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Zusammenfassung der Dissertation:

Integrated Planar Antenna Designs and
Technologies for Millimeter-Wave Applications

des Herrn Ruoyu Wang

This thesis investigates the design and realization of integrated planar antennas for
millimeter-wave applications. The state-of-the-art antenna integration and packaging
technologies are extensively studied, and an antenna design flow is proposed.

A number of integrated antenna designs by applying different integration approaches and
technologies, i.e. on printed circuit board (PCB), on-chip and in Benzocyclobutene (BCB)
above-wafer process, are presented. The designs target not only high performance, but also
the practical considerations of low-cost, feasibility, better reliability, and good reproducibility.
They cover the industrial, medical, and scientific (ISM) bands of 60 GHz, 122 GHz, and 245
GHz in the millimeter-wave range with outstanding performance in a low-cost fashion by
applying innovative, appropriate integration methods and sophisticated design. By applying
the localized backside etching (LBE) process the presented on-chip antennas achieve
measured peak gains of 6-8.4 dBi for above 100 GHz applications with simulated efficiencies
of 54-75%. These figures are comparable to that of on-board or in-package antennas. To the
best of my knowledge, the achieved gain of 7.5-8.4 dBi in the band of 124-134 GHz for the
130 GHz on-chip double folded dipole antenna is the highest reported result to date for planar
on-chip antennas based on low-resistivity silicon technologies.

System demonstrators with integrated antennas are realized and measured. The 60 GHz
demonstrator with on-PCB differential bunny-ear antenna and a novel bond-wire
compensation scheme achieves a data rate of 3.6 Gbit/s over a 15-meter distance, which
was the best reported analog front-end without beamforming function in silicon technology
regarding both the data rate and transmission distance at the time of its publication. A 245
GHz single-channel transmitter and a single-channel receiver with integrated on-chip
antennas are also demonstrated. An effective isotropic radiated power (EIRP) of 7-8 dBm is
achieved for the transmitter, which is the highest reported value at 245 GHz for a SiGe
transmitter with a single antenna so far. Furthermore, the receiver has the highest reported
integration level for any 245 GHz SiGe receiver. A 245 GHz 4-channel-transmitter array with
integrated on-chip antenna array is also realized to achieve spatial power combining, which
offers 11 dB higher EIRP than a single-channel transmitter.

From the presented results of the thesis it is feasible to realize high performance integrated
planar antennas in the entire millimeter-wave range and beyond in a cost-effective fashion.
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Zusammenfassung der Dissertation:

Integratierte Planare Antennen und
Technologien fiir Anwendungen im Millimeterwellen-Bereich

des Herrn Ruoyu Wang

Diese Arbeit untersucht den Entwurf und die Realisierung von integrierten planaren Antennen
fir Anwendungen im Millimeterwellen-Bereich. Der Stand der Technik wird ausfuhrlich
untersucht und ein Entwurfsablauf vorgeschlagen.

Mehrere Antennenentwilrfe werden vorgestellt, die jeweils verschiedene Integrationsansatze
und Technologien verwenden, z.B. Integration auf der Platine, auf dem Chip, und mit einem
~Above-Wafer-Prozess“ mit Benzocyclobuten (BCB). Die Entw rfe zielen nicht nur auf
mdglichst gute elektrische Leistungsdaten, sondern bericksichtigen weitere wichtige
Gesichtspunkte, wie niedrige Kosten, Machbarkeit, verbesserte Zuverlassigkeit und
Reproduzierbarkeit. Die Antennen decken die ISM-Frequenzbander im Millimeterwellen-
Bereich bei 60 GHz, 122 GHz und 245 GHz ab und erreichen dabei exzellente
Leistungsdaten bei geringen Herstellungskosten, was auf innovative, angepasste
Integrationsmethoden und spezielle Entwurfstechniken. Durch Anwendung eines Prozesses
mit ,localized backside etching“ (LBE) erreichen die vorgestellten on-chip Antennen
gemessene Verstarkungen von 6 bis 8.4 dBi fir Frequenzen oberhalb von 100 GHz mit
simulierten Effizienzen von 54 bis 75%. Diese Werte sind vergleichbar mit off-chip Antennen,
die auf Platinen- oder mit einem System-In-Package-Ansatz realisiert werden. Nach Wissen
des Autors ist der Antennengewinn von 7.5 bis 8.4 dBi in einem Frequenzband von 124 bis
134 GHz fir eine on-chip Faltdipol-Antenne das beste bis dato erzielte Ergebnis fir planare
on-chip Antennen fir niederohmiges Siliziumsubstrat.

System-Demonstratoren mit integrierten Antennen wurden implementiert und gemessen. Der
60 GHz Demonstrator-Transceiver mit planarer Bunny-Ear-Antenne, integriert auf der Platine,
und eine neuartige Bonddraht-Kompensationsmethode erreichten eine Datenrate von 3.6
Gbit/s Uber 15 Meter Distanz. Dies war zum Zeitpunkt der Veréffentlichung das beste
Ergebnis flr Ein-Antennen-Transceiver in Siliziumtechnologie sowohl hinsichtlich Datenrate
als auch Distanz. Ein 245 GHz einkanaliger Transmitter und einkanaliger Empfénger mit
integrierten on-chip Antennen wirde ebenfalls demonstriert. Eine effektive isotropische
Abstrahlleistung (EIRP) von 7 bis 8 dBm wurde erreicht, welches den hdchsten publizierten
Wert fUr einen siliziumbasierten Sender mit Einzelantenne bist heute darstellt. Ebenso wurde
ein 245 GHz 4-kanaliger Sender mit einem on-chip Antennen-Array demonstriert, um noch
héhere Leistungen durch Uberlagerung in der Luft zu erreichen. Dabei wurde ein EIRP
erreicht, das 11 dB hoher als das EIRP der einkanaligen Lésung war.

Mit den Ergebnissen dieser Arbeit ist es mdglich, planare integrierte Antennen mit sehr guten
Leistungsdaten fir den gesamten Millimeterwellen-Bereich und dartber hinaus mit geringen
Herstellungskosten zu realisieren.
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1 Introduction

Wireless technology has changed our world significantly, and has become an
indispensable part of our daily life. The number of handheld wireless devices
and mobile internet users is growing very rapidly, and many people use their
smart phones or tablet computers instead of newspaper, TV or PC for receiving
news, entertainment, social networking, and so on at any time in any place.
Wireless technology is not only used in communications, but also in other ap-
plications such as radar, any kind of sensing, and imaging. There is continuous-
ly increasing demand from the market for more broadband wireless systems,
which enable higher data rate transmission for high-definition (HD) multime-
dia applications, and high resolution and accuracy for radar, sensing and imag-
ing applications. Importantly, the mass products have to be implemented in a
highly-integrated, low-power, and low-cost fashion. The requirements are be-
yond what the wireless systems in the market of today can offer, especially
with respect to bandwidth. This creates great opportunity for the research in the
millimeter-wave (mm-Wave) frequency bands (30-300 GHz) which can offer
much higher bandwidth than traditional wireless systems operating in frequen-
cy bands below 10 GHz.

1.1 Millimeter-Wave Systems and Antenna Integration

The tremendous improvements of the high-speed silicon technologies, e.g. sili-
con-germanium (SiGe), have made continuous progress towards ever higher
transistor cutoff frequencies, e.g. f1/f;,,=300/500 GHz in IHP’s 0.13 pm BiC-
MOS (SG13G2) technology [1]. Nowadays all components for transceivers op-
erating in the mm-Wave frequency range can be realized in silicon technolo-
gies with fairly good electrical performance [2] [3]. Taking the outstanding
advantages of the silicon technologies in terms of low-cost and high-integration
level mm-Wave systems are becoming attractive and affordable for consumer
mass products. Promising applications are high data rate wireless personal area
networks (WPANs) at 60 GHz, automotive radar at 77 GHz, imaging at 94
GHz, various evolving applications at the license-free industrial, scientific and
medical (ISM) bands of 122 GHz and 245 GHz, etc. However, these systems
require not only the radiofrequency integrated circuits (RFICs) but also a wide
range of high-quality passive components operating in the mm-Wave range,
especially the antennas and their interconnects for system integration. Appar-
ently, conventional mm-Wave components such as horn antennas and wave-
guides cannot meet the basic requirements for mass consumer products due to
their excessively high price and heavy weight in spite of their superior perfor-
mance. The integrated planar antennas are well-known for their low profile,
low weight, low-cost, and good compatibility with the active components or
RFICs, thus representing the most suitable choice for such systems.
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Integrated antennas are crucial components in mm-Wave systems. As frequen-
cy increases the link budget becomes more challenging not only due to the high
free-space loss, but also due to other factors like limited output power of the
transmitter and higher noise figure in the receiver. For commercial handset ap-
plications the power consumption should be at a reasonably low level to pro-
long the battery life. Therefore, antennas with a moderately high gain and high
efficiency operating in sufficient bandwidth are generally required as well as a
compact size, low-cost, and ease of use. Defining reasonable specifications and
choosing the most appropriate antenna type should be done at the first phase of
a design.

There are challenges from several aspects in mm-Wave integrated planar an-
tenna designs. The substrate properties like the loss tangent and dielectric con-
stant offered by the manufacturers are usually only measured up to lower fre-
quencies, e.g. 10 GHz. The values may change considerably at the mm-Wave
frequencies. Applying the inaccurate values in the design may result in a shift
of resonance frequency, and hence performance degradation in the targeted
frequency band. In addition, the problem of substrate waves will be more pro-
nounced when the substrate becomes electrically thick, which can reduce the
radiation efficiency and cause spurious radiation. The integration of antenna in-
to a mm-Wave system also takes a vital role, because the interconnects be-
tween the antenna and the input/output (I/O) of the RFIC as well as the packag-
ing materials and any other structures (e.g. a dielectric lid of a package) in the
vicinity of the antenna could introduce parasitic effects (causing impedance
mismatching and extra losses), and degrade the radiation performance. The
parasitic effects will generally become more pronounced as the frequency in-
creases. In practice the antenna integration requires very sophisticated designs
and optimizations [4]—[7], which take all the extra effects into account to min-
imize design cycles. In addition, higher frequencies (smaller wavelengths) de-
mand high-precision machining, accurate alignment, and high-resolution pho-
tolithography. All the challenges and high efforts involving in the integrated
antenna design, and manufacturing of high-quality packaging and assembly
will be translated to higher cost compared to their low frequency counterpart.
The measurement of mm-Wave planar antenna is very challenging, too. Con-
ventionally, the antenna under test (AUT) is connected to the measurement set-
up by a coaxial cable or a waveguide connector. However, the feature sizes of
these types of connectors are too large for the planar mm-Wave antennas, es-
pecially for the on-chip antennas. Microwave probe based measurement setup
with special calibration procedure has to be used for the on-chip antenna char-
acterizations. Since the shielding of a microwave probe is worse than that of a
conventional connector for antenna measurement, the spurious radiation from
the probe will limit the accuracy of the measurement [8]—[10].
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1.2 Outline of the Thesis

The target of this thesis is to realize mm-Wave integrated planar antennas by
applying the most appropriate integration approaches and technologies, which
are capable to cover the complete mm-Wave frequency range with outstanding
performance in a low-cost fashion.

Chapter 2 will briefly introduce the most important figure-of-merits to describe
the radiation performance of the designed antennas with emphasis on their ef-
fects in a wireless system. Some basic antenna models are theoretically studied,
which offer insight into the operation principle of the designed antennas, and
the direction for optimizations. The commonly used approaches to characterize
the substrate properties are reviewed. The excitation and propagation of the
substrate waves are studied. The microwave probe based antenna measurement
setup is described. A discussion of various state-of-the-art antenna integration
and packaging technologies is given in terms of the main concerns of feasibil-
ity, performance, reliability, cost, etc. In the end of this chapter a design pro-
cedure and methodology for the integrated planar mm-Wave antennas is pro-
posed.

In chapter 3 integrated PCB (printed circuit board) antenna designs for 60 GHz
applications are presented. The dielectric constant of low-cost RF substrates is
characterized by transmission line method in wideband, and further verified by
patch resonators around 60 GHz. The mm-Wave interconnect technologies of
bond-wire and flip-chip are experimentally studied. A novel double-bonding
structure is proposed to compensate the parasitic effects introduced by the
bond-wire in a large bandwidth. The demonstrators with the designed antennas
and the bond-wire compensation scheme are shown to achieve very good per-
formance.

Several integrated on-chip antennas based on SiGe BiCMOS technologies are
presented in chapter 4. The technology is overviewed. The localized backside
etching (LBE) process, which is available in all [HP’s technologies as well as
other semiconductor technologies, is applied to improve the performance of the
on-chip antennas. Different antenna structures are investigated to achieve high
gain, mechanical robustness, better immunity to fabrication tolerances, and
more compact size. The 245 GHz transceiver with integrated on-chip antenna
is demonstrated.

Chapter 5 presents on-chip antenna designs by applying wafer-level integration
technology. The polymer material of Benzocyclobutene (BCB) is deposited on
the SiGe BiCMOS wafer as a post-wafer process. The antennas are realized in
the thick copper layers in the BCB with ground shielding, which shields the an-
tennas from the lossy silicon. In this way the radiation efficiency of the anten-
nas is considerably higher than that of antennas realized on ordinary low-
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resistivity silicon. The critical parameters for on-chip antenna designs with on-
chip ground shielding are investigated. The interconnects among the metal lay-
ers are also experimentally verified, which have low parasitic effects, low loss,
and very tight fabrication tolerance.

Chapter 6 will conclude the works in this thesis, and an outlook of the future
research is also proposed.

1.3 Main Contributions
The main contributions of this thesis are the following:

e Design of high gain integrated PCB antennas on very low-cost RF substrate
for the ISM band of 60 GHz applications. A differential bunny-ear antenna
with end-fire radiation and a 4-element patch array antenna with broad-side
radiation have been designed, manufactured, and measured [11]. They show
excellent performance in IHP’s transceiver demonstrators [12] [13]. The
demonstrator with differential bunny-ear antenna has achieved a world rec-
ord for 60 GHz front-ends in silicon technology without beamforming func-
tion regarding both the data rate and transmission distance at the time of its
publication [14].

e Introduction of a novel double-bonding structure for compensating the para-
sitic effects introduced by bond-wire to improve the chip-to-antenna match-
ing thus reducing the losses from the interconnects. This approach works
well and reliable up to 80 GHz by using common wedge bonder and cheap
normal PCB fabrication technology [15].

e Extensive study and investigation of on-chip antennas based on silicon
BiCMOS process for above 100 GHz applications. Different antenna struc-
tures have been designed and characterized to achieve high gain, mechanical
robustness, better immunity to fabrication tolerances, and more compact
size. By applying LBE process, which is a standard process for the for-
mation of through silicon vias (TSVs) in CMOS technology, I achieved very
good performance of the on-chip antennas which compares favorably with
the state-of-the-art designs [16]. To the best of my knowledge, the achieved
gain of 7.5-8.4 dBi in the band of 124-134 GHz for the 130 GHz double-
dipole on-chip antenna is the highest reported result for planar on-chip an-
tennas in low-resistivity silicon technologies to date. I applied for an inter-
national patent for the double folded dipole on-chip antenna with surround-
ed air trenches, and it is pending [17]. The single-channel 245 GHz
transmitter and single-channel receiver with on-chip antennas show out-
standing performance, demonstrating the advantage of system-on-chip [18]-
[20]. The single-channel transmitter has an effective isotropic radiated pow-
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er (EIRP) of 7-8 dBm at 245 GHz, which is the highest reported result for a
SiGe transmitter with single antenna at this frequency so far [18]. The re-
ceiver has the highest reported integration level for any SiGe receiver at 245
GHz [19]. The 245 GHz 4-channel-transmitter array with integrated on-chip
antenna array offers 11 dB higher EIRP than a single-channel transmitter by
spatial power combining [21].

Design of antennas by using BCB above BiCMOS wafer process. The
BiCMOS wafer was finalized without any change from the original process
flow. The critical parameters for on-chip antenna designs with on-chip
ground shielding are investigated. The antenna and the interconnects have
been characterized, and proven reproducible in performance. The radiation
efficiency is considerably higher than that of antennas realized on ordinary
low-resistivity silicon [22]. This provides one promising choice for one-chip
solutions for above 100 GHz applications.
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2 Basic Considerations on Planar mm-Wave An-
tenna Development

Defining reasonable specifications and choosing the most appropriate antenna
type should be done at the first phase of a planar mm-Wave antenna design.
Therefore, in this chapter the most important fundamental parameters to de-
scribe the radiation performance of an antenna will be briefly introduced, and
then the characteristics of some planar antenna models are discussed. The sub-
strates take crucial roles in the planar antenna designs. Some commonly used
approaches to characterize the substrate properties will be reviewed. The exci-
tation and propagation of the surface waves are theoretically studied and ex-
plained. The radiation performance of the antennas in this work was measured
by a microwave probe based measurement system [1]. The measurement setup
and its calibration method will be described. The choice of antenna integration
and interconnect technologies will depend on the specific applications. A dis-
cussion of the state-of-the-art approaches is given in terms of the main con-
cerns of feasibility, performance, reliability, cost, etc. Taking all the mentioned
considerations into account and condensing the design experience gained from
the thesis works into a methodology, a design flow and methodology for the in-
tegrated planar mm-Wave antennas is proposed in the last part of this chapter.
The intention is to make the design meet the specifications with minimum de-
sign iterations and development cost.

2.1 Fundamental Parameters of Antennas

Some Fundamental parameters to describe the performance of an antenna are
now discussed with emphasis on their effects in a wireless system. They must
be thoroughly considered and balanced to meet the design specifications for a
certain application.

2.1.1  Field Regions

The space surrounding an antenna is usually subdivided into three regions,
from the inner to the outer: reactive near-field, radiating near-field, and far-
field [2]. Although the field does not change abruptly between the neighboring
regions, there are distinct differences among them. The reactive field predomi-
nates in the reactive near-field region. In the radiating near-field region the ra-
diation fields predominate, and the angular field distribution is dependent upon
the radial distance from the antenna. The far-field radiation patterns can be ob-
tained by first measuring the antenna in this region, and then applying the near-
field to far-field transformation calculation [3]. As the distance increases to the
far-field, the near fields are negligible and the angular field distribution is es-
sentially independent of the radial distance, which can be expressed as [4]
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e_jk(lr
r

E(r,60,¢) = [0Fy(8,$) + $F4(6,9)] V/m (2.1)

where E (r,0,¢) is the electric field vector, § and ¢ are unit vectors in the
spherical coordinate system as illustrated in Figure 2.1, r is the radial distance
from the origin (antenna), and k, = 2 /A is the free-space propagation con-
stant with wavelength A = c¢/f. (2.1) indicates that the E-field propagates in
the radial direction with a phase variation of e /¥ and an amplitude decay
factor of 1/r. Fy and Fy are the pattern functions. They are dependent of the
spatial coordinates (8, ¢), but independent of r. There is no E-field component
in the radial direction. The commonly used criterion to define the far-field dis-
tance is

2
R > % (2.2)

where D is the maximum dimension of the antenna and A is the wavelength.
The antenna performance and measurement are discussed in the range of far-
field in this thesis.

z
o=0° ®=90°
plane plane
0
y
¢ p=90°
X plane

Figure 2.1: The spherical coordinate system.

2.1.2 Radiation Patterns and Antenna Gain

The radiation pattern is a graphical representation of the radiation properties of
an antenna in the far-field as a function of spatial coordinates. It can be a plot
of the radiation intensity, field strength, directivity, gain, etc. Instead of a 3-D
pattern, the patterns in principle planes (E- and H-plane patterns) are usually
plotted to demonstrate the radiation properties of antennas for simplicity. The
E-plane is defined as the plane formed by the E-field vector and the direction
of maximum radiation, and the H-plane is defined as the plane formed by the
H-field vector and the direction of maximum radiation.
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The directivity D (60, ¢) is a figure-of-merit to describe the ability of an antenna
to focus its power in a given direction. The gain G (6, ¢) is closely related to
the directivity by

G(@, (,b) = eOD(BJ (,b) = ecederD(el (,b) (23)

where e is the total antenna efficiency, e, is the conduction efficiency ac-
counting for the conductor losses, e, is the dielectric efficiency accounting for
the dielectric losses, and e, is the reflection efficiency accounting for the an-
tenna-transmission line impedance mismatching losses. So the gain is a meas-
ure that takes into account both the efficiency and the directional properties of
an antenna. It is a vital but challenging task to achieve a high radiation effi-
ciency in planar mm-Wave antenna designs. The various loss mechanisms will
be discussed in detail later. When the direction is not specified, both the di-
rectivity and gain are taken in the direction of the maximum radiation as that in
this thesis.

An antenna with a wider main beam can transmit or receiver power over a
larger angular region, while an antenna with narrower main beam will only
cover a smaller angular region. The most commonly used measure to describe
the angular coverage of a main beam is the half power beamwidth or 3-dB
beamwidth. Different applications have different preferences for the beam-
width. Most hand-held wireless devices like cell phones require an omnidirec-
tional antenna, which has a constant radiation pattern in the azimuth plane. It
enables the devices to transmit and receive equally in all directions. A narrow
main beam is desired for the applications of the point-to-point radio links or
radars to improve the link budget or avoid the clutters. The maximum directivi-
ty and 3-dB beamwidth are both measures of the directional properties of an
antenna. For antennas with one narrow main beam and very negligible minor
lobes, the maximum directivity and 3-dB beamwidth can be related by approx-
imations [5] [6]

_ 41,253

Do =75 (2.4)
or
. 72,815
Do = 7o (2.5)

where 0;and ©,are the 3-dB beamwidths in degrees in two orthogonal planes
of the main beam, e.g. E- and H-plane. For planar arrays, [7] provides a better
approximation

. 32,400
Do = 25 (26)

(2.4)—(2.6) tell us the directivity and beamwidth are inversely proportional to
each other, and offer us a convenient way to quickly estimate the directivity or
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the antenna coverage range from knowing one of them. There is often com-
promise when making the design specifications. For instance in a point-to-
point radio link, a high directivity can improve the link budget but the price is
that it takes more effort to align the transmit and the receive antennas in a large
distance due to the narrow beamwidth.

2.1.3 Antennas in Wireless Systems

Figure 2.2 shows a general radio link including the transmitter, receiver, wire-
less channel, and the antennas. The Friis transmission formula provides a fun-
damental way to relate the transmitted power P;, the received power B., the
wavelength A, the transmit antenna gain (G;), receive antenna gain (G,), and
the transmission distance R by

P. = P,G,G, (L)2 2.7)

4TTR

The term of the free-space loss (1/4mR)? can be written in the decibel scale

A c
Lo(dB) = —201log (ﬁ) — —201og (W)

= 32.5 + 201log(R) + 20log(f) (2.8)

where c is the speed of light, R is the transmission distance in meters, and f is
the frequency in GHz. At the mm-Wave frequencies the free-space loss is
much higher than that at lower frequencies, for instance, it is about 68 dB at 60
GHz in a transmission distance of 1 m while that is only 40 dB at 2.4 GHz. The
transmission described by (2.7) should be understood as an ideal case, which
assumes there are no losses from the interconnects between the antenna and the
transceiver, and no extra channel losses other than the free-space loss. In prac-
tice we should take into account all the losses to calculate the link budget, and
leave a reasonable link margin. Refer to Figure 2.2 we have

Pr,in(dBm) = Pt,out —Li+G—Ly— Lo+ G — Ly (2.9)

where L, and L, are the interconnect or packaging losses of the transmitter
and receiver, L. are the channel losses. As it will be discussed in the later sec-
tions, the interconnects require serious considerations to minimize their losses

Gf GI‘

L T =N L
| P, . |Packaging| P, Channel losses L P. |Packaging| P. ; ]
Transmitter| 245" AC<@BINEL Tt Free-space loss Li, r,|PackaBiNg 7rin, | peceiver

losses losses

«—R——>

Figure 2.2: A general radio link.
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in the mm-Wave range, especially in its higher frequency band. Sophisticated
design and precise implementation are required to realize a low-loss intercon-
nection between the off-chip antenna and the transceiver chip, which take a
considerable part in the total cost. The channel losses L. are dependent on
many factors, such as the precipitation attenuation for the outdoor applications,
the reflection and multipath fading, and the atmospheric attenuation. The at-
mospheric attenuation is frequency dependent. It is higher at the 60 GHz and
120 GHz bands due to the resonances of the molecular oxygen but lower at the
bands of 35, 94, and 135 GHz [4]. The channel has to be characterized in order
to calculate the link budget properly.

The system needs a minimum output signal to noise ratio (SNRyy¢ min) from
the receiver to be able to demodulate the signal at a certain bit error rate (BER)
by using a certain modulation scheme. At the ambient temperature of T,=290
K, the required minimum input power or the sensitivity P, g.,s of the receiver
can be calculated in decibel scale as

P sens = — 174dBm/Hz + 1010g(Af) + NFyor + SNRoyemin  (2.10)

where Af is the receiver bandwidth in Hz, and NF,,; is the total noise figure of
the receiver. In the mm-Wave range the bandwidth is usually large, because it
is one of the reasons why we go to so high frequency. In addition, the total
noise figure will inevitably increase with frequency due to the increased NF,,;,
of the transistors [8]. Therefore, the P, g, for a mm-Wave receiver will be
higher than that at lower frequencies for the same required SNR ;¢ min- The
link margin is defined as the difference between the received power calculated
in the link budget and the receiver sensitivity

Link Margin (LM) = Py i, — P sens > 0 (2.11)

In a system design we should specify a reasonable link margin, which is neither
too low to guarantee a reliable wireless transmission nor so high that it results
in excessive hardware complexity, power consumption, and cost.

From (2.7) to (2.11) we can see that with a higher effective isotropic radiated
power (EIRP) P; ,,,. G, from the transmitter side, a higher antenna gain G, from
the receiver side, and minimum losses (L¢, L,-) from the interconnects either a
larger transmission distance or a better link margin can be achieved. A better
link margin implies that we have the possibility to employ some higher order
modulation schemes to enable a higher transmission data rate, which requires
higher SNR,,t min. At mm-Wave frequencies power generation is extremely
difficult, and for hand-held devices the power consumption should be kept as
low as possible to prolong the battery life. Therefore, the designs of antenna
with high efficiency and gain as well as low-loss interconnects in a low-cost
fashion are essential for mm-Wave systems. When it is necessary, an antenna
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array consisting of multiple radiating elements in a certain geometrical config-
uration can be used to achieve a very high gain. A phased array can electrically
steer its main beam with a high gain at a fast speed by controlling the feeding
phases. When the line-of-sight (LOS) direct radio link is obstructed by some
objects like moving people, a wireless system with beamforming function can
maintain its radio link by steering the main beam to the best available trans-
mit/receive direction [9]-[12]. However, the price is the high system complexi-
ty and cost, which was previously only affordable for military applications.

2.2 Planar Antennas

The planar antennas are compact in size, low-cost, and inherently compatible
with the integrated circuits. They can take many kinds of shapes and variations
to meet the design specifications. In addition, the input impedance can usually
be tuned in a wide range to match to the circuits. All these advantages make
them very attractive for the mm-Wave integrated antenna applications. Some
planar antenna structures and configurations will be theoretically discussed in
this section. The antennas developed in this thesis will be based on and derived
from the original models of the basic antenna types. The theoretical analysis
presented below is conducted under some simplified conditions, but it helps to
understand the essence of the antennas’ operation, and gives guidelines for the
optimization. The actual performance of the planar antennas, which operate in
a non-homogeneous environment and in more complex configurations, has to
be predicted by full-wave electromagnetic (EM) simulations.

2.2.1 Planar Dipole Antenna
A. Folded Dipole Antenna

A planar folded dipole is a very attractive and practical structure due to its high
bandwidth and large tuning range of the input impedance, while it has very
similar radiation patterns to that of a thin wire dipole. The wider bandwidth
comes from a larger effective conductor radius [13]. The input impedance of a
folded dipole can be accurately predicted by decomposing the total current into
a transmission line mode and an antenna mode provided the parallel conductors
are close to each other (space s < 1), and it has been verified in [14]. The in-
put impedance of an asymmetrical folded dipole antenna has been theoretically
studied in [15] by applying the transmission line model. Figure 2.3 depicts the
geometry of the antenna, and indicates the decomposition of the total current
into the transmission line mode Iy and the antenna mode Iy = Iy + Iy, =
I41(a + 1), where Iy, is the current on the driven element, and I4, is the cur-
rent on the parasitic element.
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Figure 2.3: Schematic drawing of an asymmetrical folded dipole antenna.

The input impedance can be written as [15]

7. = 2(1+a)?Z4Zx
M (1+a)2Z4+2Zx

(2.12)

where Z, is the impedance of the equivalent dipole, Zy is the impedance of the
transmission line mode, and (1 + a)? is the impedance step-up ratio. Z, can be
calculated by using an equivalent dipole radius 7, with a length L. 7, is a finite
value so that the bandwidth of the antenna is larger than that of a thin wire di-
pole which has a very small radius. Zy is the impedance of a shorted transmis-
sion line of length [ /2, which is given by [15]

Zy = jZtan () (2.13)

where k is the propagation constant, and Z, is the characteristic impedance of
the two conductor transmission line. For a half-wavelength folded dipole Zy
becomes infinite, so the expression for the input impedance can be reduced to

Zim =1+ a)?Z, (2.14)

It implies that the input impedance can be adjusted by tuning a, which can be
approximated as [15]

_ ln(4c+2[(2c)2—(W1/2)2]1/2)—IH(W1)
"~ In(4c+2[(20)2-(W2/2)2]1/2)~In(w;)

(2.15)

where wy, w,, and ¢ are shown in Figure 2.3. The analysis is based on the as-
sumptions that the environment is homogenous, and a substrate or a reflector
does not exist. For practical designs of on-chip or on-PCB antenna that oper-
ates above a ground plane 3-D full-wave simulations are necessary to obtain
precise results. But it is clear that by changing the dimensions a wide range of
input impedance of the folded dipole antenna can be achieved to match to a
circuit. Some on-chip antenna designs shown in chapter 4 are based on the
model of folded dipoles above a reflector.
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B. A Horizontal Dipole Antenna above a Ground Plane

The planar dipole antennas are very often operating above a ground plane of a
package or a module as a reflector to obtain a broadside radiation and a higher
gain. The influence of the ground plane on the radiation characteristics can be
qualitatively studied by assuming a thin wire dipole above an infinite perfectly
electric conducting (PEC) ground plane, since a thin wire dipole has well-
known closed form far-field expressions and similar radiation patterns to the
planar dipoles.

Figure 2.4 shows a coordinate system which coincides with Figure 2.1. A y-
oriented horizontal dipole source S is located above an infinite PEC ground
plane (xoy plane). An observation point P is in the far-field. The radiated fields
will reach the point P through a direct path r; and a reflected path (reflected at
point Q on the PEC). The reflection coefficient I' at the PEC is equal to -1. Ac-
cording to the image theory the received field from the reflected path can be ef-
fectively taken into account by assuming that the field is radiated from an im-
age source S’ through a direct path r,.

For a thin wire dipole the far-field radiation from S and S’ observed at point P
is written as

e—Jkor1
Es(8,,11) = E,(6,) —- (2.16a)
e~ Jkor2
Es(8,¢,72) = TE, (0, 4) *— (2.16b)
Z
P S\r
|
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Figure 2.4: A horizontal electric dipole above an infinite PEC ground plane.



Seite 22(131) Integrated Planar Antenna Designs and Tech. for mm-Wave Applications

For the far-field observations, we have the approximation

Ty 21 — hcost ~n ~
for phase term {7‘2 ~ 7 4 heosf 6, =0,=0 (2.17a)
for amplitude term 1, =1, =71 (2.17b)

So the total far-field observed at P is

e_jkor

Eor(0,¢,7) = Es + Eg = E, (6, $) [2jsin(kghcosf)]  (2.18)

r

(2.18) is valid only above the ground plane (z>0;0<60 <7m/2;0<¢ <
2m), because there is no field below the PEC. We can see that the total field is
the product of the field of a single element placed at the origin and a factor
(within the bracket) that is dependent of the height h. The far-field function of
a finite length thin wire dipole can be written as [2]

kol

E(;;L'nite (9, ¢) _ ] 770_10 [coS(%Sinesinqb)—cos(T)] (2' 19)

27 \/1—sinZ@sinZ ¢

where 7, is the wave impedance in free-space, [ is the length of the dipole, and
I is the peak value of the current. For a half-wavelength dipole above a PEC,

the total field can be expressed as

E;alf (3, ” h) _ (M) [cos(Esinesind’)] [Sin(kOhCOSG)] (2.20)

n 7% /1-sin26sin2¢

The radiation intensity is
1 2
U, .0 =5-1E," (6,4, 2.21)

The normalized radiation intensity patterns for different height h in E- (¢p=90°)
and H-plane (¢=0°) are plotted in Figure 2.5. The patterns are symmetrical so
only a half of them for each height are plotted. It can be seen that the shape of
the patterns change significantly as the height h varies. When h is larger than
half-wavelength there will be sidelobes. Actually, the height is an important
parameter in the design not only for the shape of the pattern but also for the in-
put impedance. In practical designs there will be substrate(s) between the pla-
nar radiator and the ground plane. The reflection coefficient at the non-PEC
ground plane with a finite conductivity will no longer be -1 but some similar
values which are dependent on the incident angles and field polarizations.
Some of the reflected waves will radiate out of the substrate with refraction at
the dielectric-air interface, and some are trapped as surface waves that are dis-
sipated as losses or diffracted at the truncated edges of the finite substrate as
spurious radiations.
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Figure 2.5: Normalized radiation intensity patterns in dB scale in E-plane
(left) and H-plane (right) for different height h. (Only a half of the pattern is
drawn for each h.)

2.2.2 Rectangular Patch Antenna

The rectangular patch antenna is probably the most widely used planar config-
uration because of ease of analysis and fabrication, and its attractive radiation
characteristics. It can be excited by many feeding methods. The most frequent-
ly used types in the mm-Wave range are the microstrip line direct feeding, ap-
erture coupling, and proximity coupling [16]-[19]. A wide range of impedance
can be achieved by employing these feeding methods to match the antennas di-
rectly to the circuits. Due to the aforementioned advantages, the patch antennas
are not only frequently used as a single element but also in antenna arrays. The
major drawback of the patch antenna is its narrow bandwidth. Some techniques
are developed to broaden the bandwidth, such as multimode operation [20]-
[23], parasitic elements [24]—[26], and stacked patches [27] [28].

The patch antenna can be analyzed by either a transmission line model or a
cavity model [29] [30], which are most accurate for thin substrates [31]. Figure
2.6 (a) and (b) demonstrate the transmission line model. As it is shown that the
patch antenna is represented by two radiating slots separated by a low imped-
ance transmission line of width W and length L. When L is equal to half wave-
length in an effective homogeneous dielectric with an effective dielectric con-
stant of €., the phase of the E-field will undergo 180 degrees changing from
one radiating slot to the other one. The radiation from the slots will add in
phase in the positive z direction so that the patch antenna has a broadside radia-
tion. There is fringing field at the edges of the patch because of its finite size,
so the patch looks electrically longer and wider than its physical size. This ef-
fect must be taken into account in the designs, otherwise, the resonant frequen-
cy can be shifted. The extension AL due to the fringing effect on each end
along the length can be calculated by [32]

AL = 0.412h (€e+0.3)(3+0.264)

(2.22)

(€e=0.258) (1 +0.8)
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Figure 2.6: (a) Perspective view of the patch antenna (transmission line mod-

el); (b) Side view of the patch antenna (transmission line model); (c) Field con-
figurations of the patch antenna (cavity model).

where
S e L B Ve
e =t [1+125]77%, +=>1 (2.23)
So the effective length of the patch is
Le =L+ 2AL (2.24)

Then the resonant frequency (dominant mode) of a half-wavelength patch an-
tenna is

Co

2Le/€e

where cq is the velocity of light in free-space. For an efficient radiator, the
width of the patch can be determined by [33]

f, = (2.25)

W= |2

Zfo €r+1

(2.26)

The input resistance has its maximum value at the open ends of the patch,
where the voltage (E-field) is maximum and the current is minimum. The min-
imum value appears at the center of the patch where the voltage is ideally zero
and the current is maximum. Therefore, the input resistance can be adjusted by
tuning the inset feeding position y, [29] [30] to match to the transmission line
and the circuits. For the other two popular feeding schemes, aperture coupling
and proximity coupling, a similar method can be applied, i.e. tuning the feeding
position.

The cavity model as shown in Figure 2.6 (c) is more complex than the trans-
mission line model. However, it reveals the double-slot radiation mechanism of
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a patch antenna in a clearer way. It models the patch antenna as a dielectric-
loaded cavity with 2 PEC walls (patch and ground plane) and 4 perfectly mag-
netic conducting (PMC) walls (sidewalls). It assumes that the substrate is trun-
cated and does not extend beyond the patch. The sidewalls represent 4 narrow
(h is small) slots. The E-field distribution of the dominant mode [2] of the
patch antenna is illustrated in Figure 2.6 (c). The boundary condition of the
fields at a PMC wall is

—AXE=M. (2.27a)

w

=
X
Il

o

H=1J, (2.27b)

where 1i is the normal unit vector pointing out of each sidewall. From (2.27) we
can see that there are only magnetic surface current density sources on the
slots. The magnetic sources (M—lS and M—ZS) on the radiating slot 1 and 2 have
equal magnitude and phase, and they form a two element slots array which
gives a broadside radiation. The radiation from the sources on the other two
slots cancels each other in the principle planes because of their equal magni-
tudes but opposite phases. The radiation from them in the non-principle planes
is also smaller than that from radiating slot 1 and 2, so they are usually consid-
ered as non-radiating slots. The patch antenna based designs are presented in
chapter 3 by using PCB technology for 60 GHz applications, and in chapter 5
by using polymer above-wafer process for 122 GHz applications.

2.2.3 Vivaldi Antenna

One of the most attractive features of the mm-Wave applications is its large
available bandwidth, e.g. 57-66 GHz in the 60 GHz band in Europe. It requires
wideband integrated antennas, which preferably have constant beamwidth,
gain, and fairly good reflection coefficient over the entire bandwidth. The Vi-
valdi antenna as shown in Figure 2.7 (a) was originally reported in [34]. It is a
member of aperiodic continuously scaled, gradually curved, non-resonant, and
end-fire travelling wave antenna structures. It can be easily implemented on a
thin film substrate by printed circuits technologies [34] [35]. The shape of the
tapered slot is described by an exponential function [34]

y = +AeP* (2.28)

where y is the half separation of the slot lines, x is the length of the slot, A is a
half of the minimum slot width, and p is the magnification factor which deter-
mines the beamwidth. Different parts of the antenna radiate efficiently at dif-
ferent frequencies, while the size of the radiating parts is constant in wave-
length. Therefore, the Vivaldi antenna has theoretically unlimited bandwidth.
In practice the high and low frequency limit will be determined by the mini-
mum and maximum slot width of Wy and Wy, respectively, due to the finite
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antenna size. The cut-off wavelength is defined as A. = 2W|.. The frequencies
that have longer wavelength will not be radiated efficiently. The gain is propor-
tional to the overall length L of the antenna which is in common with other
travelling wave structures [36].

The bandwidth of the Vivaldi antenna can be limited by its feeding mechanism,
i.e. the transition of planar transmission lines to the slot line. The transition
needs to be sophisticatedly considered and designed together with the antenna
for specific applications [37]-[39]. A derivative of the Vivaldi antenna, which
is named as bunny-ear antenna, was originally introduced in [40], and further
characterized in [41] and [42]. As shown in Figure 2.7 (b) the transition from a
pair of balanced planar transmission lines to the radiating slot is exponentially
tapered to achieve a wideband impedance matching. This structure is inherent-
ly compatible with a differential circuit, which has many advantages over its
single-ended counterpart. A differential bunny-ear antenna design is presented
in chapter 3 for 60 GHz applications.
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Figure 2.7: (a) The Vivaldi antenna, (b) The bunny-ear antenna.

2.2.4 Antenna Arrays

The planar antennas usually have low gain and efficiency. In many applications
it is desired to have a high gain, a narrow and steerable beam of the antenna to
mitigate the noise and clutter or improve the quality of service even in a non-
line-of-sight radio link. A planar phased array antenna comprises of a certain
number of antenna elements, which are normally identical, with individually
controllable excitation magnitudes and phases in a suitable geometrical ar-
rangement. The radiation from each element will add constructively or destruc-
tively in certain spatial directions that the steerable beams are achieved. The
radiation pattern is the product of a single element factor and an array factor,
assuming no mutual coupling. As the frequency comes to the mm-Wave range,
the size of a planar phased array shrinks so that it becomes possible to be inte-
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grated with the ICs in a module. On the other hand, the complex feeding net-
work and antenna elements are fabricated on the same substrate, which can
lead to considerably undesirable coupling due to the substrate modes and spu-
rious radiation. Large mutual coupling levels among the antenna elements can
degrade sidelobe levels, main beam shape, and possibly cause array blindness
[43]. The spurious radiation from the feeding lines can interfere with the radia-
tion patterns significantly. The development of a phased array antenna is a
complicated task, which includes selection of substrate, determination of an-
tenna elements and its feeding methods, design of a single element, and finally
the design of complete antenna array. Special efforts should be made to design
the feeding networks.

2.3 Substrates

The substrate takes a crucial role in the mm-Wave planar antenna designs. The
permittivity of the substrate is directly related to the electrical dimensions of
the structures in or on it, which decide the resonant frequencies. The permittivi-
ty of the dielectrics generally changes with frequency due to its physical na-
ture, and in practice it is determined experimentally in the interested frequency
bands for the accurate values, although there are theoretical equations, like De-
bye equation [44], to calculate it as a function of frequency for some ideal cas-
es.

As the wavelength decreases in the mm-Wave range, the substrate becomes
electrically thick so that the higher order modes of substrate waves are support-
ed. They propagate in the substrate and dissipate as losses which lower the ra-
diation efficiency of the antenna. In addition, they can be diffracted at the trun-
cated edges of the substrate of finite size. The diffracted fields can interfere
with the main radiation patterns and distort them. The following discussion on
substrates is given in two aspects: the characterization of dielectric properties
and the substrate modes.

2.3.1 Dielectric Characterization

The most important properties of a dielectric substrate in antenna designs are
described by its complex permittivity as

e=¢€ —je"’ (2.29)

The imaginary part €'’ accounts for the loss in the dielectric (heat) due to
damping of the vibrating dipole moments, when an alternating electric field is
applied [4]. In practice the complex permittivity is more often expressed by the
relative permittivity €, (or dielectric constant), and the loss tangent tand as
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€ = € (1 — jtand) = €y€-(1 — jtand)

we'’'+o0
!

tand = (2.30)

we

where w is the angular frequency of the applied field, and o is the conductivity
of the dielectric which results in conductive loss. The manufacturers of the
substrates usually give the properties only at relatively lower frequencies (< 10
GHz), which is not adequate for mm-Wave designs. A variety of dielectric
characterization techniques have been proposed, and each of them has its own
advantages and limitations.

The method of resonant cavities offers high Q measurement. Closed cavities
can be used for liquid or mold materials, while open resonators have been
proven capable to measure the complex permittivity of very low-loss, thin, and
planar dielectrics in the mm-Wave range [45]-[48]. However, it is complex to
implement them. The printed resonant circuits such as resonant rings [49] or
open stubs, which are easier to implement, can also be used to have a good es-
timation of the permittivity. But it is difficult to measure the loss from the die-
lectric because of the non-negligible loss from the conductors.

Broadband characterization of dielectrics usually involves various transmission
line approaches. They are generally insensitive to very low losses. A wave
propagates along a general non-ideal transmission line will have a complex
propagation constant, which includes the information of the phase velocity and
the attenuation constant. Therefore, the relative permittivity and loss tangent
can be extracted by analyzing the phase and magnitude of the measured reflec-
tion (S14,S2,) and transmission coefficients (S,1,S1;), respectively. The free-
space can be viewed as a special type of transmission line. In a free-space
method setup [50] [51] a thin planar sample is placed between two antennas,
normally horn antennas, and the S-parameters are measured to extract the die-
lectric properties. This approach is found very useful in the mm-Wave range,
although the experimental setup and the free-space calibration is complex.
Open-ended or filled transmission lines like coaxial lines or rectangular wave-
guides can also be used to characterize the dielectrics [45] [52]-[54]. But it still
needs some efforts to fit the dielectrics to the transmission lines properly. The
planar transmission line approach, either microstrip [55] or coplanar waveguide
(CPW) [56], is probably the simplest way to evaluate the dielectric properties
for the mm-Wave planar antenna applications. They can be fabricated on the
same substrate as the planar antennas by using the same technology. The S-
parameter is measured by microwave probes, and after applying certain de-
embedding techniques the complex propagation constant can be extracted, thus
obtaining the effective permittivity and attenuation constant. Finally, analytical
formulas can be used to calculate the complex permittivity of the substrate.
This method will be employed to characterize the PCB materials in chapter 3.
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2.3.2 Substrate Waves

An antenna operating on a substrate can excite substrate waves, which lower
the radiation efficiency and possibly distort the radiation patterns. The sub-
strate modes in two scenarios in this thesis, a grounded dielectric (surface
waves) and a parallel plate dielectric waveguide (guided waves), are studied in
this section.

A. Surface Waves on a Grounded Dielectric

A typical configuration of a planar antenna is that a radiator is formed on top of
a grounded dielectric substrate. We can understand qualitatively how the an-
tennas radiate and excite surface waves from a ray point of view. In Figure 2.8
a point source (antenna) is located on a dielectric (€,) at (d, 0,0). It radiates
waves directly into free-space above the dielectric, which are designated as ra-
diated waves. At the same time the source also excites waves (can be many
modes at discontinuities of an antenna) into the dielectric, and they are reflect-
ed by the ground plane to the dielectric-air interface. In this case the Snell’s
law for either parallel or perpendicular polarization can be written as

sinB, = \Esinei = ’ezeo sin; = \/€.sinB;, €. > 1 (2.31)
2 0

where 0; is the incidence angle, and 0, is the refraction angle. It can be seen
from (2.31) that if 0; increases, the refraction angle 0, will increase at a faster

rate. Therefore, when 6; reaches the so called critical angle 0., 6; will be 90°.
When the incidence angle is smaller than the critical angle (see 8; = 8; < 8. 1n
Figure 2.8), the waves are partially reflected by the dielectric-air interface and
progressively leaking into the air (leaky waves), thus eventually contributing to
radiation. If the incidence angle 6; is equal to or beyond the critical angle 8.
(see 8, > 0. in Figure 2.8), the incident waves will be totally reflected. Then
the waves are trapped inside the dielectric and propagating along 3 as surface
waves, which decay exponentially away from the dielectric surface (x = d)
along h. The surface waves spread out in a cylindrical fashion around the
source point, and the amplitude of the fields decay with distance 1/+/r that
more slowly than space waves (1/r) [16] [57]. The surface waves are generally
considered as losses since they are trapped in the dielectric of infinite size, and
do not contribute to radiation. However, for the dielectric with finite size the
surface waves can be reflected and diffracted at the truncated edges, thus caus-
ing spurious radiation that probably distorts the main radiation patterns. In ad-
dition, the travelling of the surface waves will introduce coupling between the
antennas or circuits which are fabricated on the same substrate. This effect can
severely degrade the performance of an antenna array and even lead to mal-
function (array blindness).
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Radiated waves

Leaky waves h Edge diffracted

Ground plane
Figure 2.8: Presentation of a grounded dielectric and various waves.

The surface waves require certain conditions to propagate in a dielectric after
being excited. A grounded dielectric cannot support transverse electromagnetic
(TEM) waves because it is a non-homogeneous media. Transverse magnetic
(TM) and transverse electric (TE) surface waves will be studied. The general
solutions for the TEM, TM, and TE waves are given in the appendix A.

TM Modes

Consider the grounded dielectric as shown in Figure 2.8. The dielectric has a
dielectric constant of €, and a thickness of d. We assume the dielectric has in-
finite extent in the y and z direction, and the surface waves propagate along 3
(+z) with an e JB? propagation factor and no variation in the y direction

/3y = 0).

The longitudinal electric field E,(x,y,z) = e,(x y)e /8% must satisfy the
Helmholtz equation in both the dielectric and air regions:

92 9% o2 2 _iBz
(&4—54—54— Erko) e,(x,y)eP* =0, for0<x<d (2.32a)

92 9% | 9%, ., _iBz
(E+ S5 HkE)e(xyeTP =0, ford<x<w (2320)

where k) = w./€glp is the wave number in free-space. Taking into account
d/0dy = 0, (2.32) can be reduced to

(Z_i + €rk§ — BZ) e,(x,y) =0, for0<x<d (2.33a)
(g +k§ — 32> e,(xy) =0, ford <x < o (2.33b)

The cutoff wavenumbers for the two regions are defined as
k? =¢k%—p2 for0<x<d (2.34a)
h? = B2 — K2, ford<x <o (2.34b)

where the sign on h? is chosen in anticipation of an exponentially decaying
along x-axis above the dielectric-air interface [4]. The propagation constant 3
of a certain surface wave must be the same in both air and dielectric regions to
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achieve phase matching of the tangential fields at the dielectric interface for all
values of z. The general solutions to (2.33) are

e,(x,y) = Asink.x + Bcosk.x, for0 <x<d (2.35a)
e,(x,y) = CeP* + DePx, ford<x< o (2.35b)

The boundary conditions are

E,(x,y,z) =0, atx =0 (2.36a)
E,(x,y,2) < oo, asx > o (2.36b)
E,(X,v,z) continous, atx=d (2.36¢)
Hy(x,y,z) continous, atx=d (2.36d)

From appendix A we have H, = E; = Hy = 0. The boundary conditions
(2.36a) and (2.36b) imply that B = 0 and C = 0 in (2.35). Then from the con-
tinuous condition of (2.36¢) we have

Asink.d = De~Nd (2.37)
As indicated in (2.36d) the magnetic field must be also continuous at the inter-

face, from (2.35) and (A.6) in appendix A we have

€rA

" cosk.d = %e"hd (2.38)

Combine (2.37) and (2.38) to eliminate A and D, then
k. tank.d = €.h (2.39)

Eliminating 8 from (2.34) we can get another equation
kZ +h? = (e, — k3 (2.40)

Given d and k,, then k. and h can be solved numerically from (2.39) and
(2.40). However, a graphical solution can show the results more visually. Mul-
tiplying both sides of (2.39) and (2.40) by d and d?, respectively, we have

(kcd)tan(k.d) = €,(hd) (2.41a)
(ked)? + (hd)? = (e, — 1)(kod)? (2.41b)

(2.41a) and (2.41b) can be plotted on the k.d—hd plane as shown in Figure 2.9
for 2 dielectric constants €.=3 and €,=11.9, which are the values of some often
used PCB materials (e.g. Rogers 3003) for on-board antenna designs and sili-
con for on-chip antenna designs. Each intersection of the curves, which are
constituted by (2.41a) and (2.41b), implies a common solution to both of them.
Only the first quadrant is plotted, because h should be positive real due to the
waves decaying along the x-axis, and a negative k. merely changes the sign of
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(b) =119
Figure 2.9: Graphic solutions to (2.41) for TM modes with (a) €,=3 and (b)
€-=11.9.

constant A in (2.35a). (2.41b) is an equation of a circle with a radius of
V€ — 1kod. As /€, — 1kyd increases, either €. or d or both, the circle may
have more intersections with the tangent function curves described by (2.41a),
implying that more TM modes can propagate.

It can be observed that for an ordinary dielectric, which has a finite thickness
and a dielectric constant greater than 1, there is always at least one propagating
TM mode, designated as TM, mode, which has a zero cutoff frequency. TM,
mode can have some field lines aligned with the field lines of the quasi-TEM
mode of microstrip lines, which are often used to construct feeding structures
of planar antennas on the dielectrics. The fields of the TMy mode are zero at
zero frequency, so the coupling to the quasi-TEM mode is negligible until a
threshold frequency is reached. Studies have shown that the threshold frequen-

f’l —_— t r 2-42

For €, > 10, (2.42) reduces to [58]

fr(GHz) = % (d in cm) (2.43)

The higher order modes TM,, will start propagating when the radius of the cir-
cle reaches nt (Figure 2.9). Therefore, the cutoff frequency of the TM,, modes
can be derived as

Je — 1%d = nm (2.44a)
ncy

fc - 2d./e,—1"’

n=0,1,2,.. (2.44b)
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As soon as k. and h have been determined, the complete expressions for the
fields can be obtained from (2.34), (2.35), (2.37), and (A.6) in appendix A as

Asink xe 182 for0<x<d

E, (x,v,2) = ¢ . -0 2.45a

2(%.y.2) {Asinkcde_h("_d)e_JBZ ford<x< o ( )
_leAcoskcxe‘jBZ for0<x<d

Ex(xy2) =1 5 _ (2.45b)
TAskade‘h(X‘d)e‘]BZ ford <x < o
%Acoskcxe‘jBZ for0<x<d

Hy(x,y,z) = _].wec ' . (2.45¢)
TOAskade_h(X_d)e_JBZ ford < x < o

TE Modes

The TE modes can be solved in a similar procedure as that for TM modes. The
longitudinal magnetic field must satisfy the wave equations

(E+Kk)h,&y =0, forosxs<d (2.462)
02
(5-h?)h,(xy) =0, ford<x<oo (2.46b)
After applying the certain boundary conditions to the general solutions of the
fields in two regions, two equations can be achieved as
—(kcd)cot(ked) = (hd) (2.47a)
(kcd)? + (hd)? = (e, — 1) (kod)? (2.47b)

where k. and h can be solved by either numerical or graphical approach. The
cutoff frequency of TE, modes can be found as

__ (2n—-1)cy

fc - 4d,[eq—1"’

For most of antenna designs, the higher order surface wave modes should be
avoided to maintain high radiation efficiency within the bandwidth of interest.

n=123,.. (2.48)

The selection of substrates, i.e. the dielectric constant €, and the thickness d,
is important to minimize the number of propagating surface wave modes. Fig-
ure 2.10 shows a plot of the cutoff frequencies (below them certain surface
wave modes will become evanescent modes) of some foremost surface wave
modes as a function of the substrate thickness d for two common dielectric
constants €,=3 and €,=11.9, which give references for a large variety of low
and high permittivity substrates for planar mm-Wave antenna designs. The
threshold frequency fr defined in (2.42) and (2.43), below which there is little
coupling between the TMy mode with zero cutoff frequency and the Quasi-
TEM mode of microstrip lines, is also plotted. The propagation constant {3 of
the higher order surface wave mode is small when its cutoff frequency is just
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Figure 2.10: Plotting of cutoff frequencies f. of TM,, and TE, surface wave
modes as well as the threshold frequency fr as a function of dielectric thick-
ness. (a) €,=3; (b) €,=11.9.

reached (B = k, at the cutoff frequency for certain mode). As frequency in-
creases 3 will be more close to or even exceed the guided wave propagation
constant of the antenna, then the modes coupling and loss become more signif-
icant.

B. Parallel Plate Guided Waves

It is quite normal that there is a metal layer also on top of the dielectrics, espe-
cially for the on-chip designs because there is requirement on the minimum
global metal density for each metal layer in the back-end-of-line (BEOL) pro-
cess, and the chip is usually seated on a ground plane of a package. In this case
a parallel plate waveguide is formed at least locally. The geometry of such a
waveguide is shown in Figure 2.11. We assume the width of the waveguide in
y direction is very large compared with the thickness d so that fringing fields
and any y variations can be ignored, and the guided waves propagate in the +z
direction with an e B% propagation factor. Since the media is homogeneous, it
can support TEM mode besides TM and TE modes. The analysis of the modes
is analogous to that for a grounded dielectric, so the detailed analysis will not
be repeated here. The cutoff frequency for the TEM mode is zero, and the cut-
off frequency for TM,, and TE, modes is identical as

n

f.=——
¢ 2d/perey’

n=1,23.. (2.49)

Top metal plate

Dielectric €.€q

Bottom metal plate

Figure 2.11: Geometry of a parallel plate waveguide.
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Figure 2.12: Plotting of cutoff frequencies f. of TM,, and TE, modes in a paral-
lel plate waveguide as a function of d. (a) €,=3; (b) €,=11.9.

There is no TE; mode, and the TMy is actually identical to the TEM mode. The
cutoff frequency f,. of the TM, and TE, modes is plotted as a function of the
dielectric thickness d in Figure 2.12 for €,=3 and €,=11.9, respectively. It can
be observed that the cutoff frequencies for the higher order modes are higher
than those of the surface waves in a grounded dielectric slab with the same die-
lectric constant and thickness (Figure 2.10).

2.4 Antenna Measurement

At mm-Wave frequencies the planar antenna measurements are very challeng-
ing. Conventionally, the antenna under test is connected to the measurement
setup by a coaxial cable or a waveguide connector. However, the feature sizes
of these types of connectors are too large for the printed planar mm-Wave an-
tennas, especially for the on-chip antennas. A probe based antenna measure-
ment takes the advantages of measuring exactly at the reference plane of inter-
est, and avoiding the effort of mounting connectors, which is a very difficult
task or even not possible. On the other hand, there are also challenges. A spe-
cial calibration procedure has to be conducted to the measurement setup, which
is vital to achieve an accurate measurement. As many other measurements us-
ing a microwave probe, the measurement is sensitive to vibration so that the
AUT cannot be rotated, and has to be well fixed on a sample holder. Since the
shielding of a microwave probe is worse than that of a conventional connector
for antenna measurement, the spurious radiation and reflection from the probe
will limit the dynamic range.

The radiation performance of the antennas in this work was measured at the
Karlsruhe Institute of Technology (KIT) by a microwave probe based meas-
urement setup as shown in Figure 2.13, which is described in detail in [1] and
[59]. The mechanical assembly of the system as illustrated in Figure 2.13 (a)
contains two arms and two rotary stages, which are consistent with the azimuth
and elevation angles, to rotate the receive horn antenna around the AUT to
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measure nearly the 3-D radiation patterns or three sectional planes in a far-field
distance of 60 cm. However, the existence of the table will limit the measure-
ment range to about 270° in horizontal plane and 255° in one vertical plane.
The receive horn antenna can be rotated 90° to enable the measurement of two
polarizations. The AUT, specifically the part containing the probing pads is
well fixed on a sample holder that is made of dielectric foam (€, < 1.1, tané <
0.001), resembling air in terms of electric properties. In this way the radiating
part of the AUT can be positioned in the air, and thus achieving measurement
in a quasi-in-air condition, as shown in Figure 2.13(b). For the measurement in
different frequency bands the frequency modules (RF sources and harmonic
mixers) as well the RF probes are interchanged.

The principle of the calibration procedure is explained in detail in Chapter 17
of [60]. To sum up, it requires three steps. First, the transmit path of the system
is calibrated to the reference plane at the input port 1 of the reference horn an-
tenna and the probe as shown in Figure 2.14. In the second step a reference
horn antenna with well-known gain G, is attached to the system to calibrate
the free-space loss and the system losses as shown in Figure 2.14 (a). From the
measured S;4 ref WE can get

2
S21re
Gsystem = [Sarerd (2.50)

G'ref

with Ggysrem representing all system losses (including free-space loss) and the
gain of the receive horn antenna. The third step is the calibration of the probe
as shown in Figure 2.14 (b), which moves the reference plane to the probe tips
to measure the complex input impedance of the device. The short-open-load
(SOL) method is employed to make the 1-port (only portl) calibration by using

«— Coaxial

1

Rotary Stage 1 €)]

Figure 2.13: Probed based measurement setup [1][59]: (a) mechanical assem-
bly, (b) coaxial cable probe and AUT contact, (c¢) D-band (110-170 GHz)
transmit/receive module, waveguide probe, and the AUT.
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Figure 2.14: Calibration procedure for a probe based mm-Wave antenna
measurement setup: (a) gain calibration, (b) probe calibration, (c) AUT meas-

urement.
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Figure 2.15: 1-port SOL calibration error model.

a standard calibration substrate. The 1-port SOL error model is shown in Fig-
ure 2.15. The relationship between the measured reflection coefficient Iy with
error and the actual reflection coefficient I'y at the device itself at the reference
plane can be written as [60]

b e10€01l'a
[y=="=e¢e == 2.51a
M= 00 T 1—e1iTa (2.51a)

I, = T =00 (2.51b)

e11(Tm—ego)+e1o€o1

I'M,short> [M,open» @nd Ty j0ad can be obtained by measuring the short, open, and
load calibration standards on the calibration substrate, while [ shorts [aopens
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and I’y )0aq are the known calibration standard values. They yield three equa-
tions with three unknown error factors (eyq, €11, and ejp€o1) so that the un-
known error factors can be determined by calculation. Knowing the error fac-
tors, Iy can be calculated from I}y in the antenna measurements. Assuming the
error adapter is perfectly reciprocal (e;q = €p1), the gain of the probe can be
expressed as

Gprobe = €10€01 (2.52)

Finally the antenna measurement can be implemented as shown in Figure 2.14
(c), and the proper gain Gpyt of the AUT can be calculated from the directly
measured result S, \ as

2
S
Gaut = _[Saanl (2.53)

Gsystem'Gprobe

2.5 Preliminary Considerations on mm-Wave Antenna De-
sign and Integration

The integration of antenna into an mm-Wave system takes a vital role, and is
very challenging. Many methods and technologies for mm-Wave packaging
and antenna integration have been developed, which are discussed below.

2.5.1 Chip-on-Board with Integrated PCB Antenna

Figure 2.16 (a) and (b) illustrate the concept of a RFIC, which is directly at-
tached on a PCB, incorporating with an integrated PCB antenna by using mm-
Wave interconnect technologies, bond-wire and flip-chip, respectively. As
shown in Figure 2.16 (a) the chip is glued on the ground plane of the PCB,
which also acts as a large heat sink for the chip. The RF I/O of the chip is in-
terconnected to the antenna by wire-bonding. The wire-bonding is a mature,
thermal expansion insensitive, and high yield process that supports a well-
established low-cost infrastructure with high reliability. Unfortunately, the
electrically long loop of the bond-wires will introduce considerable parasitic
effects (about 1 nH/mm of inductance as a rule of thumb) so that they exhibit
low-pass frequency characteristics in the mm-Wave range. The bond-wire with
short length is difficult to produce, and the repeatability is a serious issue. Con-
sequently, special compensation designs and process control for bond-wires
have to be applied in order to achieve acceptable performance within the
bandwidth of interest [26] [61] which increase the assembly complexity, and
the cost. As frequencies increase to above 100 GHz or even above 200 GHz the
compensation for bond-wires becomes much more difficult (requires very pre-
cise fabrication technology and process control), if it is not impossible.
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Figure 2.16: Chip-on-board with integrated PCB antenna by using: (a) bond-
wire solution, (b) flip-chip solution, (c) bond-wire and flip-chip solution.

Figure 2.16 (b) shows a flip-chip solution with bump interconnects, which of-
fers a very short transition between the chip and the PCB antenna. Therefore,
the parasitic effects associated with a bump itself are significantly smaller than
that of a bond-wire, showing a wide application potential at mm-Wave fre-
quencies above 100 GHz and even higher up to 170 GHz with a compensation
scheme [62] [63]. Moreover, the bumps can be placed on the entire die area
that it enables a much higher I/O count compared with that of the bond-wire
solution, which can only use the periphery of the chip. The density of the
bumps will be constrained by the normal PCB manufacturing technology
whose minimum line width and spacing are limited to about 100 um. The
flipped-over chip mounting onto an underlying PCB gives other types of para-
sitic problems. They can result in considerable deterioration in performance of
the overall packaged mm-Wave system if special cares are not taken in the de-
signs. Obviously, the electrical parameters of various circuit elements on the
chip surface, e.g. inductors, couplers or any structures made of transmission
lines, will be influenced by the proximity effects to the PCB, especially when a
metallization is present on the PCB below the chip [64], thus causing chip de-
tuning. The different coefficient of thermal expansion (CTE) of the chip and
the PCB material can cause a strain on the flip-chip joints that arises reliability
issues, so an underfill process (e.g. a thermal compression technology) is often
required to absorb the stress. The price is that the underfill materials will prob-
ably introduce additional detuning effects as well as more losses. Another
problem has to be considered is that unlike the case of a chip directly seating
on a large heat sink (metal ground plane) on a PCB, the upside-down configu-
ration of the chip has limited heat dissipation capability that could result in se-
vere performance degradation of the RF circuits.

A combination of the bond-wire and flip-chip technologies can take the ad-
vantages of both technologies as shown in Figure 2.16 (c). The low frequency
I/O and DC supplies of the chip, which are not sensitive to the parasitics, can
be interconnected to the PCB by wire-bonding. The antenna and the RF 1/O of
the chip, which are operating at the highest frequencies of the system, are in-
terconnected by flip-chip bumps. The effects of the supporter of the antenna
must be taken into account in the design. In [65] a covar metal frame (rectangle



Seite 40(131) Integrated Planar Antenna Designs and Tech. for mm-Wave Applications

ring type) is used to mechanically support the antenna, and the metal frame to-
gether with the metallic base of the board form a metal cavity which provides a
well-controlled EM environment, making the antenna less sensitive to the sur-
rounding package and PCB-level metal as well as dielectric structures. Another
advantage of this hybrid approach is that an optimal substrate preferably with
low dielectric constant and thicker thickness, which are usually contradictory
to the requirements of other on-board RF passive circuits, can be used for the
antenna since they are not implemented on the same substrate. Apparently, the
packaging and assembly process of the hybrid approach is more complex than
that of a bond-wire or flip-chip solution, resulting in a higher cost.

The chip-on-board (COB) with integrated PCB antenna is a very cost-effective
solution since there are a wide range of low-cost and high-quality RF substrates
available in the market, and the PCB technologies are quite well-established.
The parasitic effects introduced by the chip-antenna interconnect technologies
of wire-bonding or flip-chip can be compensated up to certain frequencies on
the board side in a cost-effective fashion. However, the resolution (e.g. mini