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Summary
Low-Loss mm-Wave Transitions between

Integrated Circuits and Antennas

Nowadays cars are fitted with features like adaptive cruise control, lane change
assist, autonomous parking etc. The car needs to be able to look around to be able
to fulfill these tasks. Radar is used by the car to detect surrounding objects. Radar
modules are fitted around the car, enabling a full view around the car. Currently,
the frequency band from 76GHz to 81GHz is appointed for automotive radar. The
wavelength at these frequencies is in the order of 4mm, which provides multiple
challenges. First of all, the manufacturing tolerance of, for instance solder balls,
makes it difficult to have a controlled impedance of the transition from integrated
circuit (IC) to antenna. Also the losses of transmission line are significant at these
frequencies. Hence a solution is needed to reduce the losses. This solution has to
cover more than the designated frequency band to allow for a shifted resonance
frequency due to manufacturing tolerances. Also there needs to be a high isolation
between the different channels of a single IC for the radar concept to work. Next
to these challenges the cost of a radar module needs to be low, the module needs
to be manufacturable, the module has to be small, the module should provide good
thermal conduction from the package to the printed-circuit board (PCB) and the
transition should have the flexibility to connect different antenna configurations.

This dissertation will present solutions to overcome these challenges. The first
solution is to replace the traditional solder-balls with inductive near-field coupled
loops. This method prevents the signals from being reflected by large and not
accurately formed solder balls. The maximum achievable coupling, bandwidth and
isolation are studied as function of distance between the loops. From the provided
figures an optimal design can be derived. Although near-field coupled loops can
improve the performance of the antenna integration, it is not a big improvement
since long microstrip transmission lines are still needed. Waveguides are known for
their low losses per unit length. Hence integrating waveguide excitations directly
into the package provides a very promising solution for reducing the losses while
maintaining the freedom of antenna design for customers.

The second method which will be presented in this thesis uses a standard QFN
package which uses bond wires for the low-frequency signals. But the package
is customized allowing the high frequency signals to be coupled to waveguides
which can be glued on top of the package. The signals are coupled from the die
to the top of the package with “Through Polymer Vias”. On top of the package a
microstrip line can be printed which uses the bottom of the waveguides as ground
plane this works because the bottom is closed. In the bottom a slot is integrated

vii



viii Summary

which couples the energy from the microstrip line to the waveguide. Experimental
results from a frequency-scaled prototype will be presented. One of the challenges
of this solution is to get as much power as possible from the microstrip line into the
waveguide. The input impedance of the waveguide needs to be lowered to pull the
power into the waveguide. Multiple solutions for that problem are presented. The
first solution uses a quarter-wave transformer formed by a block of high-permittivity
dielectric in the waveguide. This provides good performance in combination with
a cavity integrated in the package. The second solution uses a series of irises in
the waveguide. The input impedance of the waveguide can be gradually reduced
by accurately modeling and optimizing the series of irises. This solution provides a
better bandwidth, but is difficult to manufacture since the required manufacturing
tolerances are tight.

This thesis will show that the integration of waveguides in an IC package is
very promising in improving car-radar performance. The simulated losses are close
to 0.7 dB, which is a significant improvement over the current systems, e.g. from
NXP [1]. Also the isolation is high (more than 30 dB) and it is estimated that the
manufacturing cost of the package is low since an adapted standard package is
used.



Samenvatting

Tegenwoordig worden auto’s uitgerust met functies als adaptive cruise control, lane
change assist, autonoom parkeren etc. Om deze functies uit te voeren moet de auto
in staat zijn om om zich heen te kijken. Om objecten in de omgeving te detecteren,
wordt radar gebruikt. Op verschillende plekken op de auto worden radar modules
gemonteerd zodat er een volledig beeld van rond de auto verkregen kan worden.
Tegenwoordig wordt de frequentie band van 76GHz tot 81GHz gebruikt voor au-
tomotive radar. De golflengte op deze frequenties is ongeveer 4mm, wat verschil-
lende uitdagingen met zich mee brengt. Allereerst maakt de productie tollerantie
van onder andere solder balls het moeilijk om de impedantie van de transitie van
integrated circuit (IC) naar antenna te controleren. Ten tweede zijn de verliezen
van de transmissielijn significant op deze frequenties. Daarom is er een oplossing
nodig om de verliezen te verminderen. Deze oplossing moet werken in een breder
bereik dan de aangewezen frequentieband om verschuiving van de resonantie door
productietolleranties te ondervangen. Er moet ook een hoge isolatie tussen de ver-
schillende kanalen van een IC zijn om het radar concept te laten werken. Naast
deze uitdagingen moeten de kosten van een radar module laag zijn, moet de mo-
dule klein zijn, moet de module goede thermische geleiding van de IC package naar
het printed-cicuit-bord (PCB) mogelijk maken en moet de transitie flexibel genoeg
zijn om er verschillende antenne configuraties op aan te sluiten.

Dit proefschrift zal oplossingen presenteren die deze uitdagingen oplost. De
eerste oplossing is het vervangen van de traditionele solder-balls met inductieve
near-field gekoppelde loops. Deze methode voorkomt dat de signalen worden ge-
reflecteerd door grote en niet nauwkeurig gevormde solder-balls. De maximale
koppeling, bandbreedte en isolatie worden bestudeerd als functie van de afstand
tussen de loops. Een optimaal ontwerp kan afgeleid worden van de gepresenteerde
figuren. De near-field gekoppelde loops kunnen de prestaties van antenne integra-
tie verbeteren, maar een heel grote verbetering kan niet verkregen worden omdat
de microstrip lijnen die de antenne voeden nog steeds nodig zijn. Golfpijpen staan
bekend om de lage verliezen per lengte eenheid, daarom vormt het direct integre-
ren van golfpijpen in de IC package een veelbelovende oplossing om de verliezen
te verminderen. Daarbij wordt de vrijheid om verschillende antennes aan te sluiten
behouden.

De tweede gepresenteerde methode in dit proefschrift gebruikt een standaard
QFN package welke gebruik maakt van bond wires voor alle signalen op lage fre-
quenties. Dit package wordt aangepast zodat de hoog-frequente signalen gekop-
peld kunnen worden naar golfpijpen. De golfpijpen kunnen bovenop de package
gelijmd worden. De signalen worden gekoppeld vanaf het silicium naar de bo-
venkant van de package door gebruik te maken van ”Through Polymer Vias”. Op
de bovenkant van de package kan een microstrip lijn geprint worden die gebruik
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maakt van de bodem van de golfpijp als grondvlak wat mogelijk is omdat de bo-
dem van de golfpijp is afgesloten. In de bodem is een sleuf geïntegreerd waarmee
de energie van de microstrip lijn in de golfpijp gekoppeld wordt. Er zullen hievan
ook meetresultaten gepresenteerd worden van een frequentie geschaald prototype.
Één van de uitdagingen van deze oplossing is om zoveel mogelijk vermogen van de
microstrip lijn in de golfpijp te krijgen. De ingangs impedantie van de golfpijp moet
verlaagd worden om zoveel mogelijk vermogen in de golfpijp te krijgen. Hiervoor
worden verschillende oplossingen gepresenteerd. De eerste oplossing gebruikt een
kwart-golflengte transformator die wordt gevormd door een dielectricum met een
hoge permittiviteit. Dit geeft goede prestaties in combinatie met een holte die ge-
ïntegreerd is in de package. De tweede oplsosing gebruikt een serie irissen in de
golfpijp. De ingangs impedantie van de golfpijp kan geleidelijk gereduceerd worden
door de serie irissen nauwkeurig te modeleren en optimaliseren. Dit geeft een be-
tere bandbreedte, maar is moeilijk om te prodcueren omdat de benodigde productie
tolleranties klein zijn.

Dit proefschrift toont aan dat de integratie van golfpijpen in een IC package
veelbelovend is om de prestaties van automotive radar te verbeteren. De gesi-
muleerde verliezen zijn ongeveer 0.7 dB, wat een significante verbetering is ten op
zichte van huidige systemen, bijvoorbeeld die van NXP [1]. Ook is de isolatie hoog
(meer dan 30 dB) en er wordt geschat dat productie kosten van de package laag
zijn omdat een aanpassing op een standaard package wordt gebruikt.

References
[1] S. Geluk and A. de Graauw, -, personal communication.
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2 1. Introduction

1.1. mm-Wave systems
Until 1990, the use of advanced wireless technology was mostly limited to military
applications, but the amount of commercial application areas has vastly expanded
in the past two decades. Nowadays an exponentially-growing number of systems
are powered by wireless technology. WiFi is regarded as indispensable in most
households, but there is more. Just looking at our daily lives already shows many
other applications of wireless technology that have been introduced in the past
decades. We have depicted a few wireless products in Fig. 1.1 which many people
use in their daily lives: We are navigating with our smartphones, working with
laptops and WiFi access points are installed everywhere. But there is more, we are
unlocking our cars with wireless keys; the household electricity usage is reported
back wirelessly to the electricity company and we open our office doors with an
RFID badge.

But our needs for wireless technology is still growing. Every year new appli-
cations are being introduced. In the near future we will be able to monitor our
refrigerator with our smartphones; cars will be able to communicate with the traf-
fic lights and many more applications are imaginable. But the required data rates
for existing applications are growing as well. In the past, we were satisfied when
we could download an email without images on our phone, nowadays we want to
watch high resolutions movies.

The increase in data rates and the need for new applications requires more
bandwidth for wireless systems [1, 2]. The availability of bandwidth at lower oper-
ating frequencies is limited and well regulated. Many regions have strict regulations
which assigns specific bandwidths for specific applications. Sometimes the band-
width is auctioned off by the government at high prices. Hence, there is a push for
new technologies like 5G, WiGig and car-radar to use mm-wave frequencies, where

Figure 1.1: Application of wireless technology which we use in our daily lives.
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more bandwidth is available. Operation at those frequencies has the advantage
that it is possible to miniaturize the antennas, allowing for more antennas to be
fitted to a single device. However the increase in frequency also comes at a price.
The losses are increasing, a small antenna captures less power since its effective
area is smaller, and controlling the manufacturing tolerances is becoming harder
which usually results in higher manufacturing costs.

Designing and manufacturing a wireless product using mm-wave frequencies
has many challenges. Designing a complete wireless product requires many people
with many different skills. To create a wireless product, one not only has to design
an antenna, but one has also to take into account the complete signal chain. Signal
modulation, error coding, signal generation, amplification are just a few of the topics
which need to be addressed. Another important topic at mm-wave frequencies is
the interconnection from an integrated circuit (IC) to the antenna, which we will
call (antenna) transition in this thesis. This part of the transmit and receive chain
is often implemented by a standard transmission line, but these transmission lines
are usually lossy, and many of the manufacturing processes currently in use do not
allow for miniaturization. For instance conventional bondwires, which are used to
transport signals from an IC die to the outside of the package, are too big for use at
mm-wave frequencies. With careful design usage of bondwires is possible [3], but
the performance remain limited. Hence designing the transition from an IC to an
antenna has become a major challenge in wireless product design. This challenge
is even bigger considering that many modern products are not only using a single
transmit and receive channel, but a multitude of them. This thesis will give insight
into the challenges that we face when designing these transitions. In addition, we
will introduce a new concept in which the losses of the transition have been reduced
significantly compared to conventional concepts.

1.2. Organization and original contribution of the
thesis

We will start with showing the important specifications for transition design in chap-
ter 2. In this chapter, we will also evaluate existing transitions known from litera-
ture. In chapter 3 we will show what performance is expected for near-field coupled
loops, enabling us to evaluate whether that type of coupling is a solution for mm-
wave antenna transitions. In chapter 4 a novel waveguide launcher is introduced
which can meet the required design specifications and hence contains the most
design related information. Our solution requires us to lower the input impedance
of the waveguide. Chapter 4 uses a quarter-wave transformer to that end, but an-
other technique using concatenated irises is shown in chapter 5. Conclusions are
drawn in chapter 6.

The work that is presented in this thesis contains the following original contri-
butions:

• List of both technical and commercial design targets for antenna transition
design, see chapter 2.
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• Maximum achievable bandwidth, losses, and isolation of circular near-field
coupled loops is given, see chapter 3.

• Use of slot coupling to integrate multiple waveguides in an IC package, see
chapter 4.

• It is shown that it is possible to integrate the waveguide launchers in a stan-
dard package, see chapter 4.

• It is shown that a cavity can be integrated in the package to reduce spurious
radiation, see chapter 4.

• Expressions given in [4] to model an iris in a waveguide are corrected, see
chapter 5.

• Model for a single iris is extended for multiple irises placed together, see
chapter 5.

• An optimization procedure is developed to optimize iris dimensions to lower
the input impedance of a waveguide over a large bandwidth, see chapter 5.

The contributions from the following chapters have been submitted for publish-
ing:

• Chapter 3 is submitted to PIER Letters.

• A patent application [5] has been filed for chapter 4 and it will be submitted
to Transactions on Antennas and Propagation.

• Chapter 5 is submitted to Transaction on Microwave Theory and Techniques.

References
[1] J. Powell and D. Bannister, Business prospects for commercial mm-wave MMICs,

IEEE Microwave Magazine 6, 34 (2005).

[2] P. Smulders, Exploiting the 60 GHz band for local wireless multimedia ac-
cess: prospects and future directions, IEEE Communications Magazine 40, 140
(2002).

[3] B. Adela, P. van Zeijl, and A. Smolders, Bondwire impedance compensation
using a series transmission line section, in 2016 10th European Conference on
Antennas and Propagation (EuCAP) (IEEE, 2016) pp. 1–4.

[4] R. Ziolkowski and J. Grant, Vortex Formation Near an Iris in a Rectangular
Waveguide, IEEE Transactions on Microwave Theory and Techniques 34, 1164
(1986).

[5] A. J. M. de Graauw, A. H. J. Kamphuis, and S. J. Geluk, Apparatuses and
methods for coupling a waveguide structure to an integrated circuit package,
(2019).

http://dx.doi.org/ 10.1109/MMW.2005.1580321
http://dx.doi.org/10.1109/35.978061
http://dx.doi.org/10.1109/35.978061
http://dx.doi.org/10.1109/EuCAP.2016.7481607
http://dx.doi.org/10.1109/EuCAP.2016.7481607
http://dx.doi.org/ 10.1109/TMTT.1986.1133514
http://dx.doi.org/ 10.1109/TMTT.1986.1133514


2
System requirements

5



2

6 2. System requirements

2.1. Car radar
Challenges and possibilities for integrating antennas with integrated circuits (IC) are
mostly dependent on operating frequency. Antennas are scalable with wavelength
[1], but an IC usually does not scale with wavelength. This means that the relative
size of an antenna compared to an IC changes based on the selection of the oper-
ating frequency. Hence it is important to know the intended operating frequency
when determining the possible solution strategies. The intended application mostly
determines the operating frequency, but the same solution might be valuable for
different applications if their operating frequency is close to the frequency of the
original intended application.

However, some of the considerations are only based upon the required applica-
tion. For instance, the requirements for cost and reliability for a military application
are different from consumer electronics. Hence, we would like to introduce our
intended application before explaining the domain specific challenges and specifi-
cations. Our target application is car radar for advanced driver-assistance systems.
A graphic representation of the basic functioning of a radar system is shown in
Fig. 2.1. The transmitter (TX) is transmitting a signal which is partly reflected by
a target. The reflection is received again by the receiver (RX). The received and
transmitted signals are compared. Characteristics of the target object like distance,
direction and velocity are determined based on this comparison [2].

TX

RX

Target

Figure 2.1: Basic radar functionality (green curves), and signal leakage from TX to RX (red curve). The
isolation between TX and RX should be sufficient to avoid interference.

Radar systems often use the frequency-modulated continuous wave (FMCW)
concept. FMCW transmits a sinusoidal signal and the frequency of the sinusoid is
modulated. This is called a chirp and this process is continuously repeated. The
received signal is down-converted by mixing the received signal with the transmit-
ted and taking a Fast Fourier Transform (FFT) of the down-converted signal gives
information on the distance of targets. The velocity of a target can be determined
by using the Doppler shift in the frequency of the received signal. The velocity of
the target object is determined by taking a second FFT [3]. Some radar systems are
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also able to detect the direction of a target by beamforming with multiple antennas
[4].

Radar systems have been used for many years, the first radar experiments date
from 1935 [5]. In the military this system is used for detecting aircraft and missiles
at a distance of 470 km [6], but a car radar has to meet other specifications. Car
radar is used in the emerging market of autonomous driving. Nowadays cars are
fitted with functionality like adaptive cruise control, lane change assistant and more.
For this one needs to be able to sense the situation on the road and car radar is
viewed already for many years as a suitable sensor for this application [7–12].
The operating bandwidth which has been selected for car radar is from 76GHz to
81GHz. At 24GHz there is another frequency band available for automotive radar.
We will focus on the band from 76GHz to 81GHz, which has the added benefit that
for a given antenna aperture the angular resolution becomes better. Furthermore,
to have a full 360 degrees view around the car up to 16 sensors are required [13],
which are all fitted on the outside of the car.

An example of a modern, compact radar sensor is shown in Fig 2.2. This sensor
module is developed by NXP. The radar IC is realized in CMOS40 semiconductor
process and takes care of transmitting, receiving and processing the FMCW signals.
The IC is the black square in the bottom of the PCB. On the right and left side of
the PCB a connected microstrip array antenna can be found. The left forms the
receive array and consists of 4 channels, on the right the transmit array is found
which consists of 3 channels. We have included a schematic cut view of the radar
IC in Fig. 2.3. In the section view we see an IC that is packaged in an embedded
Wafer Level Ball Grid Array (eWLB) package [14]. The package allows the signals
to fan-out over a redistribution layer (RDL). Fan-out makes it possible to connect
more signals to a PCB. The signals are galvanically coupled to the PCB using solder
balls.

Figure 2.2: NXP TEF810X transceiver module, image taken from [15].
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Mold

RDL
IC

Solder balls

Feed line

PCB

2.5 dB loss

€

€
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Figure 2.3: Schematic section view of Fig 2.2, with relative costs.

2.2. Key performance indicators
In this section we will present some key performance indicators (KPIs) on which
we can judge antenna transitions. For some of the KPIs we can define quantifiable
target requirements. For others we will stick to qualitative requirements. Some of
the specifications we set on the KPIs are based on a comparison with the transition
shown in Fig. 2.2.

2.2.1. Losses
Transitions as presented in Fig 2.3 are typically suffering from reflections and ra-
diation at the solder balls combined with high losses in the transmission lines [16]
resulting in a total transition loss of approximately 2.5 dB. Reducing the losses can
significantly improve the radar performance. Amplifiers at the operating frequency
of car radar are limited in their maximum output power and efficiency, making it
difficult to compensate the losses by generating more power.

We can determine the influence of losses on the radar performance by the radar
equation [2]

𝑃 = 𝑃 𝐺 𝜎
4𝜋𝑅

𝐴
4𝜋𝑅 , (2.1)

where 𝑃 and 𝑃 are the received and transmitted power at the antenna input ter-
minals respectively. 𝑅 is the distance from the radar module to the target, 𝐺 is the
transmit antenna gain, 𝜎 is the radar cross section (RCS) of the target and 𝐴 is
the effective area of the receiving aperture.

With eq. (2.1) we can judge the increase in sensing distance. We introduce
losses into eq. (2.1) by 𝑃 = 𝛼𝑃 and 𝑃 = 𝛼𝑃 , where 𝑃 and 𝑃 are the received
and transmitted powers at the input of the antenna transition, respectively, and 𝛼
is the loss in the transition (both transmit and receive). To be clear, 𝛼 describes the
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additional losses encountered when shifting the reference plane from the antenna
terminals to the bondpads on the IC. Rewriting eq. (2.1) gives the distance as
function of the received and transmitted power

𝑅 = 𝛼 𝑃
𝑃 𝐺

𝜎𝐴
(4𝜋) . (2.2)

Since we are currently looking in optimizing the antenna transition, we assume
that we can only influence the right hand side of eq. (2.2) by improving 𝛼. We can
calculate the radar range compared to a nominal value without losses (𝛼 = 1) in
the antenna transition through

𝑅
𝑅 = √𝛼, (2.3)

which we have plotted as function of the losses expressed in decibels in Fig. 2.4.
This figure helps us to set a target for the losses.As we mentioned before, the losses
of a transition using solder balls and a microstripline are approximately 2.5 dB.
From Fig. 2.4 we know that the range of the radar reduces to 75% of the lossless
case. In this thesis we have set the target for the losses to 1 dB, which converts
to approximately 90% of range compared to the ideal case. Reducing the losses
even further is of course better. But setting this target ensures on the one hand
a big improvement over the current losses. On the other hand this value seems
ambitious, but realistic, based on the literature which will be presented in section
2.3.
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Figure 2.4: Range reduction due to losses in the antenna transition.
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2.2.2. Thermal management
Amplifiers operating at mm-wave frequencies generate a lot of heat because of their
limited efficiency, typically in the range of 10 – 22% [17–19]. All the generated heat
should be conducted to a heat sink to prevent overheating of the system. Especially
in cars, water cooling systems are unwanted [20]. Since choices in the antenna
transition do influence the thermal management, it makes sense to put the options
for thermal management into the set of requirements. This study mainly focuses
on the electromagnetic design of antenna transitions, so we will not quantify the
effect of all transitions on the thermal management. But we can qualitatively tell
whether a transition is suitable. It is for instance known that an eWLB package like
shown in Fig. 2.3 is able to conduct the heat to the PCB using grounded solder balls,
but a Quad Flat No-leads (QFN) package makes the thermal management easier
because of the big thermal pad which is located right underneath the die.

2.2.3. Manufacturing tolerances
Since this is a research project we can use immature production technologies. But
our solutions are rendered unusable if we do not foresee any path to mass pro-
duction. Hence we have to carefully select the used production technologies. In
the design process, we have to take process variations into account. A design that
allows for larger variations will have a higher manufacturing yield, which reduces
the cost. Most state-of-the-art publications do not show allowed manufacturing
tolerances. Nevertheless, we can make a few general statements regarding the
tolerances. We can, for instance, expect two issues to appear with the design
shown in Fig. 2.3. First issue concerns the shape of the solder balls, which are not
always well defined. Second issue involves the PCB technology, which has a large
process variation compared to IC technology. We will perform a similar type of
analysis as we did for Fig. 2.3 in section 2.3, where we try to identify the possible
issues and grade the performance based on that analysis.

2.2.4. Bandwidth
The bandwidth for car radar ranges from 76GHz to 81GHz. We define bandwidth
based on the reflection coefficient of the transition, which has to be below -15 dB
in the entire frequency band. We opted to use this -15 dB instead of the more
commonly used -10 dB for better performance in combination with the amplifiers
from NXP. Manufacturing tolerances and temperature drift will result in a shift of the
resonance frequency. To allow for shifts in resonance frequency because of process
variation, we want our design to have a larger bandwidth, namely from 71GHz to
86GHz.

2.2.5. Size
The sensors need to be small as well since many devices need to be fitted on the
car and manufacturers want minimal changes in the structure of the car [21]. An
added benefit of a smaller sensor is that the transmission lines connecting the IC
to the antenna will be shorter resulting in lower losses.
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2.2.6. Cost
Nowadays, radar sensors can already be found in the high-end car segment [22].
Reducing the cost of a sensor module enables cheaper cars to be fitted with these
sensors as well. The exact manufacturing costs are usually company confidential,
but we can estimate them based on a few criteria:

Package type: An eWLB package is more expensive than a more common QFN
package.

Size: Prices scale with size. A smaller package is cheaper than a larger one.

Additional process steps: To manufacture an antenna transition in a standard
package, additional process steps are usually required. Reducing the number
of additional steps reduces the cost.

Relative price of parts: Generally the more accurate processes are more expen-
sive. Hence, the IC is the most expensive part, next the package and finally
the PCB [23], which was also indicated in Fig. 2.3. The price of a PCB also
depends on the need for low-loss RF substrates. RF substrates are expensive
compared to standard FR-4.

2.2.7. Isolation
We have indicated the unwanted signal leaking from the transmitter (TX) to the re-
ceiver (RX) in Fig. 2.1. Since car radars use the FMCW principle, the transmitter is
continually transmitting. The reflected signal is much weaker than the transmitted
signal. As a result, the TX-RX isolation needs to be high to prevent the unwanted
direct coupled signal from saturating the receiver [24]. And also coupling of the
transmitter noise into the receiver has to be avoided. Based on system-level exper-
iments, we have found that more than 30 dB of isolation is required [24].

2.2.8. Antenna flexibility
Car-radar modules are used for different use-cases. The range of the radar needs to
be much larger for lane-change assist than for parking assist [25]. All the different
use cases can be achieved using the same IC, but the antenna design needs to be
adopted. Hence, it is beneficial for an antenna transition to allow for flexibility in
antenna selection.

2.3. Existing solutions
A multitude of different antenna transitions can be found in literature. We have
categorized the transitions and we have judged all of these categories on the KPIs.
The summary of this study can be found in Table 2.1. Sometimes the authors
provided the losses and the bandwidth, but not always. We did an estimation of
the performance when this information was not available. We will highlight and
explain some of the results that are listed in the table.

Many solutions still use a PCB for printing antennas. Those solutions can look
like the one presented in Fig. 2.3, but other solutions for transferring the signal
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from the IC to the PCB do exist. Micro Coax is for instance a promising technology.
A standard bondwire is coated with dielectric material and afterwards the dielectric
is coated with metal again. This forms a miniature coaxial cable inside the package.
The problem with moving signals to the PCB is that an expensive RF substrate is
still required for the PCB. Usually the antennas need to be printed at some distance
from the the IC package which increases the size of the complete module and the
transmission lines on the PCB have a big impact on the total losses.

Since transmission lines increase the losses significantly a reasonable option
would be to include the antenna directly on the IC. This removes the need for any
transition. However an antenna is relatively big compared to all the electronics on an
IC. The size of the IC needs to be increased to include the antennas, which increases
the cost of the module significantly. Also the radiation efficiency of antennas on the
IC is usally poor because of the high losses of the doped silicon.

Another option is to integrate the antenna directly in the package. An eWLB is a
good option and many examples exist in literature. However the solutions usually
demonstrate less well controlled radiation patterns. The fields are diffracted at
all the edges of the package. Also it is hard to control the isolation since the
antennas are located close together. And finally there is again no flexibility for
radar module manufacturers to alter the antenna design. Another option would be
to have an antenna in a custom package. The package can be manufactured using
Low Temperature Co-fired Ceramic (LTCC) or an organic substrate. This gives a
lot of design freedom and gives the opportunity to perform well on many of the
KPIs. But the cost will always be high and there is no flexibility for the module
manufacturers to have control on the antenna. We have seen some examples in
literature where a lens was added on top of the package. It can be argued that this
lens can be designed by a radar module manufacturer. This would give them some
design freedom of the radiation pattern, hence we included this separately in the
table.

Finally there is a solution where a waveguide launcher is inside the package.
Waveguides provide a lot of flexibility in the antenna design and are very low loss.
The examples we see in literature usually locate the waveguide launchers next to
the IC in the package, making it not the smallest or cheapest solution, but it is very
promising. Our concept also uses integrated waveguides in the IC package. We
are placing the waveguides on top of the IC instead of next to it, reducing the total
required size and therewith the manufacturing costs. This design will be discussed
in more detail in chapter 4.
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3
Optimizing near-field coupled

loops for maximum
bandwidth

Transferring high-frequency signals from integrated circuit to antenna proves
to be difficult with conventional galvanic contact technologies [1]. This paper
proposes an alternative solution consisting of near-field coupled loops. How-
ever to decide whether near-field technology is a suitable technology it has
to be clear what the expected performance is. We have optimized loop di-
mensions for maximum bandwidth relative to the wavelength making them
scalable for multiple applications. Simulated coupling, bandwidth and iso-
lation have been verified through measurements. The measurements are
within the uncertainty bounds of the simulation confirming the validity of our
results.

This chapter has been submitted to PIER Letters
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Loop 2PCB
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Figure 3.1: Schematic view showing how two loops can be incorporated in a high-frequency eWLB
package.

3.1. Introduction
In the search for more bandwidth in new application areas of wireless connectivity
one has to resort to ever higher frequency bands. For instance car radar operates
in the E-band [2]. However at these higher frequencies it is often hard to mitigate
the losses that are encountered in the transition from an integrated circuit (IC) to
an antenna [3]. The cause of the high losses is twofold. First, at these frequencies
transmission lines are facing higher losses per millimeter of length. Second, the
galvanic contacts which are used to connect an IC to a printed circuit board PCB
may not be perfect. Bond-wires or solder balls are often used to transport the
signals. However, compared to the shorter wavelengths they are too big, and also
limited manufacturing accuracy makes it hard to achieve good impedance control
[3].

A good solution to reduce the losses in the connection from IC to antenna is
to place the antenna closer to the IC. Literature shows a multitude of options for
placing antennas either on top of the IC or in the package of the IC [4–8]. This
reduces the transmission line length and avoids the bond-wires and solder-balls as
well. However for many applications this has a few drawbacks. First, placing the
antenna in the package or on the IC increases the required footprint which increases
the manufacturing costs. Second, the control of the radiation pattern is a challenge
since the package is acting as a sort of lens [9]. Finally, the customers who buy
the packaged ICs sometimes want control of the antennas for their own products.

Hence it is necessary for some applications to keep the possibility to route the
signals to a PCB. A solution to avoid bond-wires or solder balls is to use loop res-
onators which are near-field coupled. We have depicted a schematic overview
showing how near-field coupled loops can be used in a high-frequency embedded
wafer level ball grid array (eWLB) package [10]. The first loop is printed on the re-
distribution layer (RDL) and connected to the IC using a printed transmission line.
The second loop is located on the PCB and connected to a printed antenna also
located on the PCB.

Coupled loops are a proven technology within the field of radio-frequency iden-
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Figure 3.2: Configuration used for simulations. The picture shows four loops, forming two channels
shown in blue and orange. Single channel simulations have been performed using only the blue loops.

tification (RFID) [11] and chip-to-chip coupling. Although many publications exist
on the design of the loops [12–14], we are addressing the performance of this
type of coupling in a more extensive and scalable way as function of the loop size
and the coupling distance. When facing the challenge of defining a new product
architecture, it is essential to start by specifying key quantities, e.g. the expected
bandwidth, coupling strength and isolation. We will provide figures for the expected
coupling, bandwidth and isolation as function of the physical parameters of loops.
We aim to present results that are scalable with respect to frequency, for use in
many applications.

In section 3.2 we describe how we have generated our simulation results. The
results of these simulations are presented in section 3.3. To prove the validity of
our results we have performed measurements with a frequency-scaled prototype,
which are presented in section 3.4. We draw conclusions in section 3.5.

3.2. Methodology
Near-field coupled loops can have all kinds of shapes and sizes. Also the surround-
ing material can vary significantly depending on the application. The consequence
is that the parameter space is almost infinite dimensional. We have reduced the
parameter space to the most important system dimensions and will motivate our
choices below. It has been shown that good results can be obtained with different
shapes of loops but that circular loops behave better with regard to manufacturing
tolerances [15]. Hence, we have chosen to perform our analysis with two cou-
pled circular loops. A picture of the configuration we use for our simulations is
depicted in Fig. 3.2. The figure shows two identical channels, in blue and orange
correspondingly, that are aligned in height. The loops have an opening where the
ports are placed. The numbering of the ports is included in the figure as well. The
lateral displacement between the two channels is called channel spacing and the
separation between the two loops of a single channel is called loop separation.

We have decided not to include losses in our analysis. We want to keep the
analysis scalable and loss tangents can vary significantly depending on operating
frequency. Also the material stack-up can vary depending on technology and ap-
plication, hence we decided to suspend the loops in air in the simulation. We shall
argue that it is possible to scale our results with the effective permittivity of the
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intended stack-up. Since most manufacturing processes will deposit metal on thin
planar layers we have assumed that the metal rings have no thickness.

We consider all the results as a function of the wavelength relative to the loop
dimensions. In this way the results can be scaled to any required frequency of
operation. The simulations have been performed using the Method of Moments
(MOM) solver included in Advanced Design System (ADS) [16]. Since the simulator
needs to have physical dimensions, we picked the following dimensions for the
loops: A perimeter length of 5mm and width of the metal strip forming the loop
of 0.02mm. The frequency domain used in the simulations is from 0.1GHz to
30GHz. The separation between the loops is varied from 0.01mm to 10mm. We
chose to use a single diameter for both loops. An extension of this analysis could
be to vary the width and diameters for both loops.

Our goal is to find the optimal length of the perimeter for all separations between
the loops, given that the width is negligible in comparison. As stated above we as-
sume that all parameters can be scaled by wavelength. Hence we keep the perime-
ter length fixed. In the wide frequency range under consideration the perimeter
divided by the wavelength varies significantly. This analysis is performed with a
single channel, the orange channel shown in Fig. 3.2 is only used for the analysis
of the isolation.

The results from the MOM simulations coming from ADS are post-processed in
Matlab. The first step of the post-processing is to use an iterative method to find
the optimal matching impedance, for which maximizing the −10dB bandwidth has
been set as target. This procedure is used at all the frequency points in the simula-
tions. It generates the relative bandwidth and the coupling where each frequency
in turn links to a different perimeter and distance as function of wavelength. The
next step is to run this procedure for the different distances. After that we select
the optimal perimeter length as function of the distance. This results in a list of
distances divided by wavelength. The perimeter length where the bandwidth is
the largest is selected from the set of simulations. The final step is to look into
channel isolation, now the orange channel depicted in Fig. 3.2 is used. Again ADS
is used for the simulations. The isolation is a function of channel spacing but also
a function of separation between the loops of a single channel. The single channel
separation has been set to 5 different values where the loop perimeter has been set
to the optimal value found in the previous procedure. Later the spacing between
the channels is swept in the simulation tool.

An argument against assuming the scalability as function of wavelength would
be that the width of the metal rings changes as a function of wavelength as well.
We did not consider this in our optimization procedure, but this is the reason why
we chose to use very thin loops (0.4% of the perimeter length). We ran simulations
for different widths of the metal and did not see relevant differences in the results.
Although to reproduce our results the same ratio between width and perimeter
length should be used, the most important parameter is the perimeter length. This
means that the width of the strips can be chosen freely to fit the needs of the
specific design without influencing the results significantly.



3.3. Results

3

23

3.3. Results

We will first show the bandwidth optimization results. Afterwards we will give a
numerical example demonstrating how to use our results. The optimization results
are presented in Fig. 3.3. Fig. 3.3a shows the fractional bandwidth and the transmit
𝑆 coupling as a function of the separation between the two loops. This figure
clearly shows that in order to improve the coupling, the loops should be brought
closer together.

Fig. 3.3b shows the required perimeter length as a function of the separation
between the loops. The results show that for larger separations between the loops
a larger loop is required. This result makes sense since increasing the distance
between the loops reduces the coupling of the flux, however that effect can be
mitigated by increasing the loop perimeter length. The increased loop perimeter
for larger distances also explains the reduced coupling between the loops as was
seen in Fig 3.3a. Since we use lossless simulations the power can only be reflected,
coupled to the second loop or it can be radiated. Assuming that we can achieve
good matching for both small (0.01 𝜆) and larger (0.07 𝜆) separations the power is
only coupled or radiated. From antenna theory [17] it is known that with increasing
the loop antennas diameter the real part of their input impedance (the radiating
part) will also increase. This means that more power could be radiated, reducing
the coupling with the second loop. Finally the required input impedance which was
found using an iterative procedure is presented in Fig. 3.3c.

The simulated isolation is presented in Fig. 3.4. The lines correspond to separa-
tion between the loops within one channel. The horizontal axis shows the spacing
between neighboring channels. Firstly it can be seen that increasing the horizontal
spacing between the channels increases the isolation. But these results also show
that reducing the separation between a single channel improves the isolation. This
is agrees with Fig. 3.3, where we observe that the coupling increases which in turn
affects isolation.

These figures can be used as a starting point for tuning near-field coupled loops
for any application. At high frequencies near-field coupled loops could be used to
transfer a signal from a package to a PCB or to couple from one IC to another. If we
take car-radar for instance, the bandwidth for this application ranges from 76GHz
to 81GHz which approximately yields a 6% bandwidth. To allow for manufacturing
tolerances we assume that we require at least 10% of bandwidth. The figures show
us that the separation of the loops should be smaller than approximately 0.025 𝜆,
which is approximately 0.1mm at this frequency. The loop perimeter is directly
known being approximately 1mm. We need to space the channels with the same
amount to achieve an isolation above 30dB. Of course tuning is required if all
the physical properties of materials are involved in a full-wave simulation, but we
can now directly decide from an architect’s perspective whether near-field coupled
loops fits the needs.
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Figure 3.3: Single channel optimization results showing the bandwidth and the coupling with the required
perimeter length and matching impedances as a function of vertical separation between the loops.
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Figure 3.4: Results from optimization procedure showing the isolation.

3.4. Measurements
To verify our simulation we have designed and manufactured a low-frequency pro-
totype. We have used the same procedure as was described at the end of sec-
tion 3.3 but this time for a lower frequency of operation (around 0.5GHz). We
used a perimeter length of 150mm. One of the manufactured loops is depicted in
Fig. 3.5a. The loops have been fabricated on Rogers 4003 substrate using standard
PCB processes. The loop is fed using two SMA connectors allowing for differential
measurements. To provide the compensation reactance we used two capacitors,
one in each arm of the feed structure. The capacitors have a value of 1 pF.

Since the loop is not suspended in air anymore, the loop is slightly detuned com-
pared to the predicted results in Fig. 3.3. The detuning is shown in Fig. 3.6. Usually
one would use full-wave simulations to tune the loops to the required frequency,
however, since we do not have a specific application in mind we decided not to
perform tuning.

Two loops have been mounted in a measurement setup shown in Fig 3.5b,
where we can vary the separation between them. The cables are connected to a
4-port network analyzer. S11 and S21 results for multiple distances between the
antennas have been depicted in Figs. 3.7 and 3.8 respectively. The results are
overlayed over simulation results. For the simulation we did a Monte-Carlo analysis
including the spread of the capacitance value (+/- 0.05 pF). The simulations are
performed for a separation of 13mm. Based on Fig. 3.3 we expect a bandwidth
of approximately 13%. For the measurements we were not able to mount the
loops exactly straight, hence the actual separation between the antennas is slightly
changing over their surface. The separation noted in the legend is the smallest
distance we measured between the antennas, so the average distance is likely to
be a little bit larger than that. We have included multiple measurement results to
account for this uncertainty.

The results show that the measurements are within the bounds of the uncertain-
ties of the simulations and we achieve a bandwidth of approximately 12.5%, which
is close to the expected value based on Fig. 3.3. This is a satisfactory validation of



3

26 3. Optimizing near-field coupled loops for maximum bandwidth

(a) Loop with SMA feeding struc-
ture, matching capacitors are in-
cluded just below the loop.

(b) Measurement setup for varying the distance
between the loops.

Figure 3.5: Loop antenna manufactured on Rogers 4003 and measurement setup.
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our model, which makes the results we have presented in section 3.3 trustworthy.

3.5. Conclusion
In this paper we have investigated the optimal loop dimensions for maximum band-
width and performance. Moreover, we have shown that the parameter space can
be reduced to only the loop perimeter. Full-wave simulations are used to obtain
results for expected coupling, bandwidth and isolation. The results are all scalable
with wavelength making them usable for many applications. The results also show
the relation between the loop perimeter and required input impedance.

It has been shown how to use these results as a starting point of designing a
system. Also our simulation model has been verified with measurements, showing
that the optimized bandwidth can be achieved in reality.

3.6. Epilogue
This chapter shows a first attempt on improving antenna transition performance.
The measurements are conducted at a frequency that is much lower than the de-
sired car-radar band. We could of course argue that we simply scale the dimen-
sions and that it will work. But, the discrete capacitors used in our prototype are
not available at high frequencies. A solution to overcome that is to do a co-design
of amplifier and antenna so that they can provide the desired tuning. However,
based on the results in this chapter we do not see this as a viable solution that
meets all the targets set in chapter 2. First of all, the typical distance between RDL
and PCB is 0.25mm for a solution like the one depicted in Fig. 3.1. From Fig. 3.3a
we conclude that the resulting -10 dB bandwidth is less than 5% or 4GHz, which
does not cover the desired bandwidth. Moreover, we should actually consider the
-15 dB bandwidth, which is even smaller. A second reason why we did not further
pursue this direction is that we still require an expensive high frequency PCB with
lossy transmission lines. To solve these problems we chose to pursue a solution
with waveguides directly integrated in the package, which will be presented in the
next chapter.
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4
Low-loss waveguide

launchers in integrated
circuit packages

Transitions from an millimeter-wave integrated circuit (IC) to an antenna tend
to have high losses and are likely to present difficulties in manufacturing. We
will give design requirements for IC to antenna transitions which can be ap-
plied in car radar products. Next to functional requirements like losses and
isolation, we have also considered more commercial targets, like manufactur-
ing costs. Based on these requirements, we propose a waveguide launcher
within an IC package. In this way, a low-loss direct transition from the IC to
an 4 array of open-ended waveguide radiators can be realised. Simulations
predict losses below 1dB and bandwidth from 71GHz to 86GHz. We show
that our solution can be integrated in an adapted QFN package. The overall
size of our solution is minimized by exploiting the vertical direction instead of
laterally displacing the waveguide launchers.

A patent has been filed based on the contents of this chapter [1].
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4.1. Introduction

New application areas for wireless technology require more available bandwidth.
More bandwidth is only available when higher operating frequencies are used [2].
Higher frequencies offer the opportunity to miniaturize antennas, but they also
generate many challenges concerning the integration of antennas [3, 4].

Signals are being generated and processed by an integrated circuit (IC). These
signals are transmitted and received by antennas. The antennas and ICs can be
separately designed at low frequencies. However at higher operating frequencies
the path from the IC to the antenna becomes important. Conventional products
use bond-wires to transport signals from IC to a printed circuit board (PCB) and
the PCB contains a printed microstrip antenna. This works well for lower operating
frequencies. However features like bond-wires become too big compared to the
wavelength at mm-wave frequencies, reducing the performance. Hence, not only
the antenna design is important but the complete transition from the IC to the
antenna is of significance. It is very important to implement a co-design of the
antennas together with the package of the IC.

New package solutions have been designed which perform better in transferring
mm-wave signals to a PCB-based application [4]. However, transferring mm-wave
signals to a PCB still requires the use of expensive substrates. Even the losses in
transmission lines and in printed antennas are still high although these substrates
perform better than conventional FR-4. As an alternative, we propose to use rect-
angular waveguides. Rectangular waveguides have transmission losses as low as
0.05 dB/cm [5] in W-band, which is considerably smaller as compared to printed
transmission lines [6]. Using rectangular waveguides offers a lot of freedom in the
selection and design of the antennas. For instance playing with the opening angle
of a horn antenna gives great control of the radiation pattern [7].

The remaining challenge when using rectangular waveguides is how to minimize
the losses in the signal path from the active circuits on the IC to the waveguides.
We will present a design of a low-loss transition from IC to waveguide, which can
be integrated into a standard IC package. We will present our design, but will also
motivate our solution strategy. Many considerations and constraints need to be
taken into account when designing such a transition. We will give an overview of
these considerations in section 4.2. We describe our design in section 4.3, in terms
of two distinct parts based on specific design targets. The first part concerns the
power transfer from the IC to the top-surface of the package and is presented in
section 4.4. The second part concerns the power coupling from the top-surface of
the package into a waveguide and is presented in section 4.5. In section 4.6 we
present simulation results of the system with the two parts integrated. In section 4.7
we will show how a package can be manufactured. A validation of our design based
on measurements of a low-frequency demonstrator is shown in section 4.8. And
conclusions are drawn in section 4.9.
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4.2. Design targets
Any good IC-to-antenna transition must fulfill numerous design requirements. Some
requirements are necessary electrical performance characteristics, while others stem
from commercial considerations. Designing a transition only based on reflection,
transmission and isolation might give a solution that is performing very well elec-
tromagnetically, but it will never be implemented in a product because it is not
commercially viable. We have compiled a list of the important electromagnetic, but
also the commercial considerations. This study specifically targets IC to antenna
transitions for E-band car radar. Radar sensors need to be cheap and small, since
many radar sensors need to be fitted on a single car [8]. But the same considera-
tions do hold for many application areas in mm-wave technology. The designated
frequency band might shift depending on the desired application.

Losses: Losses are important for an IC to antenna transition. Amplifiers at mm-
wave frequencies are limited in their maximum output power [9]. Hence lost
power can not be compensated by increasing the output power of an amplifier.
We aim to provide a transition with losses below 1dB.

Spurious radiation: We separate the losses into three parts, dielectric losses,
losses in the metal and spurious radiation. The latter is the power that is
not flowing into the waveguide. Power that is not going into the waveguide
can flow back into the package and disturb the electronics on the IC. We aim
to keep the spurious radiation below 5% of the total power. An additional
benefit of lowering the spurious radiation is an improved isolation.

Thermal management: Any antenna transition needs to take thermal manage-
ment into account. The amplifiers on the IC produce a lot of heat and the
antenna transition should not interfere with the thermal conduction to heat
sinks. Complicated solutions like water cooling should be avoided [10].

Manufacturing: The transitions need to be manufacturable in mass production.
This implies that the design should take into account manufacturing toler-
ances, and practicalities.

Bandwidth: The designated bandwidth for car radar is from 76GHz to 81GHz. We
are designing our transition to perform well in a wider frequency band to allow
for frequency shifts as a result of manufacturing tolerances and temperature
drift. We aim to cover the band from 71GHz to 86GHz. We are defining
bandwidth based on the reflection coefficient. The reflection back into the IC
has to be below -15 dB in the band of interest.

Cost: Wireless products are mass produced for the consumer market. The cost
of the products needs to be low to be competitive. This holds especially for
car radar sensors since they are already available in the high-end of the car
segment. Reducing the cost will enable fitting car radar on cheaper cars as
well.
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Size: Several car radar sensors need to be fitted on a single car to have a full field
of view. Also the sensors need to be fitted without changing the structure
of the car [11]. Hence the sensors need to be small to be able to fit them
on the outside of a car. The price of many manufacturing processes scales
with the size of the product. So reducing the size will also help to reduce the
manufacturing cost.

Isolation: Car radar sensors have multiple transmitters and receivers for angle
of arrival detection. We are assuming a total of four transmitters and four
receivers for this study. Which is a similar number compared to current com-
mercial radar products like [12]. Many radar sensors use frequency modulated
continuous wave (FMCW). This means that there is continuous transmission.
Having a low isolation would result in saturation of the receivers [13]. Im-
proving the isolation will also reduce the amount of transmitter noise which
is coupled into the receiver. We are aiming for an isolation better than 30 dB.

Flexibility: Car radar sensors can be used in different application areas. Parking
assist needs to operate in a range of a couple of meters and a wide beamwidth.
Adaptive cruise control requires a narrow beam and a larger range. The
required electronics is the same for these applications, but the antennas need
to be changed. Having a transition which allows different antennas to be
fitted is a great benefit for the commercial value of the transition.

4.3. Overview of the design
As mentioned above, we want to integrate waveguides with a mm-wave IC. Waveg-
uides provide a low-loss conduit for transferring power from an IC to an antenna.
But the energy needs to be launched into the waveguide and this launcher should
abide by the targets set in section 4.2. Basically three options exist as to where
these launchers can be fitted, on the IC, in the package and on a PCB. The size of
the IC needs to be increased significantly if the launcher is fitted on the IC. But that
will also increase the manufacturing cost significantly [14].

Designing a waveguide launcher on the PCB is possible as well. But this means
that the energy still needs to be coupled from the IC to the PCB which is challenging
and expensive as well. This also means that the sensor is not as compact as possible
since the waveguides will be placed next to the package. Hence we propose to
create the waveguide launcher inside the package of the IC. The package is not
as expensive as the IC, but it still allows for metal deposition using lithography
processes which reduces the manufacturing tolerances.

Waveguide launchers in the package already exist [15–17]. However these
transitions all place the waveguides next to the IC. We think that it is better to place
the waveguides on top of the IC, on the top surface of the package. This reduces the
required length of the transmission lines feeding the waveguides and also reduces
the size of the package. Furthermore, most standard packaging solutions are not
using this vertical dimension. Hence we can use a cheap standard package without
interfering with the space required for bondwires. Of course the package needs
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Figure 4.1: Schematic cross section view of a QFN package with waveguide launcher. Two challenges
are indicated, getting the energy to the package top surface and getting the energy into the waveguide.

to be adapted, but keeping the number of additional process steps at a minimum
will keep the additional costs down. We propose to use a quad flat no-leads (QFN)
package. This package has a large thermal pad underneath the die which is great
for thermal conductivity to the PCB. Also we do not pose any special requirements
on the PCB, allowing for great flexibility of thermal and electrical design of the PCB.
The final advantage of using the package top-surface for launching to a waveguide
is that the waveguides can be glued on top of the package. This gives the desired
flexibility of antenna design as was mentioned in section 4.2.

We have drawn a conceptual view of our desired QFN package in Fig. 4.1. This
figure shows a die in the bottom which is placed on top of a ground pad. The ground
pad also reduces the thermal conductivity to the PCB. The low-frequency control
signals are coupled using galvanic coupling with bondwires and bondpads. We
propose to glue a waveguide structure on top of the package. This allows us to have
any kind of waveguide structure on top of the package. However we do not want to
use any galvanic contact between the package and the waveguides, since soldering
the waveguides on top of the package would create a rigid connection between the
package and the waveguide. Because the package is also soldered onto the PCB,
which is also a rigid connection, the PCB and the waveguide structure would both
be big rigid structures compared to the small package. Relative movement of these
two big rigid structures might break the package. Employing an elastic glue will
reduce the mechanical stress on the package. Hence we seek a solution which
does not use a galvanic connection between the waveguide and the package.

A schematic view of our solution is depicted in Fig. 4.6. It shows a wwaveguide
glued on top of the package. The waveguide is excited using a slot. A silicon
brick is placed in the first part of the waveguide to act as quarter-wave transformer.
The slot is excited using a microstrip line on the top metalization of the package.
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The microstrip line is connected to the bond pads of the IC using pillars. Spurious
radiation is reduced using a cavity inside the molding compound of the package.
We will show step by step how the we reached this solution by separating our
design problem into two distinct parts, the two parts are also indicated in Fig. 4.1.
The first is transporting the power up and the second is launching the power into
the waveguide. We will describe how we want to guide the RF signal up to the
top metalization of the package in section 4.4. Coupling the power from the top
metalization into the waveguide is described in section 4.5.

4.4. Transferring power to package top surface
The IC that we are designing for has differential inputs and outputs. We opted
to use a coaxial structure to get the power the top surface of the package. The
benefit of a coaxial configuration is that it provides good shielding to neighbouring
channels. The structure is depicted in Fig. 4.2. A differential transmission line that
feeds the coax is shown in the bottom picture. This transmission is realized on
the IC by using the top metal. Two pillars are placed on the bondpads of the IC.
The two pillars are bigger and spaced further apart than the transmission line on
the IC. This is required since the manufacturing processes used in the package
usually are less precise compared to the processes used at the IC. The shield and
the inner conductors can be formed using Through Polymer Vias (TPV) [18]. In this
technology pillars are built first using a dielectric material. Afterwards the pillars
are coated with metal.

We have simulated the structure of Fig. 4.2 using the time domain solver of
CST Microwave Studio [19]. We have chosen the region outside the metal to be
in vacuum, and we have used perfect electric conductors to model the metal. This
means that we also did not include the IC layers for this first analysis. A full design
needs to include the exact layer stack-up of an IC with all its dielectric layers,
ground planes etc. Also the dielectric and metal losses need to be included. The
full-system simulation results will be discussed in section 4.6. Using only vacuum
makes it possible to focus on the spurious radiation with only a limited parameter
space. Of course we are also interested in the total losses of the structure, so also
the dielectric and the metal losses. However the spurious radiation might interfere
with the electronics on the IC. In the lossless idealized configuration the power
can only be reflected, coupled to the second port or radiated. We can determine
the reflection and coupled power to the second port from the S-parameter results.
The spurious radiated power, calculated as a fraction of the available power, follows
from:

𝑃 = 1 − |𝑆 | − |𝑆 | (4.1)

We have assumed that the strips on the IC are 70 μm wide and that they are
separated with 5 μm. We used a metal thickness of 3 μm for the strips. This results
in a transmission line with a characteristic impedance of approximately 100Ohm.
We have also designed the coaxial structure such that the characteristic impedance
of the differential mode is approximately 100Ohm. The inner radius of the outer
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(a) 3d view, port 1 excites the transmission line (bot-
tom of the picture) and port 2 is placed on the coax-
ial structure (top of the picture). Both the gold and
red color indicate PEC, but the red is the IC layer
and gold the coaxial structure build on top of it.

(b) Bottom view of the structure. Please note that
there is a gap between the two conductors on the
IC, but it is hard to see since it is narrow.

Figure 4.2: CST model showing differential transmission line on IC coupling to a coaxial structure which
moves the power to the top of the package.
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Figure 4.3: Simulation results for the idealized model shown in Fig. 4.2. The model is excited with
waveguide ports. Port 1 is excites the strips and port 2 the top of the coax.

shield is 0.4mm and the radius of the inner conductors is 0.1mm. The two inner
conductors are spaced 0.15mm apart. An opening is created in the shield of the
coax to allow the strips to enter. The opening creates a clearance of 0.1mm around
the strips. The connection between the strips and the coaxial pins is formed with
circular discs as can be seen in Fig. 4.2b. The centers of the discs are aligned with
the centers of the coaxial pins. The radius of the circular discs is chosen such that
they are spaced apart with the same spacing as the strips, which is 5 μm.

Simulation results for this geometry are shown in Fig. 4.3. The figure shows
that the 𝑆 is below -15 dB across the entire desired frequency band. The 𝑆
is approximately -0.14 dB. This results in spurious radiation of approximately 1%.
These results give us confidence that this method of transferring power is suitable
for our needs.

4.5. Slot coupling to a waveguide
We need to transfer power from the top of the IC package into a waveguide. In our
first analysis we will focus on a single waveguide, but the full system has to sup-
port multiple waveguides to allow for multiple transmit and receive channels. The
waveguides are glued on top of the IC package to avoid high mechanical stresses.
Hence we can not use galvanic coupling and have to use some form of proximity
coupling. We could place a radiator on the top surface of the package and glue the
waveguide on top. But then the spurious radiation will be high. We can avoid that
by making some form of cavity inside the package, however energy can still leak
out of the glue layer. This is why we try to find a method where the power flowing
back into the package is low. Afterwards we add a reflecting cavity in the package
to optimize the overall performance, and further improve isolation.

Sucking the power into the waveguide is easier when the radiator is located as
close as possible to the waveguide. Hence we opted to use a slot radiator. We close
the cross section of the waveguide at the end, giving us a larger surface to glue to
the package. The slot is created in the closed cross-section of the waveguide. We
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Figure 4.4: Equivalent circuit of a microstrip which couples to a slot in a waveguide. The transmission
line is indicated on the bottom of the circuit and the output of the circuit at the top is the fundamental
mode of the waveguide.

enter the top-surface of the package using the differential coax structure as shown
in Fig. 4.2. We can connect that structure to a differential transmission line on top
of the package by placing two strips close together. However the field distribution of
such a transmission line is mostly contained between the two strips. The magnetic
field of our transmission line needs to be well aligned with the electric field of the
slot to achieve efficient coupling. Hence we opt to bend the strips outward on top
of the two inner conductors of the coaxial structure. We ensure that the distance
between the two strips is much larger than the distance between the strips and the
bottom of the waveguide structure. Hence the dominant mode will be a microstrip
mode where the ground-plane is the bottom surface of the waveguide structure.
Because of that we assume that we have a microstrip line running on top of the
package in our model. This way the actual radiating element is as close as possible
to the waveguide, but we should still take care that the power from the radiating
slot is flowing into the waveguide instead of the package.

We have implemented an circuit model for a microstrip that couples to a slot
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Figure 4.5: Physical view showing what is modeled with the equivalent circuit as depicted in Fig. 4.4.

in the waveguide. Our purpose of this model is to get insight in the functioning of
this coupling mechanism and we want to obtain a first set of physical parameters
which we can use as starting point of full-wave analysis and tuning. We have based
our model on the work in [20]. The model takes a set of physical parameters like
slot dimensions, microstrip width etc. and converts them into a circuit model. The
circuit model is depicted in Fig. 4.4, the model is based on a simplified physical
situation which we have depicted in Fig. 4.5. The bottom of the circuit shows a
microstrip line with characteristic impedance 𝑍 . The model as described in [20]
uses a microstrip excited on one side of the slot and a tuning stub on the other
side. We want to split our differential feed line to two microstrip lines which come
together above the slot, hence we cannot use a tuning stub. For this model we
decided to model the microstrip lines feeding the waveguide and not the transition
from the differential feed to the microstrip lines. Hence we chose to use 3 ports in
the model, port 1 and 2 are on the microstrip lines on both sides of the slot and port
3 is on the waveguide. Afterwards we convert the 3 port s-parameter set to a 2
port set where we assume that ports 1 and 2 are fed out of phase. This effectively
assumes a perfect conversion from the differential inner conductors of the coaxial
structure to the two microstrip lines. Later we will use CST to design the transition
from the differential transmission line to the microstrip lines.

The characteristic impedance and propagation coefficient of the microstrip are
determined using the spectral domain approach described in [21]. Since we are
only seeking to gain insight and not a fully exact model we only used a single
basis function for the current oriented along the direction of propagation. For the
analysis we assumed that the microstrip is sandwiched between the glue material
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and the molding compound. We did not include any other layers and extended
the molding compound to infinity. Including other layers would not give rise to
significant changes because they are relatively far away from the microstrip line.

The parameter 𝑛 describes the coupling between the microstrip and the slot.
To obtain this parameter we need to know the electric field inside the slot and
the magnetic field of the microstrip line. 𝑛 is calculated by integrating the cross-
product of these two fields over the slot aperture. We know the magnetic field
distribution from the microstrip line model, involving the propagation coefficient and
characteristic impedance that we have already calculated. Following the approach
of [20], we assumed a field distribution inside the thin slot. The assumed field is
taken from [20, eq. (2)].

The same field assumption is used in the calculation of the other system param-
eters. 𝑌 symbolizes the admittance looking into the feed side of the slot. Again
we assumed that the feed side consists of two layers, the glue layer and the mold-
ing compound. The assumed field in the slot is taken as the source and using the
Green’s function of the two layers we can compute this admittance. We obtain 𝐵
and 𝑛 in a similar fashion, but these parameter symbolize the waveguide side
of the structure. 𝐵 is a combined admittance of all the higher-order modes and
𝑛 is the coupling ratio to the fundamental mode of the waveguide. Finally, 𝑌
is indicated in the circuit which is the characteristic admittance of the fundamental
mode and also the output of our system.

With this model we have been able to determine how the physical parameters
influence the circuit parameters and the system performance. The purpose was
to focus the power into the waveguide and with the model we can draw some
conclusions on how to achieve that:

• The ratio of power flowing into the waveguide and back into the package is
determined by the ratio of the real parts of 𝑌 and 𝑛 𝑌 .

• 𝑌 and 𝑛 𝑌 are both influenced by the slot dimensions, but changing the
slot dimensions showed that both of their real parts scale in a similar fashion.
Meaning that we can not have a significant influence on the ratio of power
flow with the dimension of the slot.

• We also cannot improve the ratio of power flow by decreasing the real part of
𝑌 . This parameter is only dependent on the material properties looking into
the package. This layer distribution is mostly determined by available glue
and molding compounds.

• The dimensions of the microstrip line are only influencing the characteristic
impedance, propagation coefficient and 𝑛 . This does not have any influence
on the ratio of power flow.

• The only parameter that we can use to improve the power flow into the waveg-
uide is 𝑛 𝑌 . More power will flow into the waveguide when we increase
the admittance looking into the waveguide.
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Figure 4.6: Schematic cross section view of our design in a QFN package. The waveguide is launched
from the top metalization of the QFN. Spurious radiation is reduced with the cavity inside the package.

• All the other system parameters are still important for the impedance matching
to the microstrip.

Based on our conclusion from the model we searched for a method of increasing
the input admittance of the fundamental mode. Our method is provided in [20], in
the form of a quarter wave transformer. The transformer is created by placing a
block of high permittivity material in the first part of the waveguide. Other examples
can also be found in literature [22–24], these methods all place a combination of
dielectric material and metalized structures in the waveguide. We decided to use
the block of high permittivity material as a quarter wave transformer. The only
drawback of that method is the limited bandwidth, but we nevertheless managed
to achieve the desired bandwidth as we will show in section 4.6. Although another
iris-based method might increase the available bandwidth it would also increase
the manufacturing complexity and hence also the manufacturing cost. Another
advantage of using a block of high permittivity material is that we can use undoped
silicon, which is usually available in IC foundries, has a high permittivity (𝜖 = 11.68)
and has low losses (tan 𝛿 = 0.001).

4.6. Full system simulations
We have summarized the concept of our IC-to-antenna transition in Fig. 4.6. This
figure shows the QFN package as was already shown in Fig. 4.1, but now with our
adaptations. Now we proceed with full-wave simulations to model the complete
transition. We use CST microwave studio for our simulations [19]. On the top is the
waveguide structure with a silicon brick acting as a quarter-wave transformer. The
bottom of silicon brick is covered with metal, closing the bottom of the waveguide
except for a slot. The complete waveguide structure is glued on top of the package.
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We see inside the package that we have two pillars running from the silicon die
straight up to the top surface of the mold. On the top surface is a metalized layer.
A microstrip line which couples to the slot is printed on that layer. We also see that
a cavity is formed below the waveguide structure inside the molding compound.
This is a second measure to force the power to flow into the waveguide. The
coaxial structure as described in section 4.4 can be seen on the bottom of the
cavity. The coaxial shield has been removed inside the cavity since we do not need
the additional shielding inside the cavity.

We used our model to obtain a first set of physical parameters and used CST to
further tune our system. The final CST model is shown in Fig. 4.7. Layer thicknesses
and dimensions of the coaxial structure are shown in Fig. 4.14. The microstrip
running on top of the package has a width of 0.025mm, the inside dimension of
the waveguide are 2.54×0.8mm2 and the silicon brick is 0.29mm thick. The entire
structure is covered in molding compound and underneath the molding is the silicon
die. The molding and die are hidden in Fig. 4.7 to show the transition. We assumed
the following relative permittivities: 3.5 for the molding compound, 4.5 for the glue
layer and 11.68 for silicon.

We see in Fig. 4.7a the waveguide structure on the top. Underneath is the glue
layer in blue. Under the glue layer is the cavity, with the coaxial structure on the
bottom of the cavity. We used the bottom of the coaxial structure as reference
plane for our simulations. The entire cavity and coaxial structure are embedded
in molding compound, but that is hidden to show the structures. Fig. 4.7b shows
a view where the bottom of the cavity is opened. Here we can see for instance
the microstrip running on the top of the package. We have placed the coaxial
structure outside the slot. The microstrip needs some length to properly form the
corresponding modal pattern which we need to couple to the slot. The two pins
going up to the top surface have a differential TEMmode running from one pin to the
other. We directly bend the microstrip lines to the outside at the interface with the
pins. This ensures that the microstrip lines will form a mode with the ground plane
at the bottom of the waveguide instead of with each other. We also see that the
spacing and pin radius is different inside the cavity compared to inside the coaxial
structure. We have tuned the radius of the pins both and their spacing both inside
and outside of the coaxial shield to ensure a 100Ohm characteristic impedance.
Removing the coaxial shield slightly alters the characteristic impedance of the wave
and hence the radius and spacing of the pins is slightly modified.

Simulation results are depicted in Fig. 4.8. Fig. 4.8a shows the S-parameters
of our transition, with all metal and dielectric losses included. We see that the
reflection is below -15 dB across the entire simulated frequency band from 71GHz
to 86GHz, meeting our requirements. The losses are better than 0.7 dB in the
band of operation (from 76GHz to 81GHz) and better than 1 dB across the entire
simulated frequency range. This is meeting our design targets as well. We still
need to verify whether the 0.7 dB of loss is because of spurious radiation or losses.
Hence we ran also a simulation with the dielectric and metal losses excluded and
calculated the spurious radiation as defined with eq.(4.1). We depicted the spurious
radiation as a percentage of the total power in Fig. 4.8b. It shows that the spurious
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(a) Full system view with the coaxial structure and the cavity.
The blue layer is the glue layer. The mold has been hidden for
viewing purposes.

0
.3

(b) Zoomed view of the cavity. The bottom of the cavity and the
molding compound has been hidden for viewing purposes. The
microstrip which excites the slot can be seen and the dimen-
sions of the slot are indicated into the glue layer. All dimensions
in millimeters.

Figure 4.7: CST model of our transition design. Molding compound and silicon die are hidden to show
the transition.
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(a) S-parameter results including losses of the full design. Port 1 is located on
the differential coax and port 2 on the waveguide.
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(b) Radiated power of the full design determined with eq. (4.1) and based on
a lossless simulation.

Figure 4.8: CST simulation results of the full system.
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Figure 4.9: Analysis of the dielectric losses. The dielectric constant of different layers has been varied.
Different materials are set to be either lossless or lossy. The following losses are assumed: tan
. , tan . , tan . .

radiation is below 1.5% (0.06 dB loss) across the entire frequency band, which
meets our requirements.

Switching the dielectric losses on and off in the various materials of our simula-
tion model gives us interesting insight. Thus we can retrieve valuable information
on where most power is dissipated. We first performed a lossless simulation. Then
we ran multiple simulations, each with the losses switched on in a single material.
Finally we ran another simulation with all the losses switched on. We compared
the results of all the simulation with losses to the lossless simulation. We call the
difference in 𝑆 the dielectric losses and we have depicted the results in Fig. 4.9.
We see that the line corresponding to all losses switched on is approximately the
sum of all the other lines, which is expected since the total dielectric loss should be
the sum of losses in all the different materials. We also see that the losses in the
molding compound and in the glue are approximately equal and that the losses in
the silicon brick are only a small part of the total loss. Another conclusion we can
draw from this figure is that the dielectric losses are a major constituent of the total
losses. The total dielectric loss is 0.45 dB, which is a big part of the total losses of
0.7 dB.

We looked into options to lower the dielectric losses in the mold and in the
glue. However, we do not have complete freedom in the used materials, but we
can influence our geometry. Reducing the length of the pins inside the package
would decrease the losses in the mold, but that would also decrease the depth
of the cavity. Making the cavity too shallow will increase the spurious radiation.
The cavity will behave more like another ground plane and more power will leak
out through the glue layer. We tuned the depth of the cavity for maximum power
transfer. Another attempt was to minimize the length of the microstrip. The shortest
length we could get is the one shown in Fig. 4.7b. Shortening it further reduces
the coupling to the slot, making it impossible to achieve good wideband matching.

Another important design target is the isolation. We have modeled two channels
placed next to each other. We used the model shown in Fig. 4.7, but now with
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Figure 4.10: Results for a simulation of the isolation between two neighbouring channels. Port 1 and
3 are on the side of the IC and port 2 and 4 are on the waveguides. Channels have a center to center
spacing of 1mm.

a second channel included. The second channel is a copy of the first, but it is
translated along the short dimension of the waveguide. Fig. 4.13b shows a 3d
impression of the two channels with their displacement. Please note that this figure
is not showing the CST model. Details like bondwires are not included in the CST
model. The center-to-center spacing of the two channels is 1mm. Results for that
simulation are shown in Fig. 4.10. We used one coaxial structure as source port
and looked at the isolation to the neighbouring coaxial structure and waveguide.
Results show that the isolation is better than -42 dB across the entire frequency
range, meeting the desired -30 dB target.

Finally, we have investigated the effect of manufacturing tolerances. Since this
design consists of many different layers putting tolerances on parameters is a multi-
dimensional problem. We have investigated what the effect is of many known toler-
ances like layer-to-layer registration, size tolerances of the pillars, size tolerance of
the cavity, cavity position and rotation tolerance and more. Most of these parame-
ter variations did not have a significant effect on the performance of our transition.
We will present the results of our analysis for the most sensitive parameter, which
is the thickness of the glue layer between the package and the waveguides. A sim-
ilar analysis has been done for other parameters as well, but the effects are not as
significant. We expect a substantial variation on the thickness of this layer since it
is a glue layer which purpose is also to be slightly elastic. Electromagnetically, the
microstrip mode is mostly contained in the glue layer. Altering the layer thickness
will change the characteristic impedance of the transmission line. This will give
reflections at the pins of the coax, but this will also change the value of 𝑛 in our
circuit model.

We have presented the results of our analysis in Fig. 4.11. The nominal thick-
ness of our glue layer is 15 μm. We have varied this thickness from 10μm to 20 μm.
We did the analysis based on the lossless simulations. The plot shown in Fig. 4.11a
shows the reflection coefficient for different values of the glue layer thickness. We
see that some lines are not below -15 dB. All of the results go above -15 dB at the
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high side of the band, around 85GHz. This is allowed since we were only design-
ing up to 86GHz to allow for these tolerances. But we also see that the lines for
a thickness of 10 μm, 12 μm and 20μm go above the -15 dB limit inside the band
of interest. From these results we now know that the glue layer thickness should
be between 14μm and 18μm. For completeness, we have also included the 𝑆
transmission results and the spurious radiation in Fig. 4.11b and Fig. 4.11c, respec-
tively. Although we have concluded that the reflection is acceptable we should also
take care of the spurious radiation. We see a variation of the 𝑆 in the frequency
band of interest range between -0.05 dB and -0.55 dB. This is a significant contri-
bution compared to the total loss (including metal and dielectric losses) of -0.7 dB.
However, based on the small variations we see in the spurious radiation we can
conclude that the additional loss is mainly due to the reflected power caused by the
impedance mismatch.

4.7. Manufacturing of a package
In the previous sections we have shown the electrical performance of our struc-
ture. Manufacturing processes and sizes of package and die form constraints on
the design. Hence it is important to understand how this structure can be incor-
porated into a real package. The simulation results of the models presented above
are based on the dimensions given below.

First let us look at the outside of the package in Fig. 4.12, starting with Fig. 4.12a.
We show a big waveguide “manifold”, and the package mounted on a PCB. The
waveguides have standard WR-10 flanges that are only required for demonstration
and testing purposes. A commercial product would directly integrate a waveguide
antenna. This picture clearly expresses the difficulty of mechanical stress. What we
call the waveguide “manifold” and the PCB are much bigger than the tiny package.
Probably some mechanical connection is still needed between the “manifold” and
the PCB to avoid the “manifold” from breaking the glue layer.

Removing the “manifold” and the PCB offers a view of the package and another
waveguide structure, shown in Fig. 4.12b. We call the gold colored waveguide
structure an interposer. The interposer can be used to fan-out the waveguides. A
cross-section is shown in Fig. 4.14 where it is easier to see the fan-out. We have de-
liberately chosen to separate the waveguides into two parts, the interposer and the
manifold. The spacing between the waveguides on the IC package is limited by the
spacing of the pads on the die, which is approximately 1mm for a product like [12].
The cross-section of a standard WR-10 waveguide measures 2.54mm×1.27mm,
which will not fit with a 1mm pitch. Hence we have to shrink the dimension of
the waveguides. The propagation coefficient and characteristic impedance of the
fundamental mode of a waveguide are only determined by the long dimension.
Hence we can freely shrink the short dimension. We shrank the short dimension
to 0.8mm. This makes that the wall-thickness between the channels is 0.2mm.
That requires a very fine manufacturing process. We use the interposer to fan-out,
enabling us to use a coarser (and cheaper) manufacturing process for the mani-
fold. The quarter-wave transformers constructed from silicon are also inside the
interposer, hence it seems reasonable that the interposer is constructed by the IC
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Figure 4.11: Simulation results showing the effect of fluctuations of the glue layer thickness.
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(a) Full view of a system which can be connected to a measurement setup. The package
is mounted on a PCB (green) and a fan out structure is added on top which enables the
connection of measurement equipment to standard waveguide flanges.

(b) View with the PCB and the waveguide flanges removed. Now only the first fan-out waveg-
uide structure is shown on top of the package.

(c) View of the package without the waveguide structures and the PCB. The structures on top
of the package are explained in more detail in Fig. 4.13b.

Figure 4.12: Pictures showing how the waveguide structures can be fitted on top of the package.
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manufacturer.
Removing the interposer gives the view of Fig. 4.12c. We see a standard QFN

package with pads on the outside rim. The figure also shows 2 rows of 4 cavities
and the microstrip lines on the top of the package. We expect the worst isolation
between two neighbouring channels in a single row since they are closest together.
Hence we based the isolation simulation with the results depicted in Fig. 4.10 on
that situation.

In Fig. 4.13 we find more detailed views of the package with the mold removed.
It starts with Fig. 4.13a where the mold is removed. The lead-frame shown in gold
supports the the die (grey) on top. The lead-frame is connected with bond-wires
(gold) to the IC. We also see the cavities (walls red, bottom blue). More detailed
views of the cavities and the bond-wires are shown in Figs. 4.13b and 4.13c. Here,
we see that bond-wires run underneath the cavities. This means that we have to
make the coaxial structure long enough to provide enough clearance for the bond-
wires. This clearance is also necessary to avoid influencing the inductors on the
IC. We have checked the required bond-wire clearance and the influence on the
inductance and concluded that the bottom of the cavity should sit 100 μm above
the IC.

The construction of the package itself is better viewed in the cross-section de-
picted in Fig. 4.14. This cross-section also indicates the layer heights and the fan-
out structure of the interposer. The different colors of the different metal layers
inside the package correspond to different manufacturing steps. First, bumps (yel-
low) are placed on the pads on the die, and the die is bonded to the lead-frame.
Also a dielectric layer (pink) is deposited on top of the IC creating the clearance for
the coaxial shield. The coaxial shield and inner conductors (green) are built on top
of the dielectric layer and the bumps using the TPV technology [18]. Afterwards
the complete package is molded and the mold is ground back to the surface of
the coaxial structure. The bond-wires are now also fully covered in the mold. The
process of metal deposition, molding and grinding back is repeated for the bot-
tom of the cavity and the cavity walls. Finally the top-metal can be deposited and
the waveguides can be glued on top of the package using die-attach film. Other
variations of this process are possible, but this procedure at least shows that it is
possible to manufacture such a package using available IC package manufacturing
processes.

4.8. Low-frequency demonstrator
As we have shown above, it is possible to actually manufacture an IC package. How-
ever, to work out all the details is time-consuming and the manufacturing process
is expensive. Hence, we have decided to first perform and experimental validation
with a low-frequency demonstrator to verify our coupling concept. We have scaled
the transition to the 10GHz band. We can use different manufacturing processes
at that frequency, enabling cheaper production. Of course, these alternative tech-
niques also have constraints. We have to alter our design slightly to meet those
constraints. It is especially hard to find materials with the same material properties
and scaled thicknesses. Hence, several solutions have been analyzed considering
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(a) Same view as shown in Fig. 4.12c, but now the molding compound is removed.

(b) Zoomed view of a single cavity. The bottom of the cavity is blue, the walls red. The
microstrip which excites the slot in the waveguide is green. The silicon die is grey and is
covered with a dielectric layer (pink) which isolates the coaxial shield from the top metal of
the IC.

(c) Zoomed view showing the side of a cavity. It can be seen that the bottom of the cavity is
connected to the coaxial shield and that the bondwires are underneath the cavity.

Figure 4.13: 3d views showing the structures inside the package.
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Figure 4.14: Cross section view drawn to scale with system dimensions included. Also waveguide fan-out
is shown.
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(a) Scheme of the low-frequency demonstra-
tor. Disassembled view to show the main layers
composing the device.

(b) Manufactured Low-frequency demonstrator.

Figure 4.15: Low-frequency demonstrator.

Table 4.1: Comparison between designed material for the high frequency transition and selected material
for the low-frequency demonstrator.

High frequency Low frequency
IC structure 𝜀 tan 𝛿 Low-freq. layer 𝜀 tan 𝛿
Silicon brick 11.68 0.001 TMM10 9.80 0.002
Glue layer 4.50 0.025 RO3035 3.60 0.002
Mol layer 3.50 0.011 HDPE 2.84 0.070

various technologies, materials, and simplifications. The best solution, considering
simulations results, fabrication processes, and the total cost, is shown in Fig. 4.15.

The low-frequency demonstrator reproduces two channels of the designed IC to
antenna transition. This is the minimum number of channels to be able to measure
transmission, reflection, and isolation of the device. The demonstrator consists of
three main structures as shown in Figure 4.15a. The top structure is composed
of two waveguides which fan-out, adapting a flattened waveguide to a standard
WR-90 waveguide. These waveguides are filled with TMM10 Rogers material bricks
simulating the silicon bricks in the high-frequency design. The middle layer is a PCB
that includes the slot antenna in the top face, and the microstrip in the bottom one.
Consequently, the core material of the PCB is mimicking the glue material. Lastly,
the bottom layer represents the mold material and the cavities. This layer consist
of a metal support structure filled with HDPE material. A summary of the main
resulting dimensions for the demonstrator are shown in Table 4.2. In addition, a
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Table 4.2: Main dimensions of the low-frequency demonstrator structures.

Low-freq. layer size (mm)
Waveguide top aperture 22.86 × 10.16

Waveguide bottom aperture 18.00 × 6.00
TMM10 bricks 18.00 × 6.00 × 2.54
Slot aperture 7.19 × 0.47
Glue layer 70.30 × 55.00 × 0.13

Microstrip (central section) 2.15 × 0.36
Cavity 10.88 × 5.63 × 2.83

Support structure layer 70.30 × 55.00 × 4.00

list of the selected materials is shown in Table 4.1. All the mentioned structures are
scaled and tuned versions of the high-frequency model. Nevertheless, we have not
reproduced the coaxial structures because of manufacturing and cost constraints.
It was impossible to find a satisfactory solution to integrate the coaxial structure,
the microstrip and the cavities using cost-effective technology at this frequency.
Instead, we decided to modify the coaxial structures considering that their main
purpose is to feed the microstrip. Taking advantage of the existing structures in our
design, we replace the coaxial structure for an extension of the current microstrip.
This provides a direct connection to feed the demonstrator, but also increases the
length of the microstrip. The coaxial structures in the high-frequency design have
a length equivalent to the 11% of the central wavelength. In the low-frequency
demonstrator, the length of the extended microstrip is 87% of the wavelength.
Hence, we need to correct for this difference to make a fair comparison between
the low and high-frequency designs.

The characterization of the low-frequency demonstrator was realized in three
steps. The characterization of the low-frequency demonstrator, the characteriza-
tion of the extended microstrip, and the de-embedding of the extended microstrip
sections that do not exist in the high-frequency model. The first step was measur-
ing the S-parameters for the low-frequency structure using a 4-port VNA. Two ports
were connected to the waveguide channels in the low-frequency demonstrator, and
the other two ports were connected to low-loss 2.92mm connectors (insertion loss
≤ 0.04√freq(GHz)) in a differential configuration. The second step was charac-
terizing the extended microstrip to create an accurate model of the section of the
microstrip that we needed to remove from the measurement. We determined the
permittivity and loss tangent for the plastic materials at the bottom of the microstrip,
the only unknown material, by tuning a CST model to fit the measurement of the
microstrip. For this measurement, we closed the slot aperture on the top of the
PCB using a metal block to create a continuous ground plane. Figure 4.16 shows
a comparison between the measured and simulated transmission losses of the ex-
tended microstrip for the parameters that produce the closest results (𝜖 = 2.84 and
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Figure 4.16: Single ended measured transmission (purple solid line) for microstrip mounted over support
structure including the cavities filled with plastic, and simulation results (green dashed line) of a CST
model of the same configuration for plastic electric parameters . and tan . .

tan𝑑 = 0.07). Finally, we post-process the data by de-embedding the extension
of the microstrip not included in the high-frequency version from the demonstrator
measurement. A CST model of the section of the microstrip was used to produce
the equivalent S-parameters network for the calculation. The post-processed mea-
surements and simulations are shown in Figs. 4.17a and 4.17b. To compare the
same fractional band as the high-frequency design, we need to consider the fre-
quencies between 9GHz to 11GHz. In this frequency range, the transmissions are
better than −1 dB, similar to the results of the high-frequency device. The high-
frequency reflection and isolation simulation results presented in Fig. 4.8 are better
than the measurement results for the low-frequency demonstrator. We expected
this since the low-frequency measurements are subject to all the tolerances and
simplifications in the fabrication. The reflection and isolation −13 dB and −24 dB,
respectively. The simulations and measurements for the reflection and the trans-
mission follow the same trend. We see in Fig. 4.17b that there is a larger difference
between simulation and measurement, but that is to be expected since isolation is
more sensitive to tolerances.
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(a) Measured waveguide reflections (blue solid line for channel 1 and blue
dashed line for channel 2) and waveguide-microstrip transmission (red solid
line for channel 1 and red dashed line for channel 2) for the low-frequency
demonstrator after de-embedding of the extension of the microstrip structures
that do not exist in the high-frequency model. CST simulation results of the
same configuration are presented in dotted lines for comparison.

(b) Measured (solid line for channel 1 and dashed line for channel 2) and sim-
ulated isolation (dotted line) between the waveguides for the low-frequency
demonstrator.

Figure 4.17: Measured S-parameters for the low-frequency demonstrator. Transmissions and reflection
results after de-embedding of the extension of the microstrip structures that do not exist in the high-
frequency model.
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4.9. Conclusions
We have shown that an antenna transition at high frequencies should be carefully
designed. We have listed the important design targets based on the example of
car-radar. We have been able to design a transition that meets those requirements.
We divided our design process into two parts. First, the power transport to the
top-surface of the package, which we realized by using a coaxial structure. The
second step is the power coupling from the top surface of the package into the
waveguide. This has been realized by coupling the field to a slot in the end of the
waveguide. Spurious radiation is reduced by increasing the input admittance of the
fundamental mode of the waveguide through a quarter-wave block of silicon. The
second measure to reduce the spurious radiation is the inclusion of back cavities in
the package.

The performance of our design can be summarized by looking at the targets.
The losses are below 1dB, which is also the desired target. The spurious radiation is
1.5% at its maximum, comfortably meeting the 5% target. The thermal conduction
to the PCB is taken care of by a ground pad, which is available in a QFN package.
We performed a tolerance analysis, and concluded that care should be taken that
the thickness of the glue layer, which is used to glue the waveguides on top of the
package is well controlled. Tolerance analysis of other parameter shows that the
standard manufacturing tolerances are good enough for our design. We managed
to span the entire frequency band from 71GHz to 86GHz with the reflection kept
below -15 dB. We managed to put our transition into a standard QFN package and
we have shown how the package can be adapted to include our transition. Of
course the costs of the additional process steps should be carefully analyzed. But
at least we have shown that our package can be manufactured using standard
process steps. Our targets state that the size of a complete radar module should
be small. We managed that by exploiting the vertical direction instead of placing
the waveguides in the lateral direction. We have also shown that the isolation of
our design is better than -41 dB across the entire frequency band, which is much
better than the required -30 dB. And finally we have shown that antenna flexibility
can be easily provided for end-customers. Especially if the waveguide structure is
separated into an interposer and a “manifold” with the interposer constructed by
the IC manufacturer, enabling customers to create their own waveguide structures
in standard manufacturing technologies. The design has been tested with a low
frequency demonstrator constructed at 10GHz. The measured maximum reflection
in the desired band was -13 dB and the isolation -24 dB. The demonstrator gives us
confidence that the presented concept can give good performance, but tolerances
should be well under control.

4.10. Epilogue
The solution presented in this chapter is very promising. The simulated losses
and isolation are better than the targets we set in chapter 2. The low-frequency
demonstrator is not an exact replica of the high-frequency solution and it does not
fully meet all design targets. But at least it shows that this type of solution can
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perform well. The full transition including the coaxial structure should be tested
at the desired frequency band. We presented how a high-frequency demonstrator
can be manufactured in section 4.7. However, steps still need to be taken. There
are two big challenges which need to be overcome for a working high-frequency
demonstrator to be realized. First of all the thickness of the glue-layer needs to be
well controlled. The second issue is the material characteristics of all the dielectrics
involved. They should be known to within tight tolerances at the desired frequency
band. Usually such material properties are only specified at lower frequencies, and
hence accurate high-frequency measurements may have to be performed. Also,
there may be a considerable spread between different samples, as well as temper-
ature dependence issues.
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5
Multi-mode modeling and

optimization of iris-coupled
cavities

High-frequency signals can be carried by waveguide transmission lines with
low losses. Connecting them directly to a package of an Integrated Circuit
(IC) would reduce the losses encountered in the transition from IC to antenna.
Power can be coupled from the IC package to a waveguide using a slot. How-
ever, to for low spurious radiation the input impedance of awaveguide should
be low. Irises can be used to lower the input impedance, but proper design
of the dimensions is required. We have improved an existing mathematical
representation of an iris to model a single aperture inside a waveguide. The
model is extended with the coupling of multiple closely spaced irises. We also
describe a procedure to optimize the irises to obtain a low input impedance
and a large bandwidth. Results are compared for multiple inputs of the opti-
mization procedure and the results are verified with CST. It is shown that a
reduction of the input impedance from 500Ohm to 56Ohm is possible over a
bandwidth ranging from 77GHz to 109GHz.

This chapter has been submitted to Transaction on Microwave Theory and Techniques.
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Figure 5.1: Schematic view of waveguide structure on top of IC package.

5.1. Introduction
With new application areas for wireless systems going to higher operating frequen-
cies, the losses per unit length increase significantly for printed transmission lines
like microstrip. Use of rectangular waveguides significantly reduces these losses
[1]. Therefore, we propose to use waveguides to couple energy from an integrated
circuit (IC) to an antenna to create a high-efficiency waveguide-based antenna-in-
package (AiP).

Since waveguides get smaller compared to an IC when going to higher frequen-
cies, several channels could be accommodated in a single module. For the cur-
rent study, we are looking into interconnections in E-band, which standard waveg-
uide (WR10) dimensions are 2.54x1.27 mm. These dimensions are comparable
or smaller than a typical transceiver IC. However, we need to integrate multiple
channels and to enable the low-frequency signals interconnection from the IC to a
PCB via conventional methods. Accordingly, we propose to use fan-out the high-
frequency signals paths on the package. We can connect pads on the IC to a
metallization layer on the top of the package as is depicted in Fig. 5.1. The top
metallization is used to couple the high-frequency signals to a slot in the bottom
of the waveguide. The low frequency signals can be connected to a PCB using
conventional bondwires. This modular approach is advantageous because the IC
and waveguide manufacturing process can be separated. The IC and its package
can be produced by a semiconductor company and the waveguide can be designed
and manufactured by another company fitting the needs of a specific application.

Since we aim to integrate multiple channels, high isolation between these chan-
nel is an important requirement [2]. We are using a slot to couple energy to the
waveguide. The slot will radiate into the waveguide, but will also generate spurious
radiation flowing back into the package. The power ratio between spurious radiation
and power flowing into the waveguide is determined by the ratio of the impedances
looking into the package and into the waveguide. Inspired by the slot-coupled mi-
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crostrip line to waveguide transition proposed by Kim et al. [3], but acknowledging
the need to improve isolation, we propose to use a cavity-backed transition from
the top metallization to the slotted end-face of a waveguide. The cavity will in-
crease the impedance which the slot encounters towards the package side. We can
improve the isolation even further by reducing the input impedance looking into the
waveguide. Kim et al. [3] propose inserting a high-dielectric brick just at the start
of the waveguide to act as a quarter-wavelength transformer to lower the input
impedance. However, that would reduce the bandwidth significantly.

We have also devised an efficient design method to achieve an impedance trans-
formation back from the high dominant-mode impedance of an unloaded rectan-
gular waveguide to a slotted end-face that is coupled to a microstrip line. This
impedance transformation is obtained via a cascade of capacitive-iris coupled cavi-
ties, as depicted in Fig. 5.1. For this purpose, we first specify a bandwidth and the
associated quality factor (𝑄-factor). On the Smith Chart the 𝑄-factor demarcates
an eye-shaped region bounded by two constant 𝑄-factor circular arcs. Our design
process amounts to tracing a trajectory within the eye-shaped region by alternat-
ing between gradually closing a capacitive iris (limited by a minimum opening) and
gradually adding a waveguide section. The former step is performed until the lower
constant 𝑄-factor arc is (almost) reached, the latter step is executed up to reach
zero reactance, at which point we introduce the next iris. The procedure continues
until the impedance has decreased sufficiently.

In this procedure, it is imperative that we use a fast and accurate method for
computing the electromagnetic scattering matrix of a capacitive iris. In principle,
a straightforward mode matching procedure should suffice. However, the Meixner
conditions [4, 5] at an iris tell us that locally certain electromagnetic field compo-
nents have inverse (reciprocal) square root singularities. As a consequence, a naive
mode matching procedure is excruciatingly slow to converge.1 Fortunately, regu-
larization procedures can accelerate the convergence dramatically. Applications of
such methods of regularization in electromagnetics have been investigated since
the early 1960s, and come in several flavours [6–11]. In a review paper, Smith
[12] points out that although the principal tool in these regularization techniques
is the Abel transform, the Riemann-Hilbert approach also provides an excellent
alternative for a wide class of problems. The work by Ziolkowski et al. [13–16]
belongs to the latter category. For a single capacitive iris, Ziolkowski and Grant
[16] employed a generalized dual-series approach, based on the Riemann-Hilbert
problem.2 In particular, the central mathematical tool that they developed follows
paragraph 42 of Gakhov’s monograph [17], which in turn had first appeared in his
1941 dissertation [18]. An alternative solution by Muskhelishvili [19] also dates
from 1941.

1 ( / ) as the number of retained modes approaches infinity
2Because Hilbert was the first to solve the Riemann problem for closed contours, these problems are
nowadays commonly referred to as Riemann-Hilbert problems. This nomenclature is somewhat am-
biguous as regards the classification made by Gakhov between Riemann and Hilbert boundary value
problems (BVPs). Gakhov mentions that certain Hilbert problems are sometimes called Riemann-Hilbert
problems. In the classification of Gakhov, the Riemann-Hilbert problem considered in [16] is a Riemann
BVP with discontinuous coefficients for open contours (or open contour segments).
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Figure 5.2: Front and side view showing the naming of the dimensions for the iris.

The work by Ziolkowski and Grant [16] could have been the starting point of
a sequence of papers covering ever more complex multi-iris configurations, which
is exactly what we need for our optimization procedure. Unfortunately that paper
contains several errors, which is why it might not have received the acclaim and
follow-up research it deserves. So, before we can proceed with the description
of our optimization scheme, we shall address the errors in [16] in section 5.2. In
section 5.3, we extend the model to cover mode conversion and mode matching in
a coupled cavity configuration involving multiple irises in close proximity. After that
we present our optimization procedure in section 5.4. The results and conclusions
follow in sections 5.5 and 5.6.

5.2. Modeling of a capacitive iris
As mentioned in the introduction, we have based our optimization procedure on the
model introduced by Ziolkowski and Grant in [16]. We have found several errors in
the original formulation. Implementing the formulation presented in [16] will give
an incorrect solution. We will show the mistakes which need to be corrected, but
we will start with a short outline of the concepts introduced in [16].

5.2.1. Summary of the model
Fig. 5.2 shows a side and front view of a capacitive iris which is inserted into a
rectangular waveguide of dimension 𝑎 × 𝑏. The iris is formed using a metal sheet
covering the bottom of the waveguide cross section. The height of this sheet is
𝑐. The directions of the axes from the coordinate system are also indicated. The
direction of propagation is along the 𝑧-axis, while 𝑥 and 𝑦 are the coordinates in the
cross-sectional plane. In keeping with [16], the time factor exp(i𝜔𝑡) is understood
and suppressed throughout. The only non-zero tangential components of the total
EM field are 𝐻 and 𝐸 . A TE mode with respect to 𝑥 with modal coefficients (𝑙, 𝑝) is
incident on the iris, with (𝑙, 𝑝) = (1, 0) denoting the dominant mode of propagation.
The amplitude of the incoming wave at the iris is denoted as 𝑆 . The iris will cause
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the incoming field to scatter. Accordingly, we write the field at the cross section of
the iris as the superposition of the incoming field and a scattered field. The total
field at the cross section has to satisfy the boundary conditions. Application of the
boundary conditions leads to

∑𝛾 𝑆 sin (𝑙𝜋𝑥/𝑎) cos (𝑚𝜋𝑦/𝑏)

= {−𝛾 𝑆 sin (𝑙𝜋𝑥/𝑎) cos (𝑝𝜋𝑦/𝑏) (0 ≤ 𝑦 < 𝑐),
0 (𝑐 < 𝑦 ≤ 𝑏),

(5.1)

where 𝛾 is the propagation factor of mode (𝑙,𝑚). 𝑆 unconventionally, but con-
veniently denote the magnetic-field amplitudes of the scattered modes. We could
try to solve this mode-matching problem directly, but this would lead to severe con-
vergence issues. The reason is that the Meixner conditions [4, 5] give rise to field
singularities and hence to extremely slowly converging series. As indicated above,
the mode-matching problem for TE polarized electromagnetic fields amounts to
a dual-series system of equations for the modal amplitudes of the electromagnetic
field expansion on either sides of the iris. A coordinate transformation maps the
cross-sectional plane containing the iris to a unit circle parameterized by an angle 𝜙.
The circle consisting of two segments, one perfect electrically conducting segment
where the (transformed) tangential electric field must vanish, and another where
the continuity of the (transformed) tangential electromagnetic field components is
enforced. Upon considering the unit circle to be embedded in the complex 𝑧-plane
with 𝑧 = exp(i𝜙), the resulting Riemann boundary value problem with discontinu-
ous coefficients on open contour segments relates functions that are analytic on the
inner and outer regions. These functions are connected into one sectionally analytic
function through Cauchy integrals, which on the boundary result in the Sokhotski-
Plemelj formulas [15]. The Meixner conditions determine the order, 1/2, of the
singularities at the edges of the contour segments, and is incorporated explicitly
into the formalism. Upon recognizing that 𝑧 = exp(i𝑚𝜙), one applies Fourier
inversion, which leads to a regularized dual-series system of equations. At first
glance, one might think that replacing the original dual-series system of equations
by the regularized dual-series system of equations seems futile. However, the con-
vergence properties of the regularized system are significantly improved, allowing
for a radical truncation of the series. We only need the active modes, i.e., the ones
that effectively couple to each other via the scattering matrix of an iris.

Ziolkowski and Grant apply the coordinate transformation 𝜙 = 𝜋𝑦/𝑏 and Θ =
𝜋𝑐/𝑏, thus casting the system of equations in eq. (5.1) in the same form as in [13–
15]. They proceed by transforming the rewritten set of equations to another infinite
system of equations. Although the new system is still infinite they point out that
typically a reasonable convergence is achieved by truncating the series to 𝑁 terms,
where

𝑁 ≈ 10
𝜋
√(𝑘𝑏) − (𝑙𝑏𝑎 ) . (5.2)
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The truncated system of equations is given by

𝐺 = 𝑥 + ∑ Λ 𝑥 , (5.3)

𝐴 = ∑ ∑ (−1)
𝑚 Λ 𝑥 − ∑ (−1 )

𝑚 𝐺 , (5.4)

where the definitions for 𝑥 and 𝐺 are given in [16, eq. (10c)] and [16, eq.
(11c)], presented as 𝑥 = 𝑚𝐴 and

𝐺 = ∑ Γ 𝑓 (5.5)

respectively. We have provided a corrected expression of 𝑓 in eq. (5.8) and Γ
can be derived together with Λ . Although expressions for these two terms are
easily derived they are not provided in [16]. We would like to include them for the
convenience of implementation

Λ = ( 𝑉 𝜉𝑊
−1 − 𝜉𝑊 + 𝑉 ) |𝑛|𝑛 𝜒

+ ( −𝑉 𝜉
−1 − 𝜉𝑊 2𝑆 − 𝑃 (cosΘ)) 𝛿 , ,

(5.6)

Γ = 𝑉 𝜉
−1 − 𝜉𝑊 𝑊 + 𝑉 , (5.7)

where the definitions of the terms 𝜉, 𝜒 are provided in [16, sec. II B] and 𝛿 ,
is the Kronecker delta, defined as 𝛿 , = 1 for 𝑚 = 𝑛 and 𝛿 , = 0 otherwise.
Furthermore, definitions for the terms 𝑉 , 𝑊 and 𝑆 are provided in [16, Appendix
II]. Finally, 𝑃 is the Legendre polynomial, with the conventional normalization [20,
18.5.16].

Finally, we would like to show the power of the transformation by looking at
the convergence. We have calculated 𝐴 for an iris with 𝑎 = 2.54mm, 𝑏 = 1mm,
𝑐 = 0.5mm. The calculations were performed at 92.5GHz. We started by taking
𝑁 = 300. Next, we have calculated 𝐴 again for smaller 𝑁 and we have plotted
the relative error comparing the newly calculated values of 𝐴 to the one we found
for 𝑁 = 300. The results are depicted in Fig. 5.3. We have also tested the effect
of directly truncating and solving eq. (5.1), these results are also included in the
figure. We see that the convergence is much better for the transformed system of
equations than for directly solving. The truncation estimate of eq. (5.2) predicts
that we can truncate the series at approximately 𝑁 = 6, which was indicated in
the figure with a black line. We observe that the transformed system has a relative
error of 6 ⋅ 10 % whereas directly solving has an error of 22%. This difference in
the errors shows that the transformed system of equations converges much quicker.
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Figure 5.3: Relative error in as function of , convergence is compared between eq. (5.1) and
eq. (5.3). Additionally, the approximate truncation limit of eq. 5.2 is shown.

5.2.2. Errors in [16]
The method presented in [16] is a very elegant solution. The method only applies a
mathematical transformation to the boundary conditions as stated in (5.1). Hence,
there is no reduction in accuracy because of any simplifications. Moreover, the new
series converge rapidly, as was shown in Fig. 5.3. We can run the code on a stan-
dard notebook computer and still get results within seconds. However, during the
implementation of this model we found errors in some of the expressions provided
in the paper. Most of these errors are minor mistakes, but some of them influence
the outcome of the model significantly, as we show in the next section. For com-
pleteness we will show all the mistakes and corrections we have found, even if they
do not directly influence the outcome.

First of all, on the right hand side of eq. (5.1) we included the term 𝛾 which
was not included in [16, eq. (1b)]. The same term was forgotten in the derived
equation of 𝑓 defined in [16, eq. (5)]. Moreover, the definition of 𝑓 does include a
Kronecker delta 𝛿 , which is 1 for 𝑚 = 𝑝, however, it should also be 1 for 𝑚 = −𝑝.
Including both corrections, the following revised expression is obtained

𝑓 = − i𝑏
2𝜋𝑆 | |𝛿| |, 𝛾 . (5.8)

The infinite sum in eq. (5.5) can be removed by noting that 𝑓 is only non-zero for
𝑓 and 𝑓 . [16, eq. 11(c)] does include that simplification, there it is stated that
eq. (5.5) is equivalent to Γ 𝑓 + Γ ( )𝑓 , but that is only true for 𝑝 ≠ 0. Using
the simplification for 𝑝 = 0 would double the outcome. So for 𝑝 = 0 the equation
should read Γ 𝑓 . We have also slightly altered eqs. (5.3) and (5.4) compared to
[16, eq. (11a) and eq. (11b)]. We have added 𝑛 ≠ 0 to the summations. That
is implied by the definition of 𝑥 = 𝑚𝐴 , but it is good to mention this explicitly.
Calculating Λ gives difficulties because the definition of 𝜒 includes a term with 𝑛
in the denominator. Also we would like to point out that eq. (5.3) does not define an
overdetermined system of equations by removing the 𝑛 = 0 term because 𝑉 = 0
and hence Λ( ) = 0.
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The next problem we encountered was with the minus sign in front of 2𝑆𝑥
in [16, eq. (10b)]. After studying the references provided by Ziolkowski we found
that this minus should be a plus sign. Correcting this gives

− 𝐴 = 𝜉𝐴 𝑊 + ∑ 𝑊 (𝑓 − |𝑛|𝑛 𝜒 𝑥 ) + 2𝑆𝑥 . (5.9)

Please also note that this equation was repeated in one of the appendices as [16,
eq. (A4)] and that this correction holds for that equation as well. This correction
has been taken into account in the derivation of eq. (5.6).

When we combined [16, eq. (3)] and [16, eq. (13)] we found a small mistake
in the right hand side of [16, eq. (13)]. From [16, eq. (3)], we concluded that
𝐴 = 𝑆 which means that the 2 included in front of the 𝐴 term should be removed,
giving us

𝐽 = 2 sin (𝑙𝜋𝑥/𝑎) [𝐴 + 𝐽 ]. (5.10)

Also, the expression of 𝑥 (𝑧) given in [16, p. 1175] should be

𝑥 (𝑧) = − ∑ 𝑥 𝑧 . (5.11)

Furthermore, Ziolkowski and Grant wrote in the Appendix II that 𝑈 (𝑢) = 𝑈 (𝑢),
however this should be

𝑈 (𝑢) = −𝑈 (𝑢). (5.12)

In the same appendix an expression for 𝑊 is provided. However their expression
does not cover the cases where 𝑛 ≤ 0. The full definition for all values of 𝑛 is

𝑊 =

⎧
⎪
⎪
⎪
⎪
⎪

⎨
⎪
⎪
⎪
⎪
⎪
⎩

−12𝜇 (𝑢) ln(1 + 𝑢2 )

+ 1
2𝑛 [𝑃 (𝑢) − 𝑃 (𝑢)]

(𝑛 ≥ 1),

1 + 𝑢
2 ln(1 + 𝑢2 ) (𝑛 = 0),

𝑢 − 1
2 [1 + ln(1 + 𝑢2 )] (𝑛 = −1),

−12𝜇 (𝑢) ln(1 + 𝑢2 )

− 1
2𝑛 [𝑃 (𝑢) − 𝑃 (𝑢)]

(𝑛 < −1),

(5.13)

as can be found in [13].

5.2.3. Validation of results
To verify that the changes we made give accurate results, we have revisited some
of the figures which were originally published in [16]. We compared our results
with simulations in CST Microwave Studio (version 2019) [21] for the dimension
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Table 5.1: System dimensions used for generating Fig 5.4.

𝑎 7.21cm
𝑏 3.4cm
𝑐 2.55cm

according to figures 1 and 2 from [16]. The dimensions are listed in table 5.1. Since
we deliberately chose dimensions equal to those used in [16], we can compare our
results both against CST and the figures which we took from [16].

0 0.5 1 1.5 2 2.5
y [cm]
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CST
Our implementation
Implementation Grant and Ziolkowski

Figure 5.4: Normalized current distribution at GHz on the capacitive iris for the system param-
eters listed in Table 5.1. Results from CST, our implementation of the iris model and from [16] are
compared.

We made a comparison for the current distribution. We noticed that for good
convergence in the current distribution we had to manually make the mesh signifi-
cantly denser than the automatic settings in CST Microwave Studio. This is due to
the field singularities at the edge of the iris. Also, we noticed interpolation problems
when we directly looked at the surface current results generated by CST. To over-
come this we had to evaluate the difference of the tangential magnetic field values
on either side of the metal iris. The results are presented in Fig 5.4. The currents
are obtained for 15GHz. All the current distributions are normalized on their peak
value. It is directly evident the completely different behavior of the curve we have
taken from [16, Fig. 3d] (yellow curve). The only similarity is the behavior around
𝑦 = 𝑐 where the current goes to zero as expected. Further conclusion is that the
current distribution generated by our implementation of the model is very similar
to the current we obtained from CST. This gives us confidence that our implemen-
tation is giving accurate results and hence we have used this implementation for
the the modeling which we present in the rest of the paper. Comparing our results
with the results from CST, directly shows the power of this model. Obtaining the
plot with CST (using the manually generated mesh) took a couple of hours on a
server, where the plot was generated by our model within a couple of seconds on
a standard notebook computer.
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We would also like to point out that Ziolkowski and Grant make the statement
in their publication that “The number of peaks is correlated to the number of prop-
agating scattered modes” [16, p. 1168]. They refer to the number of peaks in the
current distributions, one of which we also presented here in Fig. 5.4. Ziolkowski
and Grant state that for 15GHz that there are 3 propagating modes present and
link this to the three peaks they see in [16, Fig. 3d] (our Fig. 5.4). We do not see
that in our results. Our 𝑛-series results which agrees with the CST simulations only
shows two peaks.

5.3. Multi-mode coupling
The scattering matrix for modal fields is infinite dimensional, and expresses the
outgoing (scattered) complex modal amplitudes in terms of the incident complex
modal amplitudes. In practice, we have to truncate the number of “active” coupled
modes.3 We identify the active modes as the modes that effectively couple to other
modes through the amplitudes of the off-diagonal scattering matrix coefficients. We
will determine which modes are active based on the convergence of the final results,
as we will show in section 5.4. We express the complex S-parameters converting
incoming mode 𝑝 into mode 𝑚 in the following way

𝑆 , = 𝑆 exp (−i𝑙 𝛾 ) exp (−i𝑙 𝛾 ),
𝑆 , = (𝛿 , + 𝑆 ) exp (−i𝑙 𝛾 ) exp (−i𝑙 𝛾 ),
𝑆 , = 𝑆 exp (−i𝑙 𝛾 ) exp (−i𝑙 𝛾 ),
𝑆 , = (𝛿 , + 𝑆 ) exp (−i𝑙 𝛾 ) exp (−i𝑙 𝛾 ),

(5.14)

where 𝑙 and 𝑙 are the distance from the iris to the reference planes on the left and
right side respectively. We can use these definitions to form a S-Parameter matrix
which describes the coupling of higher order modes up to and including the mode
where 𝑝 = 𝑃. This matrix of size (2𝑃 + 2) × (2𝑃 + 2) is given by

⎡
⎢
⎢
⎢
⎢
⎢
⎣

𝑆 , … 𝑆 , 𝑆 , … 𝑆 ,

⋮ ⋱ ⋮ ⋮ ⋱ ⋮
𝑆 , … 𝑆 , 𝑆 , … 𝑆 ,

𝑆 , … 𝑆 , 𝑆 , … 𝑆 ,

⋮ ⋱ ⋮ ⋮ ⋱ ⋮
𝑆 , … 𝑆 , 𝑆 , … 𝑆 ,

⎤
⎥
⎥
⎥
⎥
⎥
⎦

. (5.15)

This S-parameter matrix describes a 𝑃 + 1 port system. When we put multiple
slots inside a waveguide the S-Parameters should be concatenated as depicted in
Fig. 5.5. The figure depicts the concatenation of two S-Parameter matrices for two
irises, however any number of irises can be concatenated in the same way. For
some manufacturing processes it might be easier to produce a waveguide system

3not to be confused with the number of accessible modes, which refers to the propagating and evanes-
cent modes that can traverse a finite length of waveguide. Propagating and evanescent modes can still
be quite large in case of short waveguide segments.
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Figure 5.5: Concatenation of S-Parameter matrices.
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Figure 5.6: Front and side view showing the symmetry between a iris on the top of the waveguide
intersection and a centered iris.
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Table 5.2: Optimized system dimensions obtained with . Corresponding Smith chart is shown
in Fig 5.7. Optimization performed at . GHz with waveguide dimensions of . mm and

mm.

Step number Slot size, 𝑔 [μm] Waveguide length [μm]
1 250 390.0
2 50 90.0
3 25 30.0
4 25 20.0
5 25 62.6

with irises in the center of the waveguide interface, instead of at the top of the
interface. Because of symmetry we can use the same model as shown Fig. 5.6. All
the equations remain the same, only the values of 𝑏 and 𝑐 should be adapted. If the
cross section of the waveguide with the centered slot measures 𝑎 ×𝑏 , then 𝑎 = 𝑎
and 𝑏 = 𝑏 /2. Denoting the size of the slot by 𝑔, simulations with 𝑐 = (𝑏 − 𝑔)/2
should be performed.

5.4. Optimization procedure
Now we are able to calculate the S-parameter matrix of a concatenation of waveg-
uides and irises, and we are able to define an optimization procedure. The goal
of our optimization procedure is to transform the input impedance of a rectangular
waveguide down to a lower value. The main purpose is to achieve a good front-
to-back ratio for slot-coupling a microstrip line to a waveguide. Lowering the input
impedance as much as possible helps us in achieving the best front-to-back ra-
tio. However, we also want to optimize for a large bandwidth. Although not all
applications require large bandwidths, having a large bandwidth allows for larger
manufacturing tolerances. We propose an optimization procedure taking both of
these goals into account. We have opted to use the constant quality factors circular
arc in the Smith chart as a principle for our optimization [22]. On these so-called
constant 𝑄-factor circular arcs in the Smith chart the ratio of the reactance and
resistance is constant.

The technique as presented in [22] is used for lumped element matching net-
work optimization. We use the same principle to optimize the dimensions of the
irises. When optimizing for a large bandwidth we want a low quality factor in the
entire system. Upon plotting the path of the input impedance going from output to
input, we want to keep the quality factor within the bounds of the desired maximum
quality factor. Although this method does not ensure that the -10 dB bandwidth is
maximized, it will at least generate a set of system parameters for which the input
impedance is relatively well behaved. The outcome of this optimization procedure
can be used for further tuning if required.

Optimization based on these circular arcs, in combination with the model we
presented in section 5.2 is a very powerful tool. The model gives us full insight
in all the excited modes, hence we know all the effects on the impedance. This
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(a) Full view (b) Zoomed view

Figure 5.7: Smith chart optimization results at 92.5GHz with . System dimensions are listed in
Table 5.2. Results from the model are compared to CST.

means that we can easily predict whether our transition remains within the con-
stant quality factor circular arc. Another advantage of our procedure is that the
model is a frequency-based approach, meaning that every frequency point requires
a separate calculation. The advantage of using the constant quality factor circu-
lar arcs is that we use only a single frequency point for the optimization process.
With this method we are able to optimize for the bandwidth without requiring time
consuming broadband calculations.

We use back-to-front optimization, which means that we add irises starting at
the output and consecutively add more irises towards the input. We define the
output as the top of the waveguide shown in Fig. 5.1, the input is on the side of
the slot. During the complete optimization we always look at the impedance seen
from the input. Our procedure is best explained by looking at the results which
are presented in Fig 5.7. This figure plots the input reflection when successively
adding more elements between output and input. The Smith chart uses a reference
impedance of 100Ohm. The constant quality factor lines are the thick black lines
forming the shape of an eye. The path starts at the right side of the Smith chart.
It shows an input impedance (wave impedance) of approximately 500Ohm which
is expected for an unloaded rectangular waveguide. Then, the first iris is inserted
into the waveguide. Our optimization routine increases 𝑐 to the point where the
reflection intersects the constant quality factor circular arc. The next step is to add
a piece of waveguide. In principle, the waveguides are used to bring the input
reactance back to 0Ohm. We refer to a combination of an iris and a waveguide
as a step. These steps are numbered as shown with the blue numbers in Fig. 5.1.
Also, the physical sizes of all the waveguides and irises are shown for all the steps
in Table 5.2.

This procedure is repeated to lower the input impedance, but we have seen
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that the size of the slot in the waveguides has to keep reducing in order to create
enough admittance to reach the constant quality factor circular arc. We want to take
the manufacturability into account as well, so we stated that the slot size should
not be less than 25 μm. This number can of course vary based upon the chosen
manufacturing technology, however, the implication on the optimization procedure
remain the same. The major implication is that we should not use the waveguides
to bring the input reactance back to 0Ohm, but we should use the waveguides to
bring the input reactance back to a value where the next slot can reach the lowest
possible circle of constant input resistance. This effect is already seen with the
second waveguide step shown in Fig 5.7.

The figure also shows that setting a minimum value for the slot dimensions
limits the reduction of input impedance from each subsequent step. The first step
lowers the input resistance from 489Ohm to 198Ohm, a reduction of 57%. The
last step only reduces the input resistance from 61Ohm to 56Ohm, a reduction of
8%. We have used that as stopping condition for our optimization procedure. We
stop adding steps when the reduction of input resistance is less than 10Ohm. We
also observe in Fig 5.7 the effect of multi-mode coupling. We observe in Table 5.2
that we actually ended up with a cascade of coupled cavities, where some of the
irises are placed only 20 μm apart. The figure depicts the lines of reflections for
multiple values of 𝑃. It can be observed that the results for 𝑃 = 9 and 𝑃 = 15
are very similar. This shows that we have taken into account enough higher order
modes for the multimode coupling. But the line for 𝑃 = 0 also shows that it is very
relevant to take higher order modes into account. For the first few steps the results
are still similar, however, when getting to the higher step numbers the results start
diverging.

To verify the final results of our model we have used the frequency-domain
solver of CST Microwave Studio [21]. A star is plotted into Fig 5.7 which indicates
the impedance obtained from CST. We see that the star is very close to the end of
the lines for 𝑃 = 9 and 𝑃 = 15, as expected. This gives us confidence that our
modeling method is able to produce accurate results.

Another interesting effect can be seen in the zoomed in version of the Smith
chart shown in Fig 5.7b. It is expected that adding an iris will only add admittance,
however we can clearly see in step 3 that the resistance is increased a little bit
as well. The line first makes a little curl before moving along a line of constant
resistance. This effect can only be observed when the higher order modes are
taken into account, the line for 𝑃 = 0 does not show this behavior. The difference
between the line for 𝑃 = 0 and 𝑃 = 15 explains this effect. 𝑃 = 0 assumes that an
iris will convert some power of the propagating mode into higher-order evanescent
modes and that the input impedance of a higher-order evanescent mode is equal
to the wave impedance which is purely imaginary. This generates a curve which
follows the constant resistance circles on the Smith chart. But the input impedance
looking back into the waveguide of a higher-order mode is not simply its wave
impedance when interaction of higher-order modes are taken into account. Part of
the power of a higher-order evanescent mode will be converted into the propagating
mode at a neighbouring iris. That produces an input impedance of the higher-order
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Figure 5.8: Smith chart optimization results at 92.5GHz with . System dimensions are listed in
Table 5.3. Results from the model are compared to CST.

Table 5.3: Optimized system dimensions obtained with . Corresponding Smith chart is shown
in Fig 5.8. Optimization performed at . GHz with waveguide dimensions of . mm and

mm.

Step number Slot size, 𝑔 [μm] Waveguide length [μm]
1 100 150.0
2 25 30.0
3 25 84.5

modes which is not purely imaginary anymore, resulting in the curve moving away
from the line of constant resistance.

5.5. Effect of the Q-factor
We have already presented and explained the results shown in Fig. 5.7. In this
section, we would like to compare those results obtained using a different value of
Q in the optimization. We depicted the Smith chart results using a Q-factor of 2
in Fig. 5.8 and the corresponding system dimensions are listed in Table 5.3. That
figure shows a larger “eye”. This means that less steps are required to go to a lower
input impedance. Also, it can be seen that the input impedance after the last step
is lower than in Fig. 5.7. The input impedance of the last step obtained with 𝑄 = 1
is 56Ohm and with 𝑄 = 2 is 35Ohm. Again, we observe that the results obtained
with CST are corresponding well with our model.
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Figure 5.9: Comparison between the broadband S11 simulation results from CST and our model. Results
compared for the optimized system parameters given in Table 5.2 and Table 5.3, for and
respectively. Input reference impedance is 56Ohm for and 35Ohm for .

We have used our model to obtain broadband results as shown Fig. 5.9 and
compared those results to CST. We have used the input impedance of the last step
as reference impedance for the input port to obtain these results. Moreover, to
obtain accurate results from CST we had to manually increase the density of the
mesh significantly instead of relying on the automatic mesh convergence checks.
We observe a slight difference between our model and CST for 𝑄 = 1. The major
differences are observed in the region where the level of the reflection is below
-20 dB. Hence the absolute difference between our results and the results from
CST is still small. The results show that the -10 dB bandwidth is larger for the
system optimized for a Q-factor of 1. The reflection is below -10 dB starting at
78.5GHz and going beyond the waveguides’ maximum operating frequency which is
110GHz. Hence, almost the entire frequency range of a standard WR-10 waveguide
is covered. For the Q-factor of 2, the -10 dB bandwidth is only from 86GHz to
100GHz.

5.6. Conclusion
We have been able to correct and implement the model presented in [16] for mod-
eling irises in waveguides. We have extended this model to include higher-order
modes which couple between neighbouring irises as well. This extension enables
us to predict the behavior of a concatenation of iris-coupled cavities fast and accu-
rately.

Based on this model we developed a procedure to optimize the system param-
eters to be able to lower the input impedance of a waveguide. The optimization
targets for a wide bandwidth with the use of constant quality-factor circles. The
approach can take into account minimal iris sizes, if that is required for manufac-
turing.

We have shown results using this optimization procedure and verified them with
CST Microwave Studio. The results show that it is possible to reduce the input
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impedance of a waveguide from 500Ohm to 56Ohm. The -10 dB bandwidth is
from 78.5GHz to 110GHz, which is almost covering the entire range of a WR-10
waveguide.

We expect that an extension of the Riemann-Hilbert approach to thick irises
would not be very difficult, and may ease manufacturing tolerances. Future progress
in miniturization technology and cost reductions may render mm-wave waveguide
impedance transformations ever more attractive.

5.7. Epilogue
In chapter 4 we described a solution to couple energy from an IC to a wavguide.
This method used a silicon brick acting as a quarter-wave transformer to lower
the input impedance of the waveguide. This chapter presents another solution for
lowering the waveguide impedance. The quarter-wave transformer is bandwidth
limited since it uses only a single step. The iris-coupled-cavities method presented
in this chapter can overcome this bandwidth limitation by using multiple steps.

However, would it not be better to integrate the impedance-lowering method
presented in this chapter within the full system model? It can be inferred from
Fig. 4.4 that lowering the input impedance is a stand-alone problem, in that 𝑌
and 𝑛 are not dependent on the specific method of impedance lowering. There is
no change in 𝑌 if we lower the impedance to the same value using a different
design topology. Only 𝐵 (the equivalent impedance seen from the slot of all the
higher order modes) might change. It might be required to tune the impedance
slightly before the right input impedance at the microstrip line is achieved, but this
will not affect the spurious radiation. This justifies our decision to optimize the
iris-coupled-cavities impedance-lowering structure separately, before incorporating
it into the full system. Furthermore, the considerable effort of a full-system op-
timization is not warranted at this stage, because the current bottlenecks are the
limited availability and accuracy of manufacturing technologies to produce this type
of transformer. In particular, the dimensions of the irises are very small (25 μm)
and hence this solution requires a manufacturing technology that can produce that
accurately. Further, the current model assumes that the irises are suspended in
air and infinitely thin, which is not realistic. Either the metals should be thicker
for the irises to support themselves, or the metals should be printed on dielectric
carriers. Both these options require slight changes to the model and the effect of
both options would have to be analyzed.
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6.1. Conclusion
We have researched IC to antenna transitions at mm-wave frequencies. Our pur-
pose was to reduce the losses encountered in the transitions. But a good transition
should also meet other targets as well. We have listed the important design targets
for a good IC to antenna transition in chapter 2. We have assessed the performance
of various categories of antenna transitions on our targets. We have shown that
integrating a waveguide launcher in the IC package is very promising, but that the
overall system size should be reduced.

Another option to transfer mm-wave signals to an antenna is by using near-field
coupling. We have researched the performance for that type of transition, through
simulations and measurements in chapter 3. We argued that we can reduce the
wide parameter space to only the loops’ circumference. We have used full-wave
simulations to optimize the bandwidth by selecting a different perimeter length for
different separations between two loops. Our results show the expected coupling
and bandwidth, as well as the expected isolation between neighboring channels as a
function of channel spacing. Our results are all scalable with wavelength to be able
to use them for a multitude of applications. Moreover, we demonstrated how to
use these results as a starting point for designing a system and we verified our sim-
ulations with measurements. The results show that our measurements fall within
the expected spread showing that the model is valid. Our results can be useful in
defining a product architecture. However, we do not see near-field coupled loops
as a viable solution for mm-wave IC to antenna transitions, because the separation
between the loops should be less than 0.1mm to have sufficient bandwidth for our
application. In many applications where near-field coupled loops could be useful in
mm-wave transition designs the minimum required distance is larger. For instance,
the distance between the redistribution layer and a PCB in an eWLB package is
approximately 0.25mm, and hence it is not possible to use near-field coupled-loop
signal transfer to replace solder-balls in mm-wave technology.

Hence we have set out to find another solution of transferring energy. In chap-
ter 4 we show that we can integrate a waveguide launcher in an IC package. The
waveguide launcher meets all our specifications. We organised our design proce-
dure into two parts. The first parts concerns the power transfer to the top-surface
of the package, which we solved by using a dual-core coaxial structure. The sec-
ond part concerns the power coupling from the top-surface of the package into
the waveguide. This is solved by coupling the power carried by a microstrip via an
end-cap slot into a waveguide. The performance of our design is inspected through
our desired targets. The simulated transmission losses are below the desired 1 dB
level. Also the thermal conduction to the PCB is well taken care of by the ground pad
which is available in a QFN package. A tolerance analysis indicates that care should
be taken that the thickness of the glue layer which is used to glue the waveguides
on top of the package is well controlled. A tolerance analysis shows that our design
parameters are well within the standard manufacturing tolerances. We managed
to span the entire frequency band from 71GHz to 86GHz with a reflection below
-15 dB. We managed to put our transition into a standard QFN package and we have
shown how the package can be adapted to include our transition. Of course the
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costs of the additional process steps should be carefully analyzed. But at least we
have shown that our package can be manufactured using standard process steps.
Our targets state that the size of a complete radar module should be small. We
managed that by exploiting the vertical direction instead of placing the waveguides
in the lateral direction. We have also shown that the isolation of our design is bet-
ter than 41 dB across the entire frequency band, which comfortably exceeds the
required 30 dB. And finally we have shown that flexibility of antenna design can
be offered to end-customers. Especially, upon separating the waveguide struc-
ture into an interposer and a “manifold”, with the interposer being constructed by
the IC manufacturer, the customers would be able to create their own waveguide
structures in standard manufacturing technologies. The design has been tested at
10GHz. Measurements did not fully satisfy all the design targets, but they do show
that good performance can be achieved with this design.

We reduced the spurious radiation by decreasing the input impedance of the
fundamental mode of the waveguide using a quarter-wave block of silicon. As an
additional measure to reduce the spurious radiation we introduced a cavity in the
package. An alternative approach to decreasing the input impedance of the waveg-
uide, is to employ a concatenation of capacitative irises in the waveguide. We have
studied how we can optimize the dimensions of such irises in chapter 5. We first
needed to model an iris in a waveguide before we could optimize a concatenation
of irises. We have been able to correct and implement the model presented in
[1] for that purpose. We have extended this model to include higher-order modes
which couple reactively between neighboring irises. This extension enables us to
predict the behavior of a concatenation of irises fast and accurately. Based on this
model we developed an optimization procedure which optimizes the system param-
eters to be able to decrease the input impedance of a waveguide. The optimization
targets for a wide bandwidth with the use of constant quality-factor circles. The
approach can take into account the minimal iris sizes if that is required for man-
ufacturing. We have shown results using this optimization procedure and verified
them with CST Microwave Studio. The results show that it is possible to reduce the
input impedance of a waveguide from 500Ohm to 56Ohm. The -10 dB bandwidth
is from 77GHz to 109GHz, which is almost covering the entire range of a WR-10
waveguide. The use of concatenated irises look promising, but poses manufactur-
ing challenges. The required dimensions are small (gaps of 25 μm). Nevertheless,
the concept can perform very well if one is able to find a suitable manufacturing
technology.

6.2. Outlook
The presented transition in chapter 4 looks promising. Especially if the quarter-wave
brick could be replaced with a series of coupled irises as presented in chapter 5.
However to use those solutions work still needs to be done to overcome several
issues:

• The thickness of the glue layer between the waveguide and the package needs
to be well controlled. There is a tight tolerance on this thickness, so either
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the design should be changed to allow for a wider tolerance, or the manufac-
turing process should guarantee a good tolerance. Moreover, a full tolerance
analysis where combinations of all tolerances are taken into account should
be performed to find possible other tolerance issues.

• The material properties of all the dielectrics in the package should be well
known, especially for the above mentioned glue layer, since it is sensitive to
the same tolerance issue. Also the effect of variation in the dielectric constants
because of temperature and batch to batch variations should be carefully
analyzed.

• Manufacturing issues need to be overcome for the solution with a series of
irises to work. Currently a gap size of 25 μm is used which is not viable in
most production technologies.

• The irises are suspended in air and infinitely thin which cannot be realized at
the same time. So, either the irises should have a finite thickness to support
themselves, or they need to be printed on a dielectric carrier. Both options
should be modeled and the results carefully analyzed.
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