDR loss of the optimized bond-pad struc-
ture shows a maximum value of 41 % at 302 GHz, which is an improvement
of 50 % compared to the PDK bond-pad, as can be seen in Fig. 4.17d. Gener-
ally, the improved performance of the optimized bond-pad is clearly visible

in all characteristics of the test structure.
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Figure 4.17: Measurement (dashed) and simulation (solid) of the test structures for the PDK
bond-pad and pad configuration D.

The good performance of the optimized bond-pad is also clearly visible by
evaluating the E-field magnitude in Figs. 4.18 and 4.19, for the z-plane and
y-plane, respectively.

To allow direct comparison, the cross-section planes and E-field magnitude
range are identical to Figs. 4.7 and 4.8, which show the E-field magnitude
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Figure 4.18: Z-plane cross-section at the center of the MMIC showing the E-field magnitude
for different frequencies of the optimized bond pad test structure (feed left).
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Figure 4.19: Y-plane cross-section at the center of the MMIC showing the E-field magnitude
for different frequencies of the optimized bond pad test structure (feed left).
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of the PDK bond-pad at the identical frequencies. The results indicate much
less radiation compared to the PDK bond-pad.

Even at 350 GHz no parasitic modes are visible inside the substrate. Eval-
uating the y-plane cross-section shows basically the same field components
between RF probe and chuck, but at a much lower magnitude, therefore

having only minor influence on the circuit performance.

4.3.4 Pad resonance frequency depending on the
EM model level of detail

Evaluating the measurement results of the unoptimized PDK bond-pad
revealed a frequency offset of approximately 10 % between the analytically
predicted resonance frequency and the measured resonance frequency. To
investigate this difference, a simulative study for the PDK bond-pad was

carried out.
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Figure 4.20: Different scenarios to investigate the transition from analytical model to practical
realization of the PDK bond-pad. For clarification the layers BCB and SiN are

not shown in the top views.
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The model presented in section 4.2.2 is based on simplifications, which are
necessary to allow the analytical investigation, but distort the accuracy of
the predicted resonance frequency for practical pad structure realizations.
Starting from the simplified model, the level of detail of the structure is
increased step by step to finally meet the actual pad design. Schematic top
and cross-section views of the different steps are shown in Fig.4.20. The

individual steps are:

1. Ideal, analytical assumptions, closed surface and vias represented by
solid walls.

2. the ideal model is extended by surrounding substrate, necessary in
practical realizations, which require a minimum distance between

chip border and metal layers.
3. the closed surface is interchanged by the actual CPW pad structure.

4. the closed via wall is opened below the CPW transmission line taper

to allow signal propagation.

5. ideal cuboid vias with a distance in accordance with the design rules

replace the solid via walls.

6. vias approximating the real geometry modeled by truncated pyramids

replace the cuboid vias.

7. technology dependent dielectric layers are added to the model.

Calculation of the corresponding resonance frequency for each step was
done using the CST Eigenmode solver, which is intended to find eigen-
frequencies in closed resonant structures [Tec17]. Except for zmi, where
the boundary was set to electric, due to the chuck, the remaining boundaries
were chosen to magnetic. The simulation space was extended in the zpax and
Ymin direction with 100 pm vacuum to remodel the surrounding free space in
an on-wafer measurement environment. The simulated resonance frequen-

cies for each step are shown in Fig. 4.21 and are compared to the analytically
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calculated resonance frequency as well as the measured and RF probe tip
simulated resonance frequencies. As can be seen, the analytically predicted
resonance frequency and the one calculated by the eigenmode solver are in
very good agreement for step 1.

The major shift in resonance frequency is due to the substrate extension of
step 2, which expands the effective resonator volume. The subsequent steps
further increase the resonance volume step by step, e.g. due to opening of
the top metal layer to form a CPW transmission or due to vias, which allow
electric field components between the vias. The inclusion of the dielectric
layers in step 7 reduces the effective permittivity of the cavity and therefore
increases the resonance frequency, resulting in a close match to the mea-
sured and RF probe tip EM simulated results of the resonance frequency of
both RF probes. Evaluating the results shows that it is already possible with
the reasonable level of detail in step 2 to give a very good estimation of the

occurring resonance frequency.
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Figure 4.21: Resulting resonance frequencies for each step of the transition from ideal to
practical pad structure, compared to analytical, measured and EM probe tip
simulated results.
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4.3.5 Sensitivity analysis of fabrication and
measurement tolerances

Even though the EM simulations using the RF probe tip models provide a
good prediction of the measured behaviour, certain deviations remain. To
investigate these deviations and more generally the electrical robustness of
the pad structures, the fabrication and measurement tolerances were investi-
gated in detail. For these investigations the test structure of the PDK bond-
pad and the optimized bond-pad were chosen. While the PDK bond-pad is
prone to fabrication tolerances, due to its significant resonance in the fre-
quency range of interest, the optimized bond-pad should provide a more
robust behaviour. To have full control over the geometrical and electrical
deviations, these investigations were carried out by means of EM simula-
tions using the CM RF probe tip models. Furthermore, the results not only
depend on the DUT tolerances but also on the error set of the calibration
procedure. Therefore, the parameters were varied not only in the model of
the DUT but also in the models of the calibration standards, which are used
to calculate the TRL calibration error terms. For the DUT, several variables
such as dielectric constant of the used materials, uncertainties in geometry
and misalignment of the RF probes were taken into account. The dielectric
constant of the substrate containing the calibration standards was varied and
a RF probe placement uncertainty was investigated.

Since the dielectric constants of the GaAs substrate and dielectric passi-
vation layers of the DUT are not precisely known at mmW frequencies
[MRSO1], an uncertainty of 5% is assumed. Furthermore, a variation in
conductivity of the metal layers of 10 % is investigated to model fabrication
tolerances and surface roughness variation. Another fabrication tolerance
is the size of the vias, which are realized with a backside etching process,
resulting in a truncated pyramid like geometry with rather large deviations
from an ideal truncated pyramid. A SEM picture of a via cross-section is
shown in Fig. 4.22.
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Figure 4.22: SEM picture of a via cross-section.

Again, a deviation of 10 % is assumed to represent the tolerances. This is
equal to a size variation Av of approximately £2.5 um as shown in Fig. 4.23.
The last fabrication tolerance which was examined on the DUT concerns
the chip size after laser dicing of the MMICs. Due to the dicing process the
resulting chip size is slightly smaller than in the layout, which was investi-
gated by a decrease in chip size of 5 ym and 10 ym.

To investigate errors arising not by MMIC tolerances but due to the mea-
surement setup, variations in RF probe placement on the DUTs contact pads
were evaluated assuming an uncertainty in RF probe placement Ax and Ay
of &5 um in both lateral directions, as can be seen in Fig. 4.23. Although the
pad has alignment marks included, this is due to the limited accuracy of the
manual positioners itself and the limited magnification of the microscope a
realistic uncertainty. The movement of both RF probes was assumed sym-
metrically in y-direction and opposed in x-direction, i.e. the probes were
moving either inwards or outwards on both sides of the MMIC. Compared
to the DUT, the geometry of the calibration substrate is much simpler and
better controlled. Therefore, only the dielectric constant of the ISS sub-
strate and the RF probe placement were varied. Similar to the DUT, the RF
probe placement was varied by £5 um in both directions. During the TRL
calibration procedure the distance of the probes is adjusted for the thru and

open standard with the help of alignment marks on the ISS and not changed
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between the measurement of these two standards. Therefore, the offset for

the thru and open standard was assumed identical. The line standard, how-

ever, has a different length and therefore a re-adjustment of the probe has to

be performed, leading to an independent offset. The dielectric constant of

the alumina (Al,O3) substrate was varied by 45 %.
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Figure 4.23: Detail view of the parameters investigated for modelling fabrication and

measurement uncertainties.

Altogether, the following parameters were varied:

€.GaAs of the DUT GaAs substrate by £5%

&pcp and & gin of the DUT dielectric layers by £5%
Conductivity of the DUT metal layers by £10%

Size of the DUT vias Av by +2.5 um

DUT chip size As by —5 um and —10 um

RF probe position on the DUT contact pad by +5 um
& Al,0, Of the ISS alumina substrate by £5%

RF probe position on the ISS calibration standards by +5 um
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Figure 4.24: DUT fabrication and measurement tolerances evaluation for the PDK bond-pad
(solid lines) and optimized bond-pad (dashed lines) test structures.
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4.3 Optimized bond pad design

The results of the DUT parameter variations are summarized in Fig. 4.24.
While the permittivity variations of the dielectric layers and conductivity
variance of the metal layers showed only negligible influence, the change in
permittivity of the GaAs substrate shows an impact on S7; and S»;. For the
PDK bond-pad the change of & gaas by £5% leads to a shift in resonance
frequency of approximately +2%, as can be seen in Figs. 4.24a and 4.24b.
Variance in the RF probe placement is shown in Figs. 4.24c and 4.24d. RF
probe misalignment in y-direction showed only minor influence on the sim-
ulation results and therefore only the effect of x-direction misalignment is
shown. Generally, the RF probe misalignment has only a minor effect on
the resonance frequency, but results in deviations of S1;. Variation of the via
size is evaluated in Figs. 4.24e and 4.24f. For larger vias the resonance fre-
quency shifts to higher frequencies whereas for smaller vias the resonance
frequency decreases. This is in good agreement to the analytical prediction,
where the resonance volume is changed by increasing and decreasing the
size of the vias. Finally, the variation As of the chip size showed no sig-
nificant effect on the simulation results and is therefore not shown. Next,
the influence of variations during the calibration procedure on the calibrated
results was investigated and is shown in Fig. 4.25.

The resonance in Sy is sensitive to RF probe position and dielectric constant
uncertainties, as can be seen in Figs. 4.25a and 4.25¢c. On the other hand, the
simulations show that neither the change in substrate permittivity nor the RF
probe position variation affects the calibrated transmission coefficient 51,
as can be seen in Figs. 4.25b and 4.25d.

To investigate the combined behaviour of the fabrication and measurement
tolerances, permutations of all investigated parameter variations were cal-
culated. This results in 736 curves, which cannot be plotted in a useful
manner. Therefore, only the covered area of the resulting curves is shown
in Figs. 4.26a and 4.26b for the input reflection coefficient S1; and transmis-
sion coefficient Sy1, respectively. As can be seen, even small fabrication and

measurement tolerances lead to large uncertainties in mmW measurements.
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Figure 4.25: Influence of measurement and fabrication tolerances of the calibration standards
on the PDK bond-pad (solid) and the optimized bond-pad (dashed) test struc-

tures.
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Figure 4.26: Permutations of all investigated fabrication and measurement tolerances com-
pared to the measurement.
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For frequencies well below the resonance the variation in transmission coef-
ficient S,; is relatively low, while increasing in vicinity of the resonance
frequency. The input reflection coefficient Sj; on the other hand shows a
strong dependency on the investigated variations, independent of the fre-
quency range and proximity to the resonance.

The permutations were evaluated in order to find the best correlation with
lowest RMS errors between simulation and measurement within the fabri-
cation and measurement tolerances. The results shown in Figs.4.26a and
4.26b support the assumption that the observed deviations between EM RF
probe tip simulation and measurement result from fabrication and measure-
ment tolerances.

To investigate which parameters have a major influence on the agreement
between measurement and simulation the top 5 % of the varied curves with
the lowest RMS errors were evaluated. This was done for the PDK bond-
pad as well as for the optimized bond-pad and is shown as histograms in
Fig.4.27. The evaluation of the GaAs substrate permittivity variation for
both bond-pad test structures in Fig.4.27a shows, that a good agreement
between measurement and simulation is achieved for slightly lower values
than the usually used €,Gaas = 12.94. The probe position variation on the
two bond-pad test structures is evaluated in Fig. 4.27b. While for the PDK
bond-pad no distinct behaviour for a good fit is visible, the optimized bond-
pad shows a tendency to probe positions shifted outwards of the MMIC.
The evaluation of the via size extension, shown in Fig. 4.27c, shows a better
match between measurement and simulation for unchanged or extended via
sizes, in case of the PDK bond-pad. Evaluation of the optimized bond-pad
on the other hand shows that the via size extension has no distinct influ-
ence on the agreement between measurement and simulation. The origin of
this behaviour lies in the resonance of the PDK bond-pad, whose resonance
frequency is significantly influenced by the size of the vias. Evaluating the
Alumina substrate permittivity variation of the ISS calibration standards in

Fig.4.27d clearly shows that for slightly lower values a better fit is achieved.
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The evaluation of the probe position variation for the open and thru standard,

depicted in Fig.4.27e, indicates that for positions directly at the intended

position or shifted slightly outwards leads to good results. Opposed to this

is the behaviour of the line standard, which results in a better fit for values

directly at the contact position or shifted slightly inwards the MMIC, as can
be seen in Fig. 4.27f.
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Figure 4.27: Evaluation of the bond-pad test structures and ISS calibration standards vari-
ations for the best 5 % of curves with the lowest RMS errors to the measured
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4.3 Optimized bond pad design

4.3.6 Evaluation of the optimized bond-pad

To summarize the results of the different pad configurations, Table 4.1 lists
the comparison of the resonance frequencies of the different test structures
calculated analytically with (4.7), the EM simulated results and the reso-
nance frequencies acquired by measurements, if available. The analytical
method could not be applied to pad configuration A, which has no addi-
tional vias and therefore no defined confinement of the electric field.

The test structures for pad configuration A and B were not realized and
therefore no measurement results are available. Generally, the influence of
the additional vias in regard to the resonance frequency is clearly visible.
For the PDK bond-pad (pad C), where results for analytical and simulated
resonance estimation as well as the measurement are available, the relative
error of the measured resonance frequency is 18 % to the analytic model and
—2.9 % to the field simulation including the RF probe tips. The analytically
calculated resonance frequency for pad configuration D is 531 GHz. How-
ever, extrapolating the shift of resonance frequency for pad configuration
B and the PDK bond-pad, the resonance for test structure of the optimized
bond-pad (pad D) is expected around 450 GHz. Furthermore, it has been
shown that the observed deviations between EM simulation results includ-
ing the RF probe tips and the measured deviations can be traced back to

small fabrication and measurement inaccuracies.

Table 4.1: Resonance frequency (GHz) depending on pad configuration and calculation
method compared to measurements.

Pad configuration

A B C D

Analytic (eq. (4.7)) - 337 363 531
RF probe simulation 233 270 298 >330
Measurement - - 307 >330
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4.4 Optimized measurement-pads

Even though the optimized bond pad promises resonance-free operation in
the WR3 frequency range, this pad is not an universal solution. Especially if
the occupied chip area is of interest, which is the case in almost all designs,
the required area of 0.046 mm? may be too large. Therefore, smaller pad
geometries are investigated in the next section, which require a certain trade-
off in terms of size and the variety of applications. The requirement for the

pad structures was the suitability for a RF probe pitch of 100 um.

4.4.1 Optimized standard measurement-pad

In analogy to the bond-pad optimization in section 4.3 the PDK measure-
ment-pad was also optimized to suppress unwanted parasitic modes. The
schematic layout of the optimized pad is shown in Fig. 4.28a and shows the
dimensions along with the additional vias placed as close as possible to the
inner conductor. The required area of the pad is 0.027 mm?, which is only
60 % of the bond-pad area.

50 50

270
240
150

(a) (b)

Figure 4.28: (a) Sketch of the optimized measurement-pad (dimensions in um) (b) micro-
scopic photograph of the corresponding test structure. The chip size is
0.50 x 0.50 mm?.
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4.4 Optimized measurement-pads

A microscopic picture of the corresponding test structure is shown in
Fig.4.28b. The measurement results compared to ideal WG as well as RF
probe tip EM simulation results are shown in Fig. 4.29. The input reflection
coefficient of the test structure is shown in Fig. 4.29a and shows a strong
dependency on the used RF probe. While the ideal WG simulation predicts
an input reflection coefficient below —18dB in the specified frequency
range, the measured reflection coefficient Sy; is only below —7dB and
—11dB for the GGB probe and CM probe, respectively. The S»; trans-
mission coefficient magnitude and phase, shown in Figs. 4.29b and 4.29c,
show resonance-free behaviour of the test structure up to 330 GHz with a
maximum loss of 4.2dB and 2.3dB for the CM probe and GGB probe,
respectively. Above the specified frequency range the simulations using the
CM probe show first signs of resonance behaviour while the GGB probe
results stay close to the WG simulation results of Sp;.

The higher transmission loss of the CM probe also affects the overall CDR
loss of the test structure, as shown in Fig.4.29d. Comparing the loss of
both setups shows that measured and simulated loss, acquired with GGB
Picoprobes, is even lower than predicted by the ideal WG simulation. This
behaviour is attributed to crosstalk between the RF probe tips, which deteri-

orates the measurement and calibration accuracy.

4.4.2 Pad with backside metal recess

Besides adding additional vias for suppressing the unwanted microstrip
mode another option is to create a local backside metal recess below the
pad structure. Without the backside metallization the microstrip like mode
cannot be excited due to the missing reference potential. The drawback of
this approach is, that the MMICs using this pad must not be placed on a

metal surface.
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Figure 4.29: Measurement and simulation of the optimized measurement-pad test structure.

The underlying metal would act as ground plane for the parasitic microstrip
mode i.e. for measurement purposes the MMICs have to be placed on a non-
conductive material. Furthermore, for packaging purposes the environment
below the pad has to be carefully considered and evaluated. A schematic
drawing of the pad, including the dimensions, is shown in Fig.4.30a. The
dimensions of the inner conductor pad were chosen to be at the lower geo-
metrical limit which can be handled by today’s wire bond packaging tech-
nology. The RF probe tip landing area of the outer pins was chosen to allow
a RF probe pitch up to 100 um. Due to its backside metal recess, which
is comparable to defected ground structures (DGSs) [KKK17], this pad is
denoted as 'DGS-pad’ in the following context.
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Figure 4.30: (a) Sketch of the optimized pad with localized backside metal recess (dimensions
in um) (b) microscopic photograph of the corresponding test structure.

To investigate the influence of the ground recess width w, depicted in
Fig.4.30a, EM models of test structures with different recess width w were
created and simulated employing the CM RF probe tip model. In order to
replicate the packaging environment, the boundary below the test structure
was chosen to an infinite sheet of Rogers 6010, with a dielectric constant
& = 10.2. EM simulated results of the sweep were calibrated to the RF
probe tip using the corresponding ISS error set. The impact of the width
w on the reflection coefficient Sj; is shown in Fig.4.31a. While only a
minor influence is visible at frequencies around 230 GHz and below, the
effect of the recess width is clearly visible towards higher frequencies.
Increasing the width efficiently decreases the reflection coefficient and a
matching better than 15 dB is predicted over the full WR3 frequency range
for widths larger than 150 um. For recess widths above 200 um no further
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4 Evaluation and optimization of RF pad structures

improvement can be observed. In terms of the transmission coefficient S;1,
it can be seen in Fig. 4.31b and 4.31c, that for a recess width w = 0, which
equals a closed metallic backside, the simulation results are close to the
PDK bond-pad and measurement-pad behaviour, with a strong resonance
around 300 GHz. However, increasing the backside recess width shifts
this resonance towards higher frequencies, making the pad suitable for
frequencies up to 330 GHz. For widths above 150 um no resonance can
be observed in the WR3 frequency range any more. The CDR loss shown
in Fig.4.31d indicates that for a larger recess width w the loss of the test

structure is decreasing, especially at the upper end of the WR3 band.
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Figure 4.31: Simulated results of the ground recess width sweep for the DGS-pad using CM
probes when placed on an infinite sheet of Rogers 6010.
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To maximize the performance of the DGS-pad but on the other hand keep
the recess width narrow to minimize the influence of the mounting substrate,
the recess width was chosen to w = 220 um and a corresponding test struc-
ture, which is shown in Fig. 4.30b, was designed and realized using the three
layer Fraunhofer IAF 35 nm technology. This recess width is slightly higher
than indicated by the simulations to include a back-up. The influence of the
mounting substrate was investigated for three different materials with dif-
ferent electrical behaviour: conductive metal, Rogers 6010 with a thickness
of 1.27mm and PTFE block with a thickness of 5.3 mm. Placing the test
structure on conductive metal is used to verify, if the microstrip mode is
excited and how much this mode is distorting the high frequency pad per-
formance. Rogers 6010 is a widely used substrate in mmW PCB designs
and its dielectric properties with €. = 10.2 are close to GaAs, therefore act-
ing as a substrate extension under the pad. PTFE with its low dielectric
constant of & = 2.1 was used to investigate an environment close to air,
which is present if the MMIC is flip chip packaged. The simulated and
measured S-parameter results on the different support materials are shown
in Fig. 4.32. For frequencies below 300 GHz the different mounting materi-
als show almost no influence on the behaviour of the test structure. Above
300 GHz there is a decrease in Sy for the test structure placed on conductive
metal.

However, compared to the PDK bond-pad and PDK measurement-pad no
resonance is visible in the WR3 frequency range, which is a result of a
smaller resonator volume due to a more compact via placement. The test
structures placed on Rogers 6010 and PTFE also show a decrease in S>; but
with lower impact. The full verification of the DGS-pad test structure using
GGB probes is carried out in appendix B.1. Generally, independent of the
RF probe, the die placed on PTFE shows the lowest loss in the observed
frequency range with a maximum loss of 2.3dB and 2.9 dB observed at
330 GHz for the CM probe and GGB probe, respectively. The required chip
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area for the DGS-pad is 0.024 mm?, which is only 52 % of the area required
for the bond-pad.
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Figure 4.32: Measurement (dashed) and simulation (solid) DGS-pad test structure contacted
with CM probes.

4.4.3 Thin film microstrip pad

Another approach to suppress unwanted excitation in the substrate is to use a
closed topmetal surface with no or only small holes. This allows only small
field components to couple to the substrate and therefore robust operation
over a wide frequency range is expected. This approach, however, requires
at least two metal layers which are separated by a low-k dielectric since
it is based on TFMS transmission lines. At the Fraunhofer IAF currently
only the 35 nm technology supports TEMS transmission lines. One of the
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available metal layers is used for a closed metal surface and the second
metal layer is used for transmission lines with BCB as a dielectric substrate.
Due to this topology, the following pad is denoted as 'TFMS-pad’ and the
attached transmission line was chosen as a TFMS line. However, using a
transition from TFMS to CPW, this pad can also be used for MMICs with
a CPW transmission line environment, as will be shown in section 6.5. The
TFMS-pad design uses a relatively small recess hole, in the otherwise closed
MET1 surface, directly under the inner conductor pad area. This reduces the
capacitance of the pad and allows the use of the full stack of all conductive
process layers, which increases the mechanical stability due to direct contact
on the GaAs substrate. The detailed dimensions of the pad as well as the
arrangement of the different layers can be seen in Figs.4.33a and 4.33b. A

picture of the corresponding test structure is shown in Fig. 4.33c.
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Figure 4.33: (a) Schematic top view (dimensions in um) of the TEMS-pad design (SiN and
BCB are not shown) (b) corresponding cross-section (c) chip photograph of the
TEMS-pad test structure. The chip size is 0.75 x 0.50 mm?.
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The transmission line is realized using MET2 and forms a TEMS transmis-
sion line with the 1.6 um thick BCB layer as dielectric and MET1 as ground.
In the contact area of the pad, MET?2 is extended over the recess length and
enhanced with METG to form a large and mechanically robust landing area
for the RF probe tip and for packaging. Similar to the DGS-pad, the width of
the ground recess shows an influence on the overall pad performance. The
length of the recess was chosen to 40 um, which is a compromise between
recess size and the mechanical robustness of the pad. The recess width on
the other hand can be chosen more freely. Therefore, the gap g between
inner conductor and MET1 was swept between O um and 12 um. The reflec-
tion coefficient Sy and transmission coefficient Sy results of investigation
are shown in Fig. 4.34a and Fig. 4.34b-4.34c, respectively. The CM probe
model deduced in section 3.1 was used for the simulations to precisely sim-
ulate the influence of the RF probe tips to the pad characteristics.
Evaluating the input reflection coefficient shows a direct correlation between
gap width g and the resulting matching. For gap widths larger than 6 um a
matching better than —10dB over the full WR3 frequency range is pre-
dicted. The same behaviour is observed for the evaluation of the insertion
loss, where a larger gap results, due to the improved matching, in lower
insertion loss. However, for gap widths above 6 um there is only little
improvement of insertion loss. The CDR loss of the corresponding test
structures is shown in Fig.4.34d. As can be seen, the CDR loss is almost
independent of the gap width. In conclusion, to achieve good input match-
ing with low transmission loss while keeping the gap as narrow as possible
to prevent coupling to the substrate, the gap width of 9 um was chosen.

In order to investigate the electrical robustness of the pad, no vias were
added between top and backside of the realized MMIC. This however
resulted in several resonances in the WR3 frequency range, as can be seen
in the measurement and simulation results of the realized test structure

shown in Fig. 4.35.

94



4.4 Optimized measurement-pads

—6—g=0um 83— g=3um —4— g=6pm —+— g=9um —&— g =12um ‘

0 T
) )
= Z
a &
5
200 250 300 350 200 250 300 350
Frequency (GHz) Frequency (GHz)
(@) ISu] (b) [Sa1]
\ \
200 [ 3
5o )
A 150 a
5 2
“ 100 )
Z 0 | |
200 250 300 350 200 250 300 350
Frequency (GHz) Frequency (GHz)
(c) £S21 (d) CDR loss

Figure 4.34: Simulated results of the ground recess width sweep for the TFMS-pad.

Evaluating the input reflection coefficient Sy in Fig. 4.35a shows generally a
matching better than —10 dB but also shows first signs of the occuring reso-
nances. In the transmission coefficient S,; the resonances are clearly visible
throughout the whole WR3 frequency range, as shown in Fig. 4.35b. How-
ever, the distortions caused by these resonances are, except for the upper
end of the specified frequency range, below 1 dB. To verify that these reso-
nances are due to the absence of vias, a test structure with closely arranged
vias with a distance of approximately 100 um was EM simulated, includ-
ing the CM probe tip models. Evaluating the simulations with additional
vias clearly shows that these resonances can be easily suppressed. Due to
the rather low distortions, the S>; phase characteristic shown in Fig. 4.35¢

has only negligible deviations from ideal behaviour. In terms of the CDR
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loss the pad test structure stays below 60 %, as shown in Fig. 4.35d. The
analogue evaluation in case the GGB probe is used for simulation and mea-
surements is carried out in appendix B.2. While the transmission coefficient
S>1 shows comparable behaviour to the CM probe measurements, the input

reflection coefficient S;; degrades down to —6 dB.
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Figure 4.35: Measurement (dashed) and simulation (solid) of the TFMS-pad test structure
contacted with CM probes.

4.5 Conclusions on chapter 4

In this chapter, a comprehensive analysis on existing PDK pad structures
as well as the optimization and design of on-wafer contact pads has been
carried out. It has been found that the existing pad structures are prone to

resonances and the excitation of parasitic modes around 300 GHz, which
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results in a high insertion loss and a degradation of the matching. These
parasitic modes were investigated by means of an analytical model for the
coarse prediction of the resonance frequency as well as simulations includ-
ing the influence of the RF probe tips. It shows that, depending on the
size of the via enclosed volume under the pad structure, strong resonances
may occur, which deteriorate the overall circuit performance. Based on the
EM simulation results, an optimized bond-pad and measurement-pad were
developed, which provide resonance-free behaviour up to 330 GHz and pre-
sumably above. This was successfully verified by measurements using two
different kinds of RF probes. Furthermore, the impact of fabrication and
measurement tolerances on the pad performance was evaluated by means of
EM simulations. It proves that the resonance frequency in S, is insensitive
to probe position variation but is directly linked to variations in the dielec-
tric constant of the substrate or varying diameter of the vias. Furthermore,
two additional pads were investigated, which also achieve resonance-free
operation up to at least 330 GHz. These pads offer small size and low loss
performance for MMICs, which are not intended for packaging purposes.
Evaluating the loss per probe to pad interconnect of the different pads shows,
depending on the used probe, values down to 0.9 dB for the DGS-pad and
optimized measurement-pad. A comparison of all investigated pads is sum-
marized in Table4.2. To calculate the loss per interconnect, the loss of the
connecting CPW (or TFMYS) line is subtracted from the measured S»; and
the result is halved. The results of this chapter can be used to optimize con-
tact pads for even higher frequencies, which are required in sub-mmW and
terahertz circuit design. Furthermore, it is possible to adapt the presented
techniques to the design of contact pads for printed circuit boards (PCB)
where comparable geometries are used.
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Table 4.2: Comparison of size and probe to pad interconnect loss at 330 GHz for each investi-
gated pad configuration and both RF probes.

. . Loss per interconnect (dB)
Dimensions Area

Pad (um?) (mm?) CMprobe  GGB probe
PDK bond 400 x 115 0.046 9.75 6.75
PDK measurement 270 x 100 0.027 2.75 1.75
PDK characterization 270 x 337 0.091 0.85 0.6
Opt. bond 400 x 115 0.046 1.3 2.4
Opt. measurement 270 x 100 0.027 1.9 0.9
DGS 240 x 100 0.024 0.9 1.2
TEMS 240 x 50 0.012 0.55* 0.58*

* simulated
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calibration standards

As discussed in the previous chapter, the interaction between RF probe and
the contact pad can have a severe influence on the overall DUT performance.
However, if the DUT is not intended for packaging but only for character-
ization of the internal circuit, it is a viable option to shift the calibration
reference planes behind the actual probe to pad interconnect. This tech-
nique requires on-wafer calibration standards using the same substrate and
contact pad as the DUT. The influence of the contact pad structure can then
be included in the calibration error set and corrected in the measurement
results. The basic idea of this concept is shown in Fig. 5.1 and was applied
to the Fraunhofer IAF process in [See+15]. Since the probe to pad inter-
connect is embedded in the error terms, the probe tips do not have to be
included into the EM simulation, resulting in much lower simulation vol-
ume and therefore shorter simulation times. However, to achieve a high
accuracy on-wafer calibration, the corresponding calibration structures have
to be carefully designed and need to fulfil several criteria:

As already mentioned, the calibration standards have to use the same contact
pad structure and the same substrate as the DUT. Furthermore, the environ-
ment has to be identical in both MMICs e.g. adjacent structures or asymme-
tries have to be avoided or placed at a distance where the influence on the
DUT or calibration standards can be neglected. Additionally, it has to be
ensured that the overall calibration structure is not prone to the excitation of
parasitic resonances, which will distort the accuracy of the error terms and

therefore the measurement results. For example, during measurement of the
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thru and line standards, energy which is coupled into a resonance will be
falsely accounted as transmission line loss and therefore over-compensated

after the calibration is applied to an actual measurement of a DUT.

On-wafer

calibration

= Reference Plane

Figure 5.1: Reference planes of ISS and on-wafer calibration. For the on-wafer calibration,
the reference planes are behind the probe to pad interconnect, allowing to neglect
the RF probe in the simulation.

5.1 Analysis of existing on-wafer
calibration standards

The existing on-wafer calibration structures from the PDK make use of the
characterization-pad, which was presented in [See+15] and discussed in
section 4.1. Fig.5.2 shows a photograph of the PDK calibration structure
with the reference planes outlined. The standards comprise two transmis-
sion lines of different length as well as short, open and a 50 Q match. This
variety of standards allows different calibration procedures such as SOLT,
LRRM and TRL. As discussed in section 1.2.2, SOLT and LRRM require at
least partial knowledge of the used standards, which is challenging at mmW
frequencies and therefore the TRL calibration is utilized. The length differ-
ence of both transmission lines is 100 um, therefore allowing TRL calibra-
tions in the frequency range from 71.6 GHz to 576 GHz. After calibration,
the reference plane is 150 um behind the pad and the remaining thru and
line standards are equal to 70 um and 170 um long CPW transmission lines,

respectively. The calibrated open, short and match standards are connected
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5.1 Analysis of existing on-wafer calibration standards

with a 85 um long transmission line to the reference plane, which is equal to
an offset delay of 0.65 ps. In addition to the calibration standards, different
transistor configurations for parameter extraction are also included on the
MMIC but are not utilized in this work.

Figure 5.2: Photograph of the on-wafer calibration standards using the characterization-pads
(a) line (b) thru (c) short (d) open (e) match. The reference planes 150 um behind
the pad are marked by red lines.

For the following investigations, measurements of the standards thru, line
and short were used to calculate a TRL error set. Additionally, the standards
were EM simulated using CST MWS in two configurations. The first config-
uration consisted of the full on-wafer calibration structure and the different
standards were contacted using the CM probe as well as the GGB probe
models presented in section 3.1. These results are used to calculate simu-
lated TRL error terms. For the second EM simulation setup, WG ports were
placed internally in the CPW transmission line at the reference planes of the
various standards. For an ideal on-wafer calibration this should be equal to
the TRL corrected simulation and measurement results. Fig. 5.3 shows both
simulation setups exemplarily for the CM probe while contacted on the thru
standard. The on-wafer calibrated measurement and simulation results of

the various standards are summarized in Fig. 5.4.
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5 Evaluation and optimization of calibration standards

(a) (b)

Figure 5.3: Simulation setup for (a) simulating the whole structure including the probe tips
and (b) simulating the standard between the reference planes.

The results of the open and short standard are shown in Figs. 5.4a and 5.4b,
respectively. For clarity, the corresponding sections of the Smith diagram
are shown as cut-out.

Due to the offset delay of 0.65 ps the resulting S-parameters are rotated by
approximately 140°, i.e. the short appears close to the open region of the
Smith diagram and vice versa. While the expected behaviour of an offset
reflect is verified by the WG simulation, the measurements and EM simula-
tions including the probe tip models show several distortions in the specified
frequency range from 200 to 330 GHz. For the CM probe measurement and
simulation results these deviations lead to a reflection coefficient Sy, of the
open standard larger than unity, which is unphysical for passive devices.
For both line standards a monotonic decrease in transmission magnitude
towards higher frequencies was expected and is also predicted by the EM
simulation with internal WG ports. Figs. 5.4c and e show that this is approx-
imately fulfilled up to 250 GHz for measurement and probe tip EM simula-

tion results.
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Figure 5.4: Comparison of on-wafer calibration corrected measurements (dotted) and simula-
tions (solid) of the PDK on-wafer calibration standards.
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While the results of the GGB probe shows only little deviations towards
higher frequencies, the results of the CM probe show two major distortions
at 263 GHz and 295 GHz. Towards the upper band edge the calibrated trans-
mission coefficient S»; of the thru and line standards show measured values
close to zero, whereas the probe tip simulation even predicts gain around
330 GHz, which is again unphysical. The transmission phase of the line
standards is shown in Figs. 5.4d and 5.4f and shows that the observed dis-
tortions do not only affect the magnitude but also the resulting phase.

For further verification, the match standard, which was not used in the cal-
ibration procedure, was evaluated and the results are shown in Figs. 5.4g
and 5.4h for the reflection and transmission coefficient, respectively. The
reflection coefficient of both probes shows deviations from the WG simu-
lated behavior with a decrease in matching and distortions at the previously
observed resonance frequencies of 263 GHz and 295 GHz. The transmis-
sion magnitude shows a coupling up to —30dB. Since the coupling using
the WG excitation is below —80dB, this high transmission coefficient is
accounted to direct coupling between the probe tips. Generally, the mea-
surements and simulations using the GGB probe show lower distortions in
magnitude and phase for all evaluated standards compared to the CM probe.
Especially the measurement and simulation results of the CM probe, which
result in positive magnitudes are a strong indication of unwanted parasitic
modes in the calibration standards.

The good agreement of the S-parameters between measurements and EM
simulations including the probe tips allowed for investigation of the E-field
distribution in detail and therefore investigate the origin of the distortions of
both used probes. Fig. 5.5 shows the E-field distribution inside the substrate
of the calibration structure when the thru standard is contacted. The fields
are evaluated at 200 GHz and 330 GHz, which are the lower and upper end of
the specified frequency range, and at 263 GHz, which is at the first resonance

frequency of the line standards.
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Figure 5.5: Field distribution inside the substrate of the existing on-wafer calibration structure
at different frequencies and for different probes.
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As shown in Figs. 5.5a and 5.5b the E-field at 200 GHz is mainly concen-
trated along the transmission line for both probes, therefore fulfilling the
expected behaviour. Towards higher frequencies several modes at the border
of the chip are excited and coupling to adjacent calibration standards occurs,
as shown in Figs. 5.5¢ and 5.5d. As can be seen, the GGB probe excites the
same modes as the CM probe but the coupled energy is lower by a linear
factor of two. The EM field distribution at 330 GHz is shown in Figs. 5.5¢
and 5.5f where various resonances and strong coupling to adjacent standards
can be observed. Again, the energy coupled to parasitic modes and adjacent
structures is lower in case of the GGB probe. Generally, the CM probe
couples more energy into parasitic modes, which radiate at the edges of the
MMIC and below the RF probe. Another reason for distortions is especially
visible at 330 GHz, where a significant amount of E-field is coupled into
adjacent calibration standards. In the calibration algorithm this parasitic
coupling and radiation is mistakenly accounted for as transmission line loss
and therefore the accuracy of the calibration degrades. Further deterioration
results from the asymmetry of the geometrical realization of the calibration

standards which results in unequal S-parameter matching coefficients.

5.2 Design of optimized on-wafer
calibration standards

The previous section discussed the characteristics and the parasitic distor-
tions of the existing calibration structure. Using the probe tip EM simu-
lations, it was possible to comprehend the origin of the deviations, which
allows the development of improved on-wafer calibration standards. The
new calibration standards were specifically designed for TRL calibration,
therefore only three standards were necessary, which saves chip area and
cost. The length difference of the transmission lines was chosen to 140 pm,
which meets the TRL length difference criteria in the frequency range from
52.6 to 410.8 GHz. Below 52.6 GHz the spatial extend of the contact pad to
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5.2 Design of optimized on-wafer calibration standards

the reference plane is below 1/40th of a free-space wavelength and there-
fore an ISS calibration with reference planes at the probe tip can be used
with only minor influence to the measurement results. The reflect standard
was realized with a shorted CPW transmission line, which represents a more
defined reflection compared to an open end. Furthermore, the optimized cal-
ibration standards were designed fully symmetrical to avoid any asymmetric
distortions of the standards. The influence of different on-chip environments
surrounding the calibration standards was investigated as well as the influ-
ence of the geometrical length and spacing of the standards. The following
investigations were carried out using the CM probe model, since this type
of probe showed higher parasitic effects compared to the GGB probe. It is
assumed that a substrate designed to work properly with CM probes, will
also work with GGB probes without parasitic effects.

5.2.1 On-wafer calibration standard environment

After the basic calibration standards were defined, different environments
shown in Fig. 5.6 were investigated. Common to all topologies is the number
and placement of vias directly surrounding the standards, which are intended
to electromagnetically shield the standards from the substrate. The structure
shown in Fig. 5.6a consists only of the standards with minimal extent of the
surrounding metal, which should avoid any parasitic parallel plate modes.
In Fig. 5.6b a closed layer of metal is used to surround the calibration stan-
dards. This is intended to shield the substrate against external coupling.
For the last environment shown in Fig. 5.6c, additional vias were added to
the structure, which are intended to suppress any excited substrate modes.
All structures were EM simulated including RF probe tip models and for
each environment a corresponding TRL error set was calculated based on
the simulation results. The reference planes were chosen in compatibility to

the existing on-wafer calibration standards 150 pm after the pad, resulting
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5 Evaluation and optimization of calibration standards

in line lengths of O um and 140 um for the thru and line standard, respec-
tively. The short standard is directly located at the reference plane and has
therefore no offset delay.

Summarized, the workflow is as follows:

* Design and layout of the on-wafer calibration standards

» Conversion into CST MWS according to section 2.1

 Simulation of the thru, line and short standard with RF probe models
¢ Calculating TRL error set based on the simulations

¢ Correction of the simulation results by the TRL error set

" MET1
BEMETG

HVIA

[ Substrate
--Backside metal

©

Figure 5.6: Investigated variations of the optimized on-wafer calibration standards (a) no
surrounding top metal (b) surrounding top metal (c¢) surrounding top metal with
additional vias.
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5.2 Design of optimized on-wafer calibration standards

In addition to the on-wafer calibrated EM simulation results using the probe
tips, the standards were also simulated using internal WG ports. For the line
standard simulation the WG port was placed directly at the reference plane.
However, using the same location for the short standard would result in zero
distance between port and the actual short location. Since this would result
in inaccurate EM simulation the WG port was shifted back by 25 um and
then de-embedded by the same distance.

The results of the on-wafer calibrated standards for the different environ-
ments are shown in Fig.5.7. The calibrated thru standard is not shown due
to the fact that after calibration this appears as a perfectly matched line with
zero length and zero loss. The simulation results using the internal waveg-
uide ports do not depend on the environment of the standards, therefore only
one internal WG simulation is shown. Evaluation of the transmission coef-
ficient S>; in Fig.5.7a shows that without the closed metal surface small
resonances in Sp; of the line standard are visible in the frequency range
up to 250 GHz. Towards higher frequencies the distortions increase with a

maximum loss at 300 GHz.

—F— No surrounding metal —o&— Surrounding metal
—<4— Surrounding metal + vias —— internal WG

200 250
Frequency (GHz)

(@) [Sa1| line (b) Sy1 short

Figure 5.7: EM simulated influence of different environments on the characteristics of the
optimized on-wafer calibration standards.
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The simulation results of the closed surface show that without the additional
vias several parasitic resonances occur in the WR3 frequency range, again
with a maximum loss around 300 GHz but not as severe. The use of addi-
tional vias results in a smooth behaviour, which is very close to the ideal
result of the internal WG up to 250 GHz. Above 250 GHz the EM probe
tip simulated line standard also shows an increasing loss with a maximum
around 300 GHz.

The peak loss around 300 GHz is common to all investigated environments.
The origin of this will be investigated in more detail in section 5.2.2 and
5.2.3. Analysing the results of the reflection coefficient Sj; of the short
standard shows that without additional vias several resonances occur in the
WR3 frequency range. The use of vias partially suppresses these resonances
and smooths the response of Si;, as can be seen in Fig.5.7b. But even
with additional vias, the short standard shows a slightly positive reflection
coefficient up to 240 GHz, which is unphysical and an indicator of small
remaining parasitic effects of the calibration standards. Generally, the use
of additional vias results in the most promising behaviour of the different

environments and was therefore chosen for the following investigations.

5.2.2 Influence of spacing and length of the standards

Following the investigations on the surrounding environment, the influence
of the geometrical length and spacing of the standards was evaluated. The
geometrical parameters are shown in Fig. 5.6 and involve the length exten-
sion e of the standards and the spacing s between adjacent standards. Two
parameter sweeps, one with a fixed length e = 100 um and one with a fixed
spacing s = 310 um were performed. The values of the parameter sweeps
are given in Table 5.1. For the investigations, the calibration structures with
different spacing s and length e were layouted and converted into the EM

simulation. The three standards thru, line and short were excited using the
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5.2 Design of optimized on-wafer calibration standards

CM probe tip model and the simulation results were first used to calculate a
TRL error set and then to correct the corresponding simulations.

Table 5.1: Investigated length extension e and spacing s parameter variations.

Set 1 Set 2
e (um) s (um) e(um) s (um)
100 200 100 310
100 310 200 310
100 410 350 310
600 310

The calibrated simulation results of the line and short standard for vary-
ing spacing s are shown in Fig.5.8. Generally, in the specified frequency
range the behaviour of the transmission coefficient S>; of the line standard
is not significantly influenced by the spacing, as shown in Fig.5.8a. Up
to 250 GHz, the results follow the internal WG simulation closely. Since
the peak loss around 300 GHz shows only minor dependency on the spac-
ing between the standards, it is concluded that this behaviour is not caused
by coupling to adjacent standards. The calibrated simulation results of the
short standard are shown in Fig. 5.8b and also show only little influence of
the spacing s.

Since the calibration structure shows only little dependency on the spacing
of the standards, the next step was to verify the dependency of the length
of the standards. To do so, the transmission lines and the reflect standard
were extended to various lengths, which are given in Table 5.1. The length
of the line standard was kept 140 um longer than the thru standard and the
reflect standard was kept at half the length of the corresponding thru stan-
dard. Using the simulation results, corresponding TRL calibrations were
calculated for each sweep step with the reference plane at the center of the

thru standard.
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Figure 5.8: EM simulated comparison of different spacings between the standards of the
optimized calibration structure (a) line (b) short.
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Figure 5.9: EM simulated comparison of different lengths of the standards of the optimized
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The calibrated simulation results are shown in Fig.5.9. When increasing
the length of the standards, the local minimum in S;, which until now was
observed around 300 GHz moves to lower frequencies and an overlaying
oscillation appears, as shown in Fig.5.9a. Towards the maximum inves-
tigated extension e = 600 um, the magnitude of the overlaying oscillation
decreases, which indicates that the distortions depend on coupling between
the probes either directly over the air or through the substrate. Similar
effects can be observed in the reflection coefficient of the short standard
shown in Fig. 5.9b. Towards higher extensions e the area in the Smith chart
concentrates, which results in a better fit to the internal WG simulation.
However, despite the extension of the standard lengths up to e = 600 um,
which besides would require an extensive amount of chip area, neither the
line nor the short standard are in good agreement to the internal waveguide

simulation. This diminishes the use of this approach.

5.2.3 Crosstalk analysis of optimized
calibration standards

As presented in the previous section neither increasing the vertical spacing
nor increasing the length of the calibration standards results in a good
agreement to the expected characteristics. In order to investigate the origin
of the deviations, additional simulations were carried out using the spacing
s = 310 um and extension ¢ = 100 um. The decreasing deviations towards
larger extension e indicate that the deviations are caused by RF probe
crosstalk. Therefore, different scenarios were simulated to suppress this
crosstalk. In the first simulation setup a thin sheet of absorbing material
was inserted in-between the two RF probe models to minimize the direct
crosstalk. As can be seen in the simulation results shown in Fig. 5.10, this
approach lowers the deviations from the results obtained by the internal
WG simulations. However, due to geometrical constraints the absorber is

not able to fully suppress the direct probe crosstalk. Furthermore, due to
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the vicinity of the absorptive sheet to the RF probes, a direct interaction
is observable, which will distort the calibration accuracy if the absorber
is removed and an actual DUT is contacted. For further verification, the
EM simulation model of the calibration standards were modified. A WG
port was added at the center of the structure, i.e. two simulations were
performed one for the left part and one for the right part of the calibration
standard. After the simulation was done the two individual simulations were
concatenated and calibrated (denoted as split + merge). Since the WG port
placed at the center does only consider energy present in a CPW mode, this
approach does not take into account any other propagating fields. As shown
in Fig. 5.10, the transmission coefficient of the line standard now results in
a very close match to the internal WG simulation. The reflection coefficient
of the short standard still shows deviations from the expected behaviour,
but compared to the previous simulations the best match is achieved. This
indicates that the distortions are caused by parasitic coupling between the
RF probes. However, it is not possible to suppress the crosstalk successfully
in a real world measurement situation and therefore other techniques for

correcting these errors are required.

—4— Standard —&— Absorber —5— Split + Merge —&— internal WG

S1 (dB)

200 250 300 350
Frequency (GHz)

(a) [Sa| line (b) Sq; short

Figure 5.10: EM simulated comparison of different simulation techniques for analyzing the
local minima around 300 GHz.
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5.2.4 Verification of optimized on-wafer
calibration standards

Since the analysis of the previous chapter showed that the remaining devi-
ations cannot be further suppressed, the calibration structure with a closed
metallic surface and additional vias promised the best achievable perfor-
mance and was therefore manufactured and characterized. A chip photo-
graph of the processed MMIC is shown in Fig. 5.11a.
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Figure 5.11: (a) Microscopic photograph of the manufactured optimized TRL on-wafer cali-
bration structure. The chip size is 1 x 1 mm?. (b), (c) and (d) comparison of the
measured and EM simulated optimized on-wafer calibration standards.
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In Fig.5.11b-d the resulting S-parameters of the calibration standards are
shown after an on-wafer calibration - with reference planes 150 pm behind
the pad - were applied. It can be seen that the measurements closely follow
the predicted behaviour based on the EM simulations.

Evaluating the reflection coefficient S;; of the short standard shows that
using the GGB probe results in a more concentrated behaviour in the Smith
diagram, which is closer to the behaviour predicted by the internal WG sim-
ulation. The measured transmission coefficient S>; shows the predicted min-
imum around 300 GHz when the standards are measured with the CM probe.
In case the standards are contacted with the GGB probe the minimum is less
distinct and shifts up in frequency towards 330 GHz. Similar behaviour can
be seen in the phase of S>; where the CM probe shows small distortions
towards 330 GHz but the GGB probe gives a flat decrease of phase over fre-
quency, as predicted by the internal WG simulation. The lower distortions
of the GGB probe are a direct result of the lower RF probe crosstalk, as
already discussed in section 3.2.

5.3 Conclusions on chapter 5

In this chapter the concept of on-wafer calibration, which promises to dimin-
ish the influence of the RF probe and contact pad, was discussed in detail.
However, the results indicate that even though an advantage compared to
ISS calibrations can be seen, several parasitic effects remain. The analysis
of the existing on-wafer calibration standards showed several resonances in
the frequency range of interest, which distort the calibration accuracy and
therefore the measurement results. By using the RF probe models and EM
simulations, these resonances have been traced back to parasitic modes at
the edge of the MMIC and coupling into adjacent standards. To suppress
these parasitic modes the developed RF probe models were used to design
optimized calibration standards. The optimization of the on-wafer calibra-

tion standards was carried out in several steps. First the on-chip environment
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of the standards was investigated showing that a closed metallic surface with
a large amount of vias leads to the most robust behaviour. Next, it shows that
the majority of the remaining deviations from the ideal behaviour are a result
of the direct crosstalk between the RF probes and cannot simply be resolved
by extending the spacing or length of the standards, within reasonable lim-
its. Therefore, the calibration substrate with a closed metallic surface and a
large amount of vias was chosen for realization and a very good agreement
between simulation and measurement was achieved. Even though the opti-
mized standards show the influence of the crosstalk this can very well be
predicted and methods for correction will be discussed in chapter 6.
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6 Probe influence on
MMIC performance

Up to this point, the influence of the probes was investigated by simple con-
tact pad test structures and ISS calibration standards as well as on-wafer
calibration standards. However, while these DUTs are suited for verifica-
tion of the proposed methods they have no sophisticated functionality and
are therefore of limited use in practical systems. To investigate the influ-
ence on actual system components, a broad variety of different DUTs was
designed, fabricated and characterized. For verification of passive circuit
topologies, i.e. without amplifying circuit elements, three different circuit
topologies were investigated: reflective-type phase shifter (RTPS), single
pole double throw (SPDT) switch and digital phase shifter (DPS). Using
phase shifters as verification devices has the advantage, that not only the
magnitude but also the phase is of interest, which is not considered in most
other system components. The passive nature of these concepts furthermore
results in several dB of insertion loss, which makes these devices sensitive
to the influence of probe crosstalk and therefore ideal for the investigations
of such effects. To investigate amplifying MMICs, two different topologies
were chosen: active power divider (APD) and balanced variable gain ampli-
fier (VGA). For the APD, several test circuits with different pads using
the same core circuit were designed, allowing to analyse the pad dependent
influence on the circuit performance. While the APD is a low gain device,
the designed VGA, realized with the PDK bond-pad, as well as with the opti-
mized bond-pad, has a high gain above 20 dB and is based on a three-stage
cascode amplifier design, completing the range of investigated topologies.
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6 Probe influence on MMIC performance

6.1 Crosstalk influence on the
transmission coefficient

Before actual DUTs are evaluated it is important to investigate how and at
which magnitude parasitic effects will distort the measurement results. As
already discussed, RF probes are prone to excitation of higher order modes,
crosstalk between probes, coupling to adjacent structures, radiation into the
substrate etc. While coupling to adjacent structures and radiation into the
substrate can be minimized by a proper design of the pads and calibration
standards, direct crosstalk between probes remains a challenging issue. One
approach to capture and correct this effect is to account for the crosstalk
during the calibration and correct the resulting errors. While the published
12-term and 16-term [But+91] error models are in principle able to cor-
rect crosstalk between probes, for many applications this rather results in
a degradation than in an improvement of the measurement results accuracy
[Wil+14b]. An obvious reason for the degradation is the change of measure-
ment environment i.e. different substrates for calibration standards and DUT
when calibrating with an ISS. But even if the calibration standards and the
DUT are realized on the same substrate and make use of the same RF pads,
more subtle changes such as a changing distance between the probe tips or
the use of DC probes for bias supply will affect the crosstalk behaviour. To
comprehend these effects, the EM simulation of MMICs including probe
tip models allows to investigate the electric fields and S-parameters at ref-
erence planes which are not accessible in measurements. This technique
allows new insights into the internal behaviour of the circuits and enables
the crosstalk correction for arbitrary combinations of DUT and measure-

ment environment [Miil+18a].
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6.1 Crosstalk influence on the transmission coefficient

6.1.1 Crosstalk model and influence

For evaluating the crosstalk influence on the DUT, the approach of the two-
tier interior crosstalk model, which was presented in [Wil+14b] was utilized.
The adapted model, showing the corresponding elements of the crosstalk
matrix C is shown in Fig. 6.1.

The concept requires that the VNA is first calibrated with a 7-term cali-
bration procedure without crosstalk correction such as the TRL or LRRM
method. This so called base calibration is performed by the error terms E;
and Ej, as shown in Fig. 6.1 and corrects the results to the preselected refer-
ence plane. The crosstalk behaviour is modelled by a intermediary four-port
matrix, which matrix elements inherit several simplifications resulting due
to the base calibration.

Port 1 to port 3 and port 2 to port 4 are connected transparently (i.e. Cj; =
C22 = C33 = C44 =0 and C13 = C31 = C24 = C42 = 1). Furthermore, due
to the base calibration, the crosstalk terms are reciprocal (i.e. Cj» = Coy,
C34 = Cy3, C14 = C41 and Crz = C3p) [Wil+14b].
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Figure 6.1: Two tier interior crosstalk model used for analyzing the crosstalk [Miil+18a].
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Analysing the signal flow graph in Fig.6.1 and neglecting signal terms
with multiple reflections, which is a valid assumption due to usually very
low magnitude levels, the measured S-parameter transmission coefficient
defined as
bl
Shy =2 (6.1)

/
a _
1 lah=0

results in
Sh1 =821+ Ca1 4+ Ca3S11 + C41522 + Ca3S11522. (6.2)

8%, represents the crosstalk distorted output signal as measured by the VNA
and S»; represents the crosstalk-free behaviour of the DUT. For a practical
circuit, which is fairly matched (6.2) is simplified and the influence on S,
is dominated by the direct crosstalk C; between the RF probes:

Shy = Sa1 +Cap = |Sa1]e/ P! 4 |Coy €791 (6.3)

|S21| and ¢ represent the magnitude and phase of S»; and |Cy1| and ¢, the
magnitude and phase of the crosstalk matrix element C,1, respectively. The
deviation E| to the crosstalk free signal S»; is given by
!
Ey = S _ 1+ 4|C21‘ej(¢21*¢21)_ (6.4)
Sa1 |1S21]

Equation (6.4) shows that the deviation introduced by the crosstalk depends
on the magnitude ratio |Cy;|/|S21| and the phase difference ¢»; — @2
between S»; and C1. The maximum magnitude deviation of (6.4) occurs, if
the DUT transmission coefficient Sp; and the crosstalk coefficient Cp; are

either in phase or 180° out of phase, i.e.

021 — @1 = nmw withn={0;1;2;...} (6.5)
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Inserting (6.5) in (6.4) results in the maximum magnitude deviation |Ez| |max
of the transmission coefficient S;;:
G
‘EZI |max =1 u (66)
|S21
Similar considerations can be carried out for the phase deviation introduced
by the crosstalk signal. Evaluating the argument of (6.4) gives the corre-

sponding relation between ¢, and ¢,; for maximum phase deviation:

$21 — @21 = (2n+ 1) +cos™! <||§21||> (6.7)
21

Using (6.4) with (6.7) results in the maximum phase deviation:

_ |Co1 |
arg(E =tan ! [ —=2 (6.8)
g( 21)max < /7|521|2*|C21|2

Fig. 6.2 evaluates the maximum magnitude and phase error given by (6.6)
and (6.8) for different signal and crosstalk magnitudes e.g. a DUT trans-
mission magnitude of —10dB and a crosstalk magnitude of —30dB will
result in a maximum magnitude and phase error of 0.81 dB and 5° in the
measured signal. As can be seen, the crosstalk is primarily affecting lossy
devices while showing only minor influence on high gain devices such as

amplifiers.

6.1.2 Crosstalk of RF probes

To estimate the probe crosstalk, the magnitude of Sy; at RF probe tip dis-
tances d of 100, 500 and 1000 um and on different substrates was measured.
Additionally, the crosstalk was also verified by EM simulations using the
CM probe model presented in chapter 3. The simulation results were cor-
rected by an ISS TRL error set with reference planes at the probe tip. A
ruler embedded on the ISS was used to adjust the distance between the
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6 Probe influence on MMIC performance

probes. To measure the crosstalk in air, the probes were raised several mm
above the underlying substrate to neglect the substrate influence. The mea-
sured and simulated results are shown in Fig. 6.3a. As expected the crosstalk
increases with increasing frequency and decreases with increasing distance.
At a distance of 100 um the crosstalk is below —40 dB for frequencies up to
240 GHz and increases to —25 dB at 330 GHz.
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Figure 6.2: Magnitude and phase of crosstalk distortion E»; of an arbitrary signal [Miil+18a].

For measuring the crosstalk on alumina, the ISS substrate with a thickness of
254 um was used. In order to suppress possible substrate modes the ISS was
placed on an millimeter-wave absorber, as recommended by the manufac-
turer. The behaviour of the measured and simulated results is similar to the
crosstalk in air and the results are shown in Fig. 6.3b. The crosstalk char-
acteristics on metal differs significantly to previous results, see Fig. 6.3c.
At frequencies around 200 GHz a crosstalk of —25dB is observed while
decreasing towards higher frequencies. These results clearly show that,
depending on the environment, significant crosstalk between both probes

occurs, which can influence the measured behaviour of calibration standards
and DUTs.
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6.1 Crosstalk influence on the transmission coefficient
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Figure 6.3: Measured (dotted) and simulated (solid) crosstalk using CM probes at different
probe distances and on different substrates [Miil+18a].

6.1.3 Crosstalk correction

The magnitude and phase of the crosstalk depend on various conditions
of the measurement environment, e.g. the probe distance which in turn is
dependent on the chip size, the type of RF probe used for the measurement,
DC probes or bond wires required for biasing of the circuit, the support
material on which the DUT is placed, etc. Based on error term models
used for the 15-term calibration, an enhanced model was developed, which
allows the crosstalk correction with respect to the measurement environ-
ment. As can be seen in Fig. 6.4 the DUT is split into a core DUT two-port
embedded into a four port accounting for crosstalk and probe to pad inter-

connect effects. To calibrate the measurement system between the VNA
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6 Probe influence on MMIC performance

and the probe tips, a 7-term calibration is used represented by the two error

two-ports E| and E,.

DUT core + Pads + Crosstalk

DUT core

i j
! i
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a/l Am1! aip S1 by 2 b
L T
' :
' St '
: S22 [
i .
J .
b/l bt by Siz a Eamz blZ
i
Error two-port - ' Error two-port
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Figure 6.4: Crosstalk correction model for a two-port network analyzer.

The measured (S,,) and crosstalk corrected (S.) S-parameters are defined as:

b a S S
ml _ Sm ml ’ Sm _ 11m 12m (69)
bm2 amZ_ SZlm S22m
b a S S
1 =S, 1 ’ S, = 11 12 (610)
by a | S S

The relation between S, and S, can be written using scattering transfer

T-parameters defined according to Fig. 6.4:
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6.1 Crosstalk influence on the transmission coefficient
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Inserting (6.9) and (6.10) in (6.11) and solving for S, results in
Se =Ty —SuTs) - (SuTs —T1) ™! (6.13)

which allows to calculate the crosstalk free behaviour S, of the DUT. In
contrast to the crosstalk analysis of section 6.1.1 neither the reflection coef-
ficients of the four-port E. can be set to zero nor the transmission elements
can be set to unity, which increases the complexity of the analysis. To deter-
mine the values of the four-port E. would require at least five different cal-
ibration standards such as thru, open-open, open-match, match-open and
match-match [But+91]. Furthermore, to achieve accurate results these stan-
dards need to be embedded in the same measurement environment as the
DUT, i.e. using the same substrate and identical pads of the DUT with same
probe distance and DC bias configuration. For MMIC on-wafer measure-
ments this would require six times the chip area of the DUT itself, which
is for almost all applications not practical. However, by setting up an accu-
rate simulation model using EM simulations it is possible to determine the
matrix elements of E., representing the measurement environment with RF
and DC probes as close as possible. Fig. 6.5 shows, by way of example,
the simulation setup of a digital phase shifter. The signal at the input and
output is excited at the coaxial line of the probe tip model and the second
port is placed at the intended reference plane. The simulated S-parameters
are calibrated using simulated error terms based on the same calibration
procedure and standards which are used in the measurement, i.e. depend-

ing on the DUT an ISS or on-wafer calibration. After this calibration the
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6 Probe influence on MMIC performance

remaining part of the calibrated simulation results is equal to the crosstalk

four-port E., which can then be applied to the measurement results as a

two-tier calibration.

/ Reference planes before calibration \

— WG port Reference planes after calibration

===+ Reference plane

Figure 6.5: Practical example of the DUT core area and reference planes used for simulation
of the four-port error matrix E.

6.2 Reflective-type phase shifter

The RTPS is an ideal DUT for evaluation of the proposed EM simulation
methods, since the magnitude as well as the phase behaviour is of inter-
est. A detailed explanation of the RTPS working principle can be found in
appendix C.1.1. Figures of merit (FOM) such as the relative phase shift or
RMS amplitude and phase errors are calculated according to C.1. For the
design of a RTPS it is inevitable to have access to accurate measurements or
models of the used varactor diodes. Therefore, before designing the RTPS,
corresponding varactor test structures were realized using the Fraunhofer
IAF 50 nm technology [Leu+07].
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6.2 Reflective-type phase shifter

6.2.1 Varactor measurements

The test structure for the measurement of the varactors was designed using
the characterization-pads presented in section 4.1. To shift the reference
plane to the varactor diode and precisely extract the device behaviour, an
on-wafer calibration was performed using the PDK calibration standards,
as well as the optimized on-wafer calibration standards of section 5.2. The
measurement results of a 15 um long varactor for both calibrations is shown
in Fig. 6.6 at different varactor voltages V.. As can be seen, the magni-
tude and phase of the reflection coefficient S;; have a smoother response
if the calibration is based on the optimized calibration standards. Close
inspection of the magnitude reveals that the resonances of the PDK calibra-
tion standards, discussed in section 5.1, are directly distorting the reflection

coefficient of the measured varactor data.
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Figure 6.6: On-wafer calibration comparison using PDK (dotted) and optimized (solid) cali-
bration standards for a varactor diode.

6.2.2 RTPS design and measurements

Based on the varactor measurements the design of a RTPS for operation in
the WR3 frequency range was carried out. The goal was to achieve a phase
shift of at least 120° at a center frequency of 240 GHz, with low loss and
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6 Probe influence on MMIC performance

broadband operation in terms of RMS phase and amplitude errors. If suc-
cessfully realized, these specifications would allow to cascade the RTPS into
a three stage design addressing the full 360° phase control range. To investi-
gate the influence of the contact pads, the same circuit core was realized with
two different pad structures. A large pad with a ground to ground spacing of
80 pm and an inner conductor width of 22 pm was used for one realization of
the RTPS. The second design used the PDK measurement-pad presented in
4.1, which should have a much lower influence on the circuit performance.
A microscopic picture of both RTPS MMICs is shown in Fig. 6.7. Due to
the small dimensions and the requirement of DC probes for bias supply the
DUT can only be measured with CM probes. The measurement setup was
calibrated using a TRL calibration based on ISS standards and the reference
planes were shifted to the probe tips.

(b)

Figure 6.7: Microscopic picture of the RTPS with (a) large pads and (b) PDK measurement
pads. The chip size is 0.5 x 0.5 mm?.

Influence of varactor data

Important for the design of a RTPS is the accuracy of the used varactor
models. The evaluation of section 6.2.1 showed a dependency of the varac-

tor data set to the used calibration substrate. To investigate the influence of
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6.2 Reflective-type phase shifter

the different varactor data sets, the measurement results of the RTPS design
utilizing the measurement-pads were compared to EM simulations of the
MMIC using WG excitation as well as simulations including the RF and
DC probe tips.

The results are summarized in Fig. 6.8 for typical phase shifter characteris-
tics such as insertion loss, relative phase shift as well as RMS amplitude and
phase errors. The control voltage V,. of the RTPS was swept from —1V to
0.5V with a step width of 0.1 V. Considering the averaged input reflection
coefficient S1; a very good agreement is observed between measurement
and corresponding RF probe tip simulation. However, there is a large devi-
ation from the matching predicted by the WG simulation. Due to the circuit
topology, the use of differently calibrated varactor data shows only minor
influence on the input reflection coefficient Sy;.

The transmission performance on the other hand shows a direct dependency
on the used calibration. Evaluating the transmission coefficient S»; in
Figs. 6.8b and 6.8c shows several deviations between measurement and
simulation. While the narrow band distortions can be traced back to the res-
onances in the PDK calibration standards, the general difference between
measurement and simulation cannot be explained by these issues. The
decrease in magnitude towards 300 GHz can be attributed to the use of the
measurement-pad as discussed in section 4.1 and is therefore no character-
istic of the RTPS core but of the contact pad. Evaluating the relative phase
shift of S clearly shows the distortions resulting from the PDK calibration
standards. The use of the varactor data acquired with the PDK calibration
standards predicts a too low relative phase shift with several distortions
above 260 GHz. The varactor data based on the optimized calibration
standards predicts a smoother behaviour over the full frequency range and
achieves a better match to the measurement results. The relative phase of
the EM simulations based on WG excitation and RF probe tip models are
in very close agreement, proving that the varactor diodes are successfully

isolated from the influence of the RF probe to pad interconnect.
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Figure 6.8: Measurement and simulation comparison of the RTPS with measurement-pads,
using differently calibrated varactor data.

The deviations of S, also affect the overall CDR loss of the RTPS and the
measured loss is higher than predicted by simulations, as shown in Fig. 6.8d.
Evaluating the broadband characteristics such as the RMS amplitude error
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6.2 Reflective-type phase shifter

in Fig. 6.8e and the RMS phase error in Fig. 6.8f generally shows a good
agreement of the simulations to the measurements although several small
deviations remain. The RMS amplitude error deviates from the simulation
using the varactor data based on the optimized calibration standards and
shows a better fit to the data obtained with the PDK calibration standards.
The RMS phase error on the other hand is very precisely predicted by the
varactor data obtained by the optimized calibration standards and deviates
for the PDK calibration above 260 GHz. Altogether, the simulations based
on varactor data using the optimized calibration standards provide a better

match to the measured results.

Influence of contact pad design

For the evaluation of the contact pad influence on the RTPS circuit perfor-
mance only the varactor data obtained by the optimized calibration standards
was used. Again, the two MMICs were fully EM simulated using WG ports
as well as the RF and DC probe tips. The measurement and simulation
results are summarized in Fig. 6.9. While using the large pads results in an
improved input reflection coefficient S11, this does not improve the trans-
mission coefficient S»1, as shown in Figs. 6.9a and 6.9b. Evaluating S»; in
more detail shows that the use of the large pad results in several resonances
in the WR3 frequency range, deteriorating the magnitude and even the phase
behaviour (Fig. 6.9c) of the RTPS. The overall loss, which is compared in
Fig. 6.9d, is also strongly affected by the different pads. Further deteriora-
tion can be observed by evaluating the RMS amplitude and phase errors in
Figs. 6.9e and 6.9f1, respectively. However, while the EM simulations using
WG excitation fail to predict these effects they can be predicted precisely
by including the RF probe tip models into the simulation. This allows to
predict precisely the actual circuit behaviour and cuts down the number of

necessary design iterations.
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Figure 6.9: Comparison of measured and simulated data of two RTPS using different pads.
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6.3 Digital phase shifter

6.3 Digital phase shifter

The verification of the RF probe crosstalk influence was performed with
a 180° DPS MMIC processed in the Fraunhofer IAF 50 nm technology.
Details on the phase shifter design can be found in appendix C.1.2. A micro-
scopic photograph of the processed MMIC is depicted in Fig. 6.10, addition-

ally showing the on-wafer reference planes.

MB_H__DHU

Figure 6.10: Chip photograph of the 180° DPS MMIC with size of 1.0 x 0.5 mm?. The refer-
ence planes are shown as red dashed lines.

The total chip size is 1.0 x 0.5 mm? and the RF probe tips are placed approx-
imately 550 um apart from each other. Due to the phase shift of 180° in the
phase of the transmission coefficient S»;, the errors predicted by (6.6) and
(6.8) double when evaluating the magnitude and phase imbalance between
both switching states. This makes 180° phase shifters extremely sensitive in
terms of crosstalk, but also an ideal candidate for investigating such effects.
To analyse the crosstalk influence on the used phase shifter, four different
scenarios shown in Fig. 6.11 were investigated. Fig.6.11a shows a 3D EM
model of the DPS MMIC contacted with CM probes on the input and output
pad. For this scenario no DC bias supply is modelled, which is not possible
in an actual measurement. In Fig. 6.11b this scenario is extended by a model
of the DC probes, which is one possibility for bias supply in measurements.
Alternatively, bondwires can be used for bias supply, as shown in Fig. 6.11c.

To verify the crosstalk free behaviour, an additional scenario was simulated
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6 Probe influence on MMIC performance

with signal excitation by WG ports directly at the reference plane of the
on-wafer calibration, see Fig.6.11d. Furthermore, the reference planes for
connecting the transistor models in the post-processing step, are additionally
shown in Fig. 6.11d, but are also used in the other scenarios. All reference
planes are shown as red dotted lines. Simulations verified that in case WG
ports are used for signal excitation, the type of bias supply has no influence
on the simulation results, which indicates that the crosstalk originates solely

from the RF probes.

(a) No bias supply (b) Bias with DC probes

(c) Bias with bondwires (d) Close-up MMIC EM simulation model

Figure 6.11: Overview of the different simulation scenarios for the discrete 180° phase shifter.

For verifying the simulations, the scenarios with DC probe and bondwire
bias supply were realized and measured. The measurement and simulation
results of the different scenarios are shown in Fig. 6.12. Compared to the
simulations including the RF probe tips, the measured results show almost
identical behaviour versus frequency but at a higher mean insertion loss in
S»1 of approximately 1 dB, see Fig. 6.12a. In contrast to the measurements,
as well as the RF probe tip simulations, the WG port simulation shows a flat
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6.3 Digital phase shifter

S»1 response over the full band. A significant difference between measure-
ments and RF probe tip simulations to the WG port simulation can be seen
in the magnitude and phase imbalance between both switching states, shown
in Figs. 6.12b and 6.12c, respectively. While the measurements and simu-
lations using DC probes as bias supply follow the WG simulation closely,
the results based on the bondwire DC supply show up to 0.8dB and 5°
imbalance for the magnitude and phase, respectively. The imbalance is
even higher for the simulation results without any physical DC bias sup-
ply, exceeding 1 dB magnitude and 7° of phase imbalance. These results
clearly show the influence of different scenarios on the occurring crosstalk.
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Figure 6.12: Measured and simulated S,; characteristics of the 180° DPS.
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6.3.1 Crosstalk correction for the digital phase shifter

Using the technique proposed in section 6.1.3, it is possible to correct the
crosstalk which is distorting the accuracy of the measurement results. To
calculate the values of the crosstalk error four-port E., WG ports are placed
at the reference planes and the direct signal path from RF probe to the ref-
erence plane is simulated. After calibrating these results with the corre-
sponding simulated on-wafer calibration error terms, the results represent
the crosstalk matrix E. introduced in section 6.1.3. Evaluating the result-
ing coupling coefficient C»; allows to gain insight in the direct crosstalk
between both RF probes, which is the major crosstalk influence. The results
are shown in Fig. 6.13 in magnitude and phase. The crosstalk of the differ-
ent scenarios is clearly separated with magnitudes between a maximum of
—28 dB without physical bias supply and a minimum of —51 dB with DC
probe bias supply.
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Figure 6.13: Simulated crosstalk C>; magnitude (solid) and phase (dashed) of different DC
bias configurations.

These results indicate that the DC probes suppress direct crosstalk between
the RF probes, which is one of the reasons why calibration algorithms
including crosstalk corrections fail when measuring actual DUTs. Next, the
simulated crosstalk matrix E. was used to correct the measurement results

of the corresponding scenario. This is performed in Fig. 6.14 and shows that
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6.3 Digital phase shifter

the magnitude and phase imbalance of the different scenarios are corrected
to almost identical results, which proves that the different scenarios are
precisely captured by the EM simulations. Furthermore, the corrected
results are in much better agreement to the ideal WG port simulation, which
represents the crosstalk free behaviour of the DUT. As can be seen, the
decrease in the magnitude of S>; towards higher frequencies was not a char-
acteristic of the circuit but caused by the RF probe crosstalk. Furthermore,
the phase deviation from 180° was distorted from the corrected behaviour

up to 7°, depending on the DC bias environment.
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Figure 6.14: Corrected and uncorrected measurements and ideal simulation results of a 180°
discrete phase shifter.
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6.4 Single pole double throw switch

The SPDT switch used by the digital phase shifter of section 6.3 was also
realized as a break-out circuit. The detailed description of the operating
principle and design of the SPDT switch is provided in appendix C.2. A pho-
tograph of the realized MMIC is shown in Fig.6.15. The utilized contact
pads are the measurement-pads presented in section 4.1.2. For the measure-
ments the CM probes were used and the calibration was performed by a
TRL calibration using the ISS calibration standards. The reference plane of

the calibration was shifted to the RF probe tips.

Figure 6.15: Microscopic photograph of the SPDT switch. The chip size is 0.5 x 0.5 mm?.

The measurement and simulation results are summarized in Fig. 6.16. The
left column shows the results if the upper branch of the switch is biased in
the active state, i.e. the signal is passing through. The results for the isolating
state of the upper branch are shown in the right column. As can be seen, the
input reflection coefficient Sy is, to a first order, constant for both switching
states. The small differences between both switching states result from the
on-wafer 50 Q termination, which behaves differently from the termination
of the RF probe at the output contact pad. The output reflection coefficient
S27 behaves as expected with a good matching in the active state and a high
reflection for the isolating state.
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Figure 6.16: Simulation, measurement and corrected measurement results of a SPDT switch.

141



6 Probe influence on MMIC performance

Evaluating the transmission performance shows a maximum measured
insertion loss of 7dB and a maximum isolation of over 50 dB. Comparing
the measured isolation to the simulations using WG ports and RF probe
models indicate that the extremely high isolation of 50 dB is only present if
probe tips are used. This indicates that the high isolation is a parasitic effect
caused by the crosstalk of the RF probes.

To correct this, the same technique presented in section 6.1.3 and already
successfully used in section 6.3 was used to apply a crosstalk correction to
the measurement. The de-embedding data was created by simulating the
MMIC contacted with RF and DC probes. In contrast to the full simulation
of the MMIC there were no WG ports at the interfaces to the transistors.
WG ports were added at the input as well as at the output of the MMIC
at the narrow CPW line, located behind the taper of the contact pad. As
can be seen in Fig. 6.16e the shift of reference plane from the RF probe
tip to the narrow CPW line decreases the insertion loss of the active state
by approximately 1 dB. Furthermore, the corrected measured isolation of
the SPDT switch is now in much better agreement with the WG simulated
results, proving that the high isolation was not an attribute of the MMIC, but
a parasitic effect of the measurement setup and that the real isolation of the
switch is around 30 dB. Furthermore, after crosstalk correction the input and
output matching are also in much better agreement to the simulated values
using WG ports.

6.5 Active power divider

To further verify the EM RF probe simulations and investigate the impact
of different contact pads on an active, amplifying circuit an APD topol-
ogy was chosen for verification [Miil+17b]. A detailed description of the
APD topology can be found in appendix C.3. The used pads were the PDK
characterization-pad, the PDK bond-pad and the TFMS-pad presented in
chapter 4. Since the core circuit uses a CPW environment the TFMS-pad
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6.5 Active power divider

uses an additional TFMS to CPW transition. Microscopic photographs of
the realized MMICs are shown in Fig. 6.17.

For the measurements the CM probes along with a TRL calibration on the
ISS with reference planes at the RF probe tip were used. This allows direct
evaluation of the influence of the different contact pads to the overall perfor-
mance. Furthermore, using the PDK characterization-pad allows perform-
ing of an on-wafer calibration to remove the influence of the RF probe to
pad interconnect and therefore measure the core performance of the APD.
The corresponding EM simulation was set up by placing WG ports at the

reference planes of the on-wafer calibration.

(c) TEMS-pad

Figure 6.17: Microscopic photograph of the active power dividers with different pads. The
chip size is 1.0 x 0.5 mm?.

The measurement and simulation results are summarized in Fig. 6.18. Eval-
uating the input and output reflection coefficient Sy and S>> shows that the

influence of the different contact pads is clearly visible, but an advantage of
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6 Probe influence on MMIC performance

a specific pad cannot be identified, as shown in Figs. 6.18a and 6.18b. How-
ever, the use of the PDK bond-pad leads to two resonances in S>> around
240 GHz and 295 GHz, which are also predicted by the results of the EM
RF probe tip simulation.
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Figure 6.18: Simulation (solid) and measurement (dotted) of the APD with different pads.

On the other hand comparing the transmission coefficient S»;, shown in
Fig. 6.18c, exposes larger deviations between the different pads. Especially
the PDK bond-pad results in a sharp decrease in magnitude above 290 GHz,
which is in good agreement to the investigation of section 4.1 and is a
direct results of the parasitic modes excited in the volume under the pad.
The characterization-pad and the TFMS-pad are in close agreement with
a slightly higher 3-dB bandwidth of the MMIC using the TFMS-pad. As

expected, the on-wafer calibrated results show the lowest loss and highest
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6.6 Balanced variable gain amplifier

3-dB bandwidth. The distortions introduced by the PDK bond-pad are also
visible in the phase of S,; where the resonance is clearly visible around
300 GHz. Despite the varying behaviour of the different contact pads the
simulated behaviour including the RF probe tips accurately predicts the cir-
cuit performance. The remaining deviations, especially in S;;, are mostly

attributed to the limited accuracy of the used transistor models.

6.6 Balanced variable gain amplifier

To verify the EM probe tip simulations with a high gain device, a three stage
balanced VGA was designed, realized and characterized. Since the MMIC
was intended for packaging purposes, specific focus was on investigating the
difference between the PDK bond-pad and the optimized bond-pad. There-
fore, two MMICs were realized using the same circuit core but different

pads. The detailed description of the circuit core design can be found in

appendix C.4

(a) PDK bond-pad (b) Optimized bond-pad

Figure 6.19: Microscopic photograph of the VGA using different pads. The chip size is
1.25 x 0.75 mm?.

Due to the balanced amplifier topology a good input and output matching is
expected. Microscopic pictures of the two MMICs are depicted in Fig. 6.19,
showing that there is only a minor difference between the MMICs regarding
the placement of logos and text. The changes made by the optimized bond-

pad are not visible in the picture since only the number and position of
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6 Probe influence on MMIC performance

the vias are changed, as discussed in section 4.3. An ISS TRL calibrated
measurement setup was used with CM probes and reference planes shifted to
the RF probe tips. For verification, the MMIC was EM simulated with WG
port excitation, as well as simulations including the RF and DC probe tips.

The measurement and simulation results are presented in Fig.6.20. The
input and output reflection coefficients are summarized in Figs. 6.20a and
6.20b and show, that the use of the PDK bond-pad results in a strong devi-
ation from the WG port simulated and generally expected behaviour of a
balanced amplifier. While the measured transmission coefficient is below
—10dB at frequencies around 200 GHz it increases up to —5 dB at 300 GHz.
The use of the optimized bond-pads on the other hand results in a much more
robust electrical behaviour with a reflection below —10dB up to 300 GHz
and only slight deterioration in the output reflection coefficient towards
higher frequencies. The measured gain of the amplifier, shown in Fig. 6.20c,
is also affected by the choice of contact pad. Using the PDK bond-pad
results in a decrease in magnitude and an earlier gain drop towards higher
frequencies. Evaluating the results shows, that the WG simulations give a
good estimation of the transmission coefficient So; but do not accurately
predict the behaviour of the reflection coefficient S;. In terms of S»; phase,
a resonance is visible around 300 GHz for the MMIC using the PDK bond-
pads, which is in agreement with the earlier discussion about the PDK bond-
pad. Generally, it is notable that the phase deviates from the simulations by
up to 100°, which is, considering the good agreement between measure-
ment and simulation of earlier results, a large deviation. It is assumed that
the phase deviation results from inaccurate reference planes of the used tran-
sistor models, which become apparent due to the three-stage design. How-
ever, despite the remaining phase difference, using the optimized bond-pads
results in an electrically robust behaviour. The issue of worsening input
matching towards higher frequencies, which is an unexpected behaviour for

a balanced amplifier, is successfully resolved with the optimized bond-pad.
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—4— Simu. WG/PDK bond-pad Simu. WG/optim. bond-pad
—B— Simu. CM probe/PDK bond-pad —s— Simu. CM probe/optim. bond-pad
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Figure 6.20: Comparison of the performance of the balanced VGA with different bond-pads.

6.7 Conclusions on chapter 6

In this chapter the applicability of EM simulations to complete MMICs
including RF and DC probe tips was investigated. The concept was proven
successfully for passive circuits such as an RTPS, a DPS and an SPDT
switch, as well as active, amplifying circuits such as an APD and a bal-
anced VGA. It has been shown that various effects such as parasitic modes in
contact pads have a strong influence on the measured circuit behaviour. Fur-
thermore, crosstalk between the RF probes distorts the measurement results.
This effect occurs especially for passive devices due to their inherent loss

and therefore low S»; magnitude, even if an on-wafer calibration is utilized.
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6 Probe influence on MMIC performance

Investigations showed that the crosstalk influence cannot be corrected in
the calibration procedure since it is dependent on the measurement envi-
ronment, i.e. there is a dependency on the probe distance and the type of
bias supply used in the measurement setup. However, keeping the parasitic
effects low by choice of electrically robust contact pads, the crosstalk can be
corrected by advanced EM simulations and de-embedding techniques. It is
therefore possible to unveil the true circuit behaviour hidden in a measure-
ment superimposed with parasitic effects. Verification of this approach was
successfully carried out for a SPDT switch and a DPS.
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7 Conclusion and Outlook

To fulfil the demand on high data rates up to several hundred Gigabit/s,
communication systems are pushing into the high mmW and sub-mmW fre-
quency range, where high bandwidths are available. At these frequencies it
often happens that measurements do not confirm the expected results, pre-
dicted by simulations. Many times this is attributed to fabrication tolerances
or inaccurate modelling of the used transistors. However, from the findings
of this work, the conclusion can be drawn that many of the observed devia-
tions are accountable to the influence of the RF probes and the measurement
setup on the DUT performance.

To eliminate the influence of possible fabrication tolerances or any other
unknown influences, the investigations in this work were carried out by
means of EM simulations, which give absolute control over the simulation
boundaries and are perfectly reproducible. RF probe tip models for the EM
simulation are inevitable for carrying out these investigations. The devel-
opment of the EM simulation probe tip models, deduced from two different
commercially available RF probes, was discussed in detail. Furthermore,
precise EM simulation models of the DUT MMICs are required, which
is challenging due to the non-planarized structure of the Fraunhofer IAF
technology. A technique allowing to import such complex non-planarized
MMIC layer stacks to commercially available EM simulation software was

developed and is presented in this work.
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7 Conclusion and Outlook

To prove the RF probe tip influence on the DUT performance, this work
carried out a comprehensive study by evaluating various DUTs of differ-
ent topologies. In order to reproduce the measurement as closely as pos-
sible and to achieve the same reference planes, the EM simulation results
were calibrated using the same calibration procedure used in the measure-
ments. The calibration error terms for the simulation results are based on
simulated calibration standards, which are deduced from the real calibra-
tion standards. To the best of the authors knowledge this is the first time
that such an approach is utilized at mmW frequencies. The deduced probe
tip models were first verified using different calibration standards, achiev-
ing a very good overall prediction of the measured behaviour. After ensur-
ing the validity of the developed models, the existing contact pad structures
were evaluated and several distortions in the frequency range from 200 to
330 GHz were found. These new insights, obtained by the EM simulations
of this work, were used to design several new and optimized contact pad
structures. A distortion free and low loss operation up to frequencies of
330 GHz was achieved by these pads, which can as of now be used for
future MMIC designs. Furthermore, using the EM probe tip simulations,
a new set of electrically robust on-wafer calibration standards was designed,
which improved the accuracy for the parameter extraction of transistor test
structures. In addition to the transmission line test structures and calibra-
tion standards, several MMICs containing passive and active circuits were
used for verification. For these DUTs, a very good agreement between mea-
surement and simulation was also achieved, unveiling effects which could
not be comprehended before this study. The high quality of the developed
RF probe models even precisely reproduces low magnitude levels, such as
crosstalk between RF probes, which allows to investigate measures for cor-
recting the resulting distortions. It has been shown that even with robust
contact pads the occurring crosstalk effects cannot be prevented in on-wafer

measurements at mmW frequencies. However, using an adapted two-tier
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calibration approach it was possible to successfully correct crosstalk dis-
torted measurements based on simulated correction matrices and the true
circuit performance was revealed.

In summary, the techniques and results acquired in this dissertation allow to
precisely predict the measured behaviour of mmW circuits by considering
the RF probe influence for the first time. This is an important increase in the
accuracy of simulating MMICs and builds the foundation for the next level
of MMIC design and optimization, without costly and time consuming trial
and error iterations.

Especially the design of sub-mmW and terahertz circuits will, due to
increasing parasitic effects, require such a considerate verification using
probe models in conjunction with EM simulations before being manufac-
tured. While this study was restricted to GaAs MMICs, the investigated
effects are not restricted to this technology but will also affect silicon-based
MMICs and any other technology operating in the mmW frequency range
and beyond. Furthermore, the presented investigations cannot only be
applied to the design of MMICs but are also a useful tool for designing high
frequency printed circuit boards, which have gained enormous interest in

recent years.
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A Enhanced probe tip
model verification

To further investigate the characteristics of the used RF probes and to verify
the deduced EM simulation probe models, additional simulations and mea-
surements of two different scenarios were carried out. The first scenario
considered calibrating the probe tips on the ISS of a different manufacturer
i.e. to calibrate the CM probes on a GGB calibration substrate and vice
versa. In the second scenario the probes are first calibrated using their cor-

responding ISS and then used to measure the standards on a different ISS.

A.1 Probe calibration on different ISS

The verification of the probe models in section 3.2 showed a good agree-
ment between measurement and simulation of various standards. However,
strictly speaking the results are a combination of the probe tip model and the
calibration substrate model. During development, the probe tip models were
tuned to achieve satisfying results for the corresponding calibration struc-
tures. In this process the models of the calibration standards, were assumed
to be perfectly remodelled by the EM simulation models, due to their simple
layer stack and geometry. However, using this approach it is possible that
potential errors in the probe tip and calibration standard models cancel each
other out and the results appear to be correct but on a false foundation. To
uncouple the development of the probe models and the corresponding ISS,
the RF probe models were verified with the ISS of a different manufacturer,
which was developed separately.
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A Enhanced probe tip model verification

——— Measurement
Probe Tip Simulation

Figure A.1: S;; measurement and simulation of Cascade Microtech ISS138-357 calibration
standards between 200 to 330 GHz contacted with GGB Picoprobes.
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Figure A.2: Measurement (dotted) and simulation (solid) of S, for different Cascade
Microtech ISS138-357 standards contacted with GGB Picoprobes.
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A.1 Probe calibration on different ISS

Furthermore, the calibration on a different ISS allows to investigate if the
resulting characteristics of the calibration standards, such as inductive or
capacitive components, is dependent on the utilized probe or calibration
substrate. The resulting behaviour of the GGB probe calibrated on the
CM ISS138-357 is presented in Figs. A.1 and A.2 for the reflection coef-
ficient Sy; and transmission coefficient Sy;, respectively. Comparing the
behaviour of the reflection coefficient S in Fig. A.1 to the results presented
in Fig. 3.9 shows, that the location of the standards is comparable to the
results of the ISS138-357 when contacted with a CM probe, which suggests
that the resulting characteristics are mainly dependent on the ISS and not on
the used probe. The transmission and crosstalk behaviour of the thru and
line as well as the reflect standards are shown in Fig. A.2. In terms of trans-
mission Sp; of the thru and line standard an offset of up to 1 dB between
measurement and simulation is clearly visible. The measured crosstalk of
the reflect standards follows the simulations at magnitudes around —30 dB.
However, at lower magnitudes larger deviations occur for the open in air
and short standard. The evaluation shows, that the observed deviations are
increased compared to the GGB ISS, suggesting an actual error cancellation
between ISS and probe model. However, the occurring deviations are still
small enough to achieve a good prediction of the DUT characteristics.

To verify the behaviour and the probe tip model of the CM probe the reverse
scenario was used. Therefore, the CM probe was calibrated on a GGB
CS-15 ISS and the standards were evaluated. The results are shown in
Figs. A.3 and A.4 for the reflection coefficient S1; and transmission coef-
ficient Sy, respectively. Again, comparing the reflection coefficients Sy
of Fig. A.3 to the result obtained in Fig.3.11 shows that the location of the
reflection coefficient mainly depends on the utilized calibration substrate
and not on the probe tip. However, an offset of the reflect standards between

measurement and simulation is clearly visible in the Smith diagram.

155



A Enhanced probe tip model verification

Measurement
Probe Tip Simulation

S11 measurement and simulation of GGB CS-15 ISS calibration standards

Figure A.3:
between 200 to 330 GHz contacted with CM probes.
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Figure A.4: Measurement (dotted) and simulation (solid) of S, for different GGB CS-15 ISS
standards contacted with CM probes.
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A.2 Measurement of different ISS

The transmission and crosstalk behaviour of the calibration standards is
depicted in Fig. A.4 and generally shows a good agreement between mea-
surement and simulation results even at low magnitudes. However, it can
be observed that the calibrated CS-15 line standards show a strong decrease
towards 330 GHz starting around 300 GHz when contacted with CM probes,
which does not occur if the GGB probes are used. Comparing the resulting
crosstalk it can be seen that using the CM probe on a CS-15 ISS results in
an increase with maximum crosstalk magnitudes above —20 dB compared
to GGB probes.

A.2 Measurement of different ISS

The last verification step was to first calibrate the used probes with their
corresponding ISS. Following that the standards of a different calibration
substrate were measured, i.e. CM probes with a CM ISS calibration mea-
sured the GGB ISS and vice versa.

Due to the calibration on a different ISS, the thru and line standards can now
also be used for evaluation since they are no longer perfectly matched. The
measurement and simulation results of the GGB CS-15 standards using the
CM probe are shown in Figs. A.5 and A.6, for the input reflection coeffi-
cient Sy and the transmission coefficient S, respectively. As can be seen,
despite certain deviations the agreement between measurement and simula-
tion is very good. The measured characteristics of the thru and line stan-
dard are precisely reproduced with all occurring deviations from the ideal
behaviour. Even the crosstalk magnitude measured for the reflect standards,
which is below —20dB, shows a very good agreement between measure-
ment and simulation.

The measured and simulated verification of CM ISS138-357 calibration
standards using the GGB probe with a GGB ISS calibration is shown in
Figs. A.7 and A.8, for the input reflection coefficient S;; and the transmis-

sion coefficient S, respectively.
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Simulation
------- Measurement

——— Measurement

— Simulation

(a) Overview (b) Detail

Figure A.5: S1; measurement and simulation of GGB CS-15 ISS between 200 to 330 GHz
contacted with CM probes and calibrated on a ISS138-357
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Figure A.6: S>; measurement (dotted) and simulation (solid) of GGB CS-15 ISS contacted
with CM probes calibrated on ISS138-357.
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— Simulation

------- Measurement
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Figure A.7: S1; measurement and simulation of the CM ISS138-357 between 200 to 330 GHz
contacted with GGB probes calibrated on a CS-15 ISS
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Figure A.8: S; measurement (dotted) and simulation (solid) of CM ISS138-357 contacted
with GGB probes calibrated on CS-15 ISS.
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While the simulation and measurement of the line standard are in very good
agreement the thru standard shows deviations in Sp; as well as Sj;. The
crosstalk simulations are in good agreement down to magnitudes of —30 dB
while deviating below. Especially the open in air, which was measured with
crosstalk down to —50dB is predicted by the simulation almost frequency
independent at —35 dB. However, even though the deviations of the GGB
model are larger than for the CM model, the overall agreement between

measurement and simulation is still good.

A.3 Conclusion on appendix A

The comparison of the measurement and simulation results of the different
investigated scenarios yields the conclusion, that the calibrated behaviour
of the calibration standards is mainly dependent on the calibration substrate
and not on the used probe. Furthermore, the measurement of a different ISS
proved the quality of the probe tip models. However, the results indicate that
the CM probe model achieves more accurate results than the GGB probe
model. The assumption that the GGB probe has a lower crosstalk compared

to the CM probe is confirmed by the simulations and measurements.

160



B Contact pad measurements
with GGB probes

B.1 DGS-pad measurement with GGB probes

The simulation and measurement results of the DGS-pad test structure for
different mounting materials when contacted with GGB probes is shown
in Fig.B.1. The input reflection coefficient Sy; is below —10dB up to
300 GHz, independent from the used mounting substrate. While the match-
ing at frequencies around 200 GHz is better compared to the results obtained
by CM probes, the CM probe achieves a matching better than —10dB over
the full frequency range up to 330 GHz. The behaviour of S| in magnitude
and phase is comparable to the CM probe results, with a slightly lower loss
in case the GGB probes are used. Analysing the CDR loss however shows
that the CM probe results have up to 60 % of loss (Fig.4.32d), while the
GGB probe results stay below 40 % of loss. This indicates that the better
matching achieved by the CM probe has no advantage, since it results from

radiation of the incident signal.

B.2 TFMS-pad measurement with GGB probes

The simulation and measurement results of the TFMS-pad test structure
contacted with GGB probes is shown in Fig. B.2. Analogue to the investiga-
tions carried out for the CM probe in section 4.4.3, the test structure was also
additionally simulated with vias for substrate mode suppression. Comparing

the input reflection coefficient S;; in Fig. B.2a indicates that the GGB probe
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has a matching up to —6 dB while the CM probe stays below —10dB. As
can be seen in Fig. B.2b, the simulated magnitude of Sy, if additional vias
are used, is around —2 dB and shows a variation of approximately 0.5 dB
over the specified frequency range. Without the additional vias several res-
onances are clearly visible with distortions up to 2dB. These distortions
are also slightly visible in the phase of S,;, as shown in Fig. B.2c. How-
ever, the CDR loss shown in Fig. B.2 has higher values than that of the CM
probe. This indicates that the better input matching of the CM probe works
as expected and the incident energy is not radiated as for the DGS-pad.
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Figure B.1: Measurement (dashed) and simulation (solid) of the test structures for the DGS-
pad using GGB probes.

162



B.2 TFMS-pad measurement with GGB probes

) )
Z Z
= I
%) )
—B— Without vias
—o&— With vias
200 250 300 350 200 250 300 350
Frequency (GHz) Frequency (GHz)
(a) [S11] (b) [S21]
a
& :
A o
5 4
) .
> 0
200 250 300 350 200 250 300 350
Frequency (GHz) Frequency (GHz)
(c) £82 (d) CDR loss

Figure B.2: Measurement (dashed) and simulation (solid) of the test structures for the TFMS-
pad measured with GGB probes.
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C DUT circuit topologies
and characteristics

C.1 Common phase shifter characteristics

Phase shifters are circuit components, which allow to introduce a control-
lable phase shift to an incident signal. While so-called analogue phase
shifters allow to continuously adjust the phase of the output signal, discrete
phase shifters are restricted to discrete phase steps. Usually discrete phase
shifters are designed to phase shift the output signal in steps of 360° /2K,
with K being the number of cascaded phase shifting stages, so-called bits.
For example: a 4-bit discrete phase shifter is able to phase-shift the output
signal in steps of 22.5°. To control the phase shift, an externally applied
voltage Vi is used. The key characteristic of any phase shifter is the rel-
ative phase shift, which is calculated by referencing the resulting phase of
S»1 for the different control voltages V. to the resulting phase of S for a

fixed control voltage Vg ref-
L821 rel = £821 — £821 ey (C.1D)

Ideally the phase shifter only influences the phase of the applied signal.
In practical realization, however, the output signal is distorted in several
characteristics. Therefore, to characterize and compare the performance of
different phase shifters, several figures of merit (FOM) are used. The mean
magnitude of S, is calculated for each frequency over all the full quantity

N of different control voltages Viyi:
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[S21| = Z:IVZ |21 (C2)
ctrl

For evaluating the broadband characteristics, the RMS phase and amplitude
errors are a common FOM. The RMS phase error is calculated by the
following steps. A vector of the intended frequency response of the phase
shifter is created. In case of a K-bit discrete phase shifter, the intended
response is a constant phase shift over frequency with a step size of
360°/2X. For analogue phase shifters the intended response can be chosen
identical to discrete phase shifters, in case the analogue phase shifter covers
a relative phase shift of 0°-360°. Otherwise equal phase steps between 0°
and the maximum relative phase shift are chosen for the intended response.
The next step is to subtract the different relative phase shift responses from

their intended response for all frequencies, resulting in the raw phase error:

Z821 raw,error = £821 rel — £821 intended (C.3)

While the results of (C.3) could in principle be used for the calculation of
the RMS phase error, this would lead to wrong results, since the chosen
reference state is not the true reference state. To calculate the true reference
state the mean raw phase error is subtracted from the raw phase error, which
is then used to calculate the corrected phase error:

4S21,corr,error = ASZI,raW,error - ZSZI,raw,error (C4)

Finally, the RMS phase error is calculated for each frequency with

1
AS2I,RMS,error = N Z (ASZI,corr,error)2 (C-S)

Vetrl
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C.1 Common phase shifter characteristics

The final step of the calculation of the RMS magnitude error for each fre-

quency is done with

1 _
‘S2I,RMS,err0r| = N Z (|S21| - |S21 ‘)2 (C6)
Veul

Evaluating the RMS errors of a phase shifter gives a detailed insight in the
broadband performance and allows to estimate the deviations to the output

signal.

C.1.1 Reflective-type phase shifter

The circuit design of a RTPS, shown in Fig.C.1 [Miil+14; Miil+17a], is
simple and based on a 90° hybrid coupler, matching networks M and two
identical varactor diodes Z; . Due to the circuit concept, the varactor diodes
are isolated from impedance variations at the input and output, similar to the
working principle of a balanced amplifier. This allows to separately anal-
yse the influence of the probe to pad interconnect and the performance of
the varactor diode. The incoming signal at port 1 is first divided and phase
shifted in the 90° hybrid coupler. In the next step the signals travel through
the matching networks M and get reflected at the varactors. After travel-
ling through the matching network M and coupler again the reflected waves
interfere destructively at the input and constructively at the output of the
phase shifter. The destructive interference results in a good input and output
matching. The relative phase shift is realized by adjusting the control volt-
age of the varactors, which have a voltage dependent capacitance behaviour
and can be addressed between —1.0 V to 0.5 V. For a given varactor diode,
the achievable performance of the RTPS is predominantly dependent on the
design of the matching network M located between coupler and varactor
diode [Miil+18b].
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Figure C.1: Basic circuit schematic of a reflective type phase shifter.

C.1.2 Discrete phase shifter

The simplified schematic of the used phase shifter is shown in Fig. C.2a. The
circuit consists of a single pole double throw (SPDT) switch, which switches
between the two input ports of a distributed transformer (DT) [Pah+15],
acting as a 180° coupler.
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Figure C.2: (a) Simplified schematic of the 180° DPS. (b) EM simulation model of the DT
based balun.

C.2 SPDT switch

The simplified schematic of the SPDT switch is shown in Fig. C.3. The
basic idea of this concept is to switch an incident signal at the transistor
either to ground by biasing the shunt transistors well above pinch-off or to
let the signal pass by pinching-off the transistor. For practical realization in
the Fraunhofer IAF technology the gate voltage can be adjusted in the range
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C.3 Active power divider

from —1.0V to 0.5V. Using two shunt transistors per branch increases
the isolation at the cost of a slightly higher insertion loss in the conducting
state. A shorted transmission line TL is used to compensate for the off-state
capacitance of the shunt transistors [Kal+08]. By the use of a A /4 long line
the short circuit is converted into an open circuit at the common node of
both branches. Therefore, the incident signal at port 1 sees the switched-
off branch as an open circuit and the full signal energy travels along the
conducting branch. Switching the branches in reverse results in a constant
input matching for the common node of port 1. At port 2 the output is well
matched if the branch is used as a conducting path but has a high reflection
when the branch is isolating. For measurement reasons, the third port of the

SPDT switch has to be terminated on-chip with an integrated 50 Q resistor.

O Port 2
—
A R Ed

Port 1

Figure C.3: (a) Schematic view of the SPDT switch.

C.3 Active power divider

The schematic of the APD in Fig. C.4 shows the simplicity of the circuit
topology, consisting only of three transistors. At the input the circuit is
DC-decoupled by a serial capacitor allowing to cascade the APD to mul-

tiple stages with higher power division factors. The first transistor is in
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common source (CS) configuration and matched to the input port by a sim-
ple T-network. At the drain of the CS transistor, the signal is split into two
branches which are each connected to a common gate (CG) transistor. The
gate widths of the CG transistors are chosen to be equal to the half gate
width of the CS transistors. Therefore, the overall current per gate width is
constant for the CG and CS transistors, resulting in the same biasing point.
The CG transistors are matched to the output port by a second T-network and
DC-decoupled with a serial capacitor. The applied drain voltage in the mea-
surements was set to 2.1V and a drain current of 450 mA/mm was set by
adjusting the gate source voltage of the transistors. To investigate the influ-
ence of different contact pads three MMICs were realized with the same

APD core but different pad structures.

i

—o Out;

In o—]
|—° Outy

Figure C.4: Schematic of the active power divider core.
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The amplifier itself is carried out as a balanced amplifier using a broadband
Lange coupler for signal splitting and combining, as shown in Fig. C.5. The
two amplifying branches are chosen identical, which is essential for a bal-
anced amplifier topology. Due to the identical branches the reflected sig-
nals at the individual branches cancel each other out after combined in the
coupler, which ideally results in a perfect matching of the overall circuit.
Each of the branches consists of three individual amplifying stages, which
are realized in a cascode transistor configuration [Die+13]. The detailed
schematic of an individual branch is shown in Fig. C.6. In order to adjust
the gain of the amplifier the gate-source voltage of the CS and CG transistor
are adjusted, leading to a change of transconductance g,,. In order to ensure
identical bias points for the CS and CG transistor, the CG gate-source volt-
age is shifted by half of the drain voltage Ve ce = Vgs.cs + Vpp /2. The drain
voltage of the cascode was chosen to 2 V with a maximum current density
of 450 mA /mm.

Lange VGA Lange

Coupler Coupler
:: Ay‘y‘y X O Out
InO /[[& Av‘v‘v =:

Figure C.5: Simplified schematic of the VGA [Miil+17c].

2x13.5 um

Figure C.6: Detailed schematic of an individual branch of the VGA [Miil+17c].
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