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Abstract

The migration of telecommunication services and radar systems to Millimeter-wave (MMW) fre-
quencies (30 to 300GHz) leads to the necessity of researching for alternative fabrication technolo-
gies and materials rather than the used for microwave frequencies. Part of this thesis work is
focused in three MMW band applications such as Satellite Communication Systems (SCS) at Ka-
band,Wireless Personal Area Network (WPAN) at V-band and Automotive Radar at W-band. In
these applications, where the antenna is part of a mobile device, it is targeted the use of planar
antennas because their low profile and low fabrication cost, together with reconfiguration capability
and low losses.

This thesis presents an analysis of materials, transmission lines geometries and switches in the
MMW frequency band. The fabrication tolerances have also been studied, analyzing the variations
in the final antenna parameters. The tolerances, together with the materials and antenna dimen-
sions lead to the use of microfabrication processes. Finally, two different pattern reconfigurable

antenna designs operating at Ka-, V- and W-bands are presented as a demonstration.

Keywords: Millimeter-wave frequencies, microfabrication, reconfigurable antenna, circular po-
larization, beamsteering, fabrication tolerances, CPW Patch antenna, Qdime antenna, RF-MEMS

switch.
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Chapter 1

Introduction

Telecommunication services and radar systems are migrating to Millimeter-wave (MMW) frequen-
cies, where wider bandwidths are available. Such migration requires the use of different technologies
with the capability to operate at the MMW frequency band (30 to 300GHz), and more specifically
at Ka- (26.5 to 40GHz), V- (50 to 75GHz) and W-band (75 to 110GHz). For many applications and
more concretely those where the antenna is part of a mobile device, it is targeted the use of planar
antennas for their low profile and low fabrication cost. A wide variety of requirements is translated
into a reconfiguration capability and low losses within each application frequency bandwidth. To
deal with the mentioned challenges, the MMW antenna dimensions, together with the materials,
fabrication tolerances and reconfigurability capability lead to microfabrication processes.

The aim of this thesis is the analysis of the mentioned concepts, materials, transmission lines
geometries and switches in the MMW frequencies context and their final application in antenna
designs compatible with microfabrication. Finally, specific designs operating at Ka-, V- and W-
band will be presented as a demonstration.

In Chapter 2, Millimeter-wave (MMW) printed planar antennas are reviewed. The current state-
of-the-art of planar antenna architectures is being summarized, emphasizing the inconveniences
derived from the fabrication tolerances at MMW frequencies. This chapter also includes a summary
of the different antenna reconfigurabilities. Finally, the three applications under study in this thesis
are introduced: Satellite Communication Systems (SCS), Wireless Personal Area Network (WPAN)
and Automotive Radar.

In Chapter 3, some MMW circuit technologies are analyzed. The four most used materi-
als at MMW frequencies (Polytetrafluoroethylene or Teflon (PTFE), Quartz, Benzocyclobuten
polymer (BCB) and Low Temperature Co-fired Ceramic (LTCC)) have been presented and com-
pared in terms of permittivity (e,) and loss tangent (tand). An study of the main transmission lines
attenuation (microstrip, stripline and CPW) at high frequencies is included. Finally, an overview
of the RF-MEMS switches is presented in comparison with PIN diodes and FETS switches.

Chapter 4 presents two different polarization-reconfigurable base-elements designs: CPW Patch
antenna and 4-Qdime antenna. The first consists of a single reconfigurable element with integrated

RF-MEMS switches, designed to operate at Ka- and V-band. The second antenna presented in
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this thesis has a composed architecture where the polarization reconfigurability is obtained by
switching the phase feeding for each of the four linear polarized elements in the feed network with
RF-MEMS. The 4-Qdime antenna has been designed to operate at V- and W-band. Finally, both
antenna designs are compared.

Chapter 5 focuses in polarization and beam pointing reconfigurable antenna array designs,
using as base element the polarization-reconfigurable antennas presented in the previous chapter.
Using phased array techniques, beamsteering is computed and implemented with 1-bit discrete
phase-shifter. This chapter includes comparison of both antenna arrays.

Chapter 6 includes a fabrication tolerances study of antenna arrays for different number of
elements. The gain loss, beam pointing error, Half-Power Beamwidth (HPBW) error and sidelobe
level error are being estimated as a function of the amplitude and phase errors presented at each
elements array. A study of the axial ratio error due to amplitude and phase errors of the radiated
field orthogonal components is then presented. The fabrication tolerances obtained have been
applied to the previous designed antennas, concluding the necessity to use microfabrication to
manufacture them. The second part of this chapter summarizes the different microfabrication
processes.

In Chapter 7, the microfabrication process for the designed antennas is presented in detail.
Polarization- and pointing- reconfigurable CPW Patch antennas operating at Ka- and V- band
have been fabricated in a clean-room facility. The isolation and time measurement characterization
measurements for two different RF-MEMS switches is presented. The reflection coefficient and the
axial ratio of the antenna configured in Linear Polarization (LP) and Circular Polarization (CP)
at Ka- and V-band have been measured using different set-ups and its parameters are discussed.

Finally, Chapter 8 concludes the study and gives some suggestions for further research.



Chapter 2

Millimeter-wave Planar Antenna.
Architecture and Applications

Planar antennas are characterized by their flat appearance and low profile. The use of planar
antennas has increased in many professional and commercial applications, where characteristics such
as reduced dimensions, conformability, light weight, low-cost and easy fabrication are targeted [2].
Their planar nature makes them ideal for large arrays and simplifies the interaction with additional
microwave circuit components such as printed lines [3]. Antennas capable of radiation pattern
reconfigurability are very attractive for wireless communication applications in order to overcome
multipath fading problems or pointing and roll maladjustments, and therefore enhance the system
performance. The Millimeter-wave (MMW) band, also called Extremely High Frequency (EHF)
band, runs in the range of frequencies from 30 to 300 GHz, which is translated to a wavelength in
vacuum (Ag) from 10 to 1 millimeter.

This chapter explains briefly the architecture of printed planar antennas, paying special atten-
tion to the fabrication tolerances at MMW frequencies. Different types of antenna reconfigurability
are also summarized. Finally, three applications at MMW frequencies such as Satellite Commu-
nication Systems (SCS), Wireless Personal Area Network (WPAN) and Automotive Radar are

introduced.

2.1 Architecture

A planar antenna consists of a radiating element on a dielectric substrate, with printed and slot
antennas as the most common types used. Depending on the feed network technique, which may
or may not be at the same level as the radiating element, the antenna will have a single- or multi-
layer structure. A single layer structure is characterized for having the radiating element and the
feed network printed on the same substrate, as shown in the example in Fig. 2.1(a).This solution
results to be the simplest fabrication process, but the dielectric substrate has to be chosen as a
compromise between the radiating element and the feed network requirements. In the multi layer
architecture the radiating element is placed on a certain dielectric substrate while the feed network

is placed on a second substrate below. In this case, there is a dielectric substrate adequate for
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4 Antenna Reconfigurability

the radiation requirements and there is another dielectric substrate adequate for the feed network
and its requirements. Fig. 2.1(b) shows an example where the antenna is fed by aperture-coupling

through a slot in the ground plane.

Printed Antenna Printed Antenna

Antenna Dielectric Substrate

Dielectric Substrate
Ground Plane

Slot
Ground plane
l\ Feed Network Dielectric Substrate
Feed Network Feed Network
(a) Single Layer (b) Multi Layer

Figure 2.1: Planar Antenna Architectures

The design process of a planar antenna may be divided in three main parts: radiating element,
array geometry and feed network. The radiating element design is related to some final antenna
electrical characteristics such as the radiation pattern, frequency bandwidth and field polarization.
More directive and higher gain antenna are obtained when using array antennas. They are char-
acterized by the inter elements distance, and the amplitude and phase of each radiating element
feeding current. The array parameters are also related to the radiation pointing direction or tilt.
Beside the single element character, the antenna polarization, is also affected by the array charac-
teristics in those cases where the technique to rotate sequentially the radiating element is applied in
order to improve the circular polarization [4]. Finally, the feed network technology is related to the
gain, efficiency and bandwidth, that are determined by each application [5,6]. Typical technologies
used in planar antennas for the feed network are waveguide and printed transmission lines.

Microstrip patches and slot antennas dimensions are normally Ag/2 and in some cases \o/4. Fig.
2.2(a) shows that the antenna dimensions at Millimeter-wave band lower than 5mm. These reduced
dimensions lead to take into consideration the fabrication tolerances at such high frequencies.
The acceptable tolerances of an antenna may vary from A\y/50 to A\g/200, and among them the
tolerances of A\g/100 are the most commonly used. Fig. 2.2(b) illustrates how the fabrication
tolerances at MMW frequencies are below 100um, and in some cases lower than 10um. These low
tolerances imply the search for alternative fabrication processes to substitute the commonly used for
microwaves antennas. Techniques such as Microfabrication may guarantee the required tolerances
together with the possibility to integrate the antenna with other elements of the communication

system, such as Radio-Frequency Microelectromechanical Systems (RF-MEMS) devices.

2.2 Antenna Reconfigurability

The attractiveness of using reconfigurable antennas lies in their ability to adapt autonomously to
environmental changes or operational requirements. The reconfiguration is achieved by changing

the antenna structure and therefore redistributing the currents, resulting in changes in the antenna
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100

Dimensions (1um)
Tolerances (um)

250 300 30 50 100 250 300

30 50 100

150 200 150 200
Frequency (GHz) Frequency (GHz)

(a) Antenna dimensions (b) Fabrication tolerances

Figure 2.2: MMW antennas typical dimensions and fabrication tolerances

impedance and/or radiation properties [7]. The most common antenna parameters reconfiguration

[8-10] are:

¢ Resonant Frequency. A change in the antenna resonant frequency allows a single device
to work in numerous wireless systems operating over a wide frequency range and demanding

different operating electrical characteristics (Fig. 2.3(a)).

e Radiation Pattern. The radiation pattern may be changed in direction, gain or beamwidth

depending of the system requirements (Fig. 2.3(b)).

e Polarization. An antenna with polarization reconfigurability may switch from linear to cir-
cular polarization reducing polarization mismatch in scenarios where the antenna orientation

is not fixed.

Return Loss (dB)

34 36 38 40

25 24 26 28 30 32
Frequency (GHz) 0

(a) Resonant Frequency (b) Radiation Pattern

Figure 2.3: Antenna Reconfigurable Parameters

The reconfigurability may be done by using different techniques [11] such as capacitive loading
[12], material tuning [13], mechanical structural changes [14] or the use of switches (RF-MEMS, PIN
Diodes and FET) [15]. The different types of reconfigurability presented in this thesis are done by
the use of RF switches, more concretely by Radio-Frequency Microelectromechanical Systems (RF-

MEMS) switches [16]. The recent development of RF-MEMS switches makes them attractive to be
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used at MMW frequencies because of their small dimensions («~ 100um), low parasitic capacitance
and insertion loss, high isolation and fast switching speed (v« 1us) [17]. To achieve the appropriate
autonomous reconfigurability, the antenna system may include an optimization genetic algorithm
capable of selecting the optimal switch status configuration at any instant [18].

In antenna arrays, the capability to change the direction where the antenna is pointing, focusing
the energy toward a specific direction is called beamsteering. This beamsteering may be accom-
plished in different ways [19]: analog, digital, optical or with reflectarrays. Beamsteering is not
considered by some authors as a reconfigurability capability of the antenna because the currents on
the radiating elements are not redistributed. In this thesis, for those cases where the phase-shifter
is integrated into the feed network (for example in a printed transmission line) becoming part of

the antenna array itself, the array antenna will be considerate reconfigurable in radiation pattern.

2.3 Applications

Many applications such as radio astronomy, remote sensing, wireless communication systems,
millimeter-wave scanner and high resolution radar use MMW frequencies. The work presented in
this thesis is focused in wireless communication systems such as Satellite Communication Systems
(SCS) at Ka-band (26.5 to 40 GHz) and Wireless Personal Area Network (WPAN) Systems at
V-band (50 to 75 GHz), that are very attractive due to their high transmission rates (see Figure
2.4). Another Millimeter-wave application that has been considered is the Long Range Automotive

Radar at W-band (75 to 110 GHz).

10 Gbps
1 Gbps (8021535
100 Mbps
10 Mbps
1 Mbps
100 Kbps C/e@ Bluetooth
1 GHz 10 GHz 100 GHz

Figure 2.4: Wireless Communication Systems frequency and data rates

2.3.1 Satellite Communication Systems (SCS) at Ka-band

Satellite Communication Systems provide broadband services as a complement to the terrestrial
networks, offering its inherent global coverage capacity and a quick deployment. These character-

istics offer solutions in different fields, such as:

e Internet access to low terrestrial coverage zones
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e Unidirectional television broadcast
e Intercontinental long distance telephony
e Mobile communications for ships, vehicles or airplanes

e Bidirectional communication services with high transmission rate and high security for emer-

gencies groups such as fire departments, police, etc.

Historically, Satellite Communication Systems (SCS) have used the parabolic reflector as ra-
diating element because of its high gain, efficiency and simplicity to generate linear and circular
polarization. With the appearance of Very Small Aperture Terminal (VSAT) systems at the begin-
ning of the 80’s, the physical dimensions of the antennas were reduced even when they kept being
bulky and difficult to carry. In order to provide SCS higher mobility, it is necessary to substitute
the actual antennas by planar radiating structures which can be easily integrated to any mobile
platform, from a vehicle or train to the fuselage of an airplane [20]. The increasing demand of
transmission capacity in VSAT communication systems is one of the main reasons for the migra-
tion to higher frequencies such as Ka-band (30/20GHz) [21]. Problems of using planar antennas
at these frequencies come from the actual technologies performances and the difficulty to obtain a
radiating element with the proper bandwidth and polarization.

Satellite Communication Systems require high gain antennas in order to have a good SNR level
in long distance links. Such a high gain is related to narrower beam and low sidelobes radiation
pattern which are translated to an improvement of the angular utilization. Also, an improvement
of the spectral utilization is achieved through frequency reuse. Circular Polarization (CP) is used
to avoid roll maladjustments when the two antennas are pointed to each other; while systems with
Linear Polarization (LP) require an accurate mechanical orientation of the antenna. The capability
of polarization reconfigurability allows the antenna to be used in all communication systems. Beam
steering properties provide the reconfiguration required to point the system antennas without the
necessity of moving mechanical parts [22].

The International Telecommunication Union (ITU) makes recommendations in its ITU-R S.580-
6 [23] for the radiation pattern of antennas of earth stations operating with geostationary satellites.

The antenna has to fulfill the gain (G) requirement,

G <29—-25log g dBi (2.1)

where ¢g4e, is the angle with respect to the axis pointing in the geostationary satellite orbit
direction.

The coverage zone includes from 1° (or 100A\g/D., taking the larger of both) to 20° in the
equatorial plane direction; and between -3° and 3° in the orthogonal direction (Figure 2.5). Ao
stands for the operating wavelength and D, for the antenna equivalent circular diameter. D, is

computed from the antenna aperture area (Aqg) as
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Equatorial
Plane >

Coverage Zone

Figure 2.5: ITU-R S.580-6 recommended coverage zone

Do = \/4Aeg/T (2:2)

As an example, for an antenna operating at 30 GHz with a desired gain of 41 dB, the coverage
zone is delimited by 1.80° < ¢ge, < 20° where the permitted gain is delimited by the radiation

pattern shown in 2.6.

G=29-25l0g¢se dBi}

30

Figure 2.6: Delimiting radiation pattern for a 30GHz antenna with 41dB Gain

2.3.2 Wireless Personal Area Network Systems at V-band

Numerous applications are appearing for 60 GHz radio systems, classified mainly in video streaming,
file transfer, and wireless Gigabit Ethernet. Parameters such as in-/outside use, distance between
receiver and transmitter, Line-of-sight (LOS)/Non-line-of-sight (NLOS), position, or mobility are
considered for each application. [24,25]

IEEE 802.15.3c international standard [26,27] provides regulations for Wireless Personal Area
Network (WPAN) systems operating around 60 GHz. These systems are characterized by:

e Short-range data networks (< 10m)
e 7 GHz bandwidth (« 11.5%)

e Data rate between 2 Gbps and 3 Gbps.
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e Frequency Band between 57 GHz and 66 GHz, depending on the region (Figure 2.7)

Australia

Europe

Korea

USA and Canada
China

Japan

57 58 59 60 61 62 63 64 65 66

Frequency (GHz)

Figure 2.7: WPAN assigned spectra for different regions [1]

Because the high path loss at V-band frequencies, WPANs should employ high-gain antennas to
improve the Signal-to-Noise Ratio (SNR). In addition, the use of directive antennas reduces multi-
path contributions by limiting the angles from which radiation is emitted and captured. The small
wavelength of the signals at the 60 GHz band makes the communication more appropriate through
Line-of-sight (LOS) path and first order reflections. In order to establish a reliable communication
link, steerable beam antennas should be used. The polarization of the antenna also influences the
link. The unknown orientation of the terminals makes antennas with polarization diversity attrac-
tive since they allow the link to operate independently to the antenna orientation, improving the
performance of the system. In antenna arrays, polarization diversity may be achieved by using
individual elements with polarization reconfigurability. All these characteristics lead to consider
phased array antennas with polarization reconfigurable radiating element as the most appropriate
radiating devices.

For the last several years, patch antennas [28], quarter-wave patch antennas [29], Yagi-Uda
antennas [30], loop antennas or slot antennas [31], have been proposed as possible WPANSs antennas.
CoPlanar Waveguide (CPW) is the most common feed technology used at this band because its
wide bandwidth and reduced losses.

As an example, a 60GHz operating frequency scenario where the devices are separated by a
maximum distance () of 10 meters and the maximum power transmitted (P is 10 mW has been
considered (Fig. 2.8). The Bit Error Rate (BER) has been set to 107, the system data rate (R.,)
to 1Gbps, the frequency bandwidth (B) to 2GHz and the noise factor (F') to 7 dB.

The channel Signal-to-Noise Ratio (SNR) relates the received power (P,) with the energy per

bit to noise power spectral density ratio (Ep/Np) as

Pr :@Rch

SNR =
Py N, B

(2.3)

where

A 2
P =P, (70) DD,

47r

PN = kBTSB = kBTO (F — 1)B
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10 m(max) »
2 N
7 LY
/ .
! \

Figure 2.8: WPAN scenario under study

The BER depends on the Ey/Ny and on the Modulation and Coding Sets (MCS) used. Fig.
2.9 shows the BER for the most used MCS: BPSK, QPSK, 8-PSK, 16-PSK and 16-QAM.

- BPSK and QPSK| MCS BER

— 8-PSK
s bre(VR)

T +16-PSK
8-PSK in (=
L6.PSK %erfc ( k]\%’sm (M))

. 16—QAM
| ERN 16-Q swerfe(\/ Tons
15 20

10

Eb/NO (dB)
Figure 2.9: BER against Ey /Ny for different MCS

Then, the required channel gain (D;D,) can be computed for the five MCS, as summarized in

Table 2.1.

MCS Ey/No (dB) SNR (dB) DD, (dB)

BPSK 10.5 dB 7.5 dB 10.6 dB
QPSK 10.5 dB 7.5 dB 10.6 dB
8-PSK 14.0 dB 11.0 dB 14.0 dB
16-PSK 15.0 dB 7.5 dB 15.0 dB
16-QAM 18.5 dB 12.0 dB 18.5 dB

Table 2.1: Channel gain (D;D,) for each of the MCS to obtain a BER of 1076

In order to estimate the antenna dimensions, the antenna directivity (D) is related to the
effective area (Aeq) and the wavelength (A\g) as

47

)‘O

For array antennas, the estimated antenna directivity is computed differently if the array is
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linear or planar [32]. Directivity approximations for an N, omnidirectional linear and planar

arrays are:

delem d lem2
Dy = 2TONW Dylq = 47 eAg (v/Napr — 1)? (2.6)

Table 2.2 illustrates the required antenna effective area (Aeg) for the different channel gains.
Two different cases have been studied. The first case consist of two devices with the same antenna
directivity pointing to each other (D, = Dy). The second case consist of having an AP with an
omnidirectional antenna such as a Half-wavelength Dipole as a receiver (D, = 2.1dB). The effective
area is given as a function of A\g. The table also illustrates the minimum array number of elements
that would be required to obtain the desired antenna directivity in case that the radiating elements
would be omnidirectional. The number of elements have been calculated for a linear and square

planar array with an element distance of \y/2.

Array Elements (dejem=>o/2)

DD, D, Aeg Linear Planar

106 dB  53dB  0.27A3 4x1 2x2

D. = D, 140dB  7.0dB 0.40X3 5x1 3x3
15.0dB  7.5dB 0.45)\% 6x1 3x3

185dB  9.3dB  0.67A3 9x1 3x3

106 dB  85dB 055\ 7x1 3x3

D, = 2.1dB 14.0dB 11.9dB 125\ 16 x1 4 x4
15.0dB 12.9dB 1572 20x1 4 x4

185dB 16.4dB 3.52)\% 44 x1 5x5

Table 2.2: Effective area and linear and planar array dimensions for different channel gains and
receiving antenna characteristics

2.3.3 Automotive Radar at W-band

Because the high number of injured people at road accidents worldwide, automotive active safety
systems have been implemented as a further step for passive safety systems (air-bags, seat belts,
etc.) with the objective of avoiding collisions between motor vehicles. Technologies in vehicular
surround sensing such as automotive radar, lidar, ultrasonics and video cameras compete among
them but also may be complementary. The advantage for automotive radar is its weather inde-
pendence and a direct acquisition of distance and velocity without the necessity of post processing.
There is also an stylistic advantage which relays in the possibility to be mounted behind a plastic
bumper or radome making it invisible to human eyes.

The main task of an automotive radar is to detect objects (vehicles and obstacles) and measure
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30m

200m

Figure 2.10: Automotive Radar: Long Range Radar and Short Range Radar

their position and velocity relative to the radar-equipped vehicle. To do this, the system transmits
electromagnetic waves that are reflected by the objects in front of the vehicle. By analyzing the
amplitude and phase of the echo signal received, the desired data is obtained. The relative speed
of objects respect the host vehicle is obtained by Doppler Effect (shift in frequency between the

transmitted and reflected signals) and the distance to the object is determined by the time lag.

PtA2 Ores PtA2 Orcs
Proin = 7iog s = Rpar = | m—pa—y 2.7
i = RN e =\ @ 2h, 0 27)

Considering the radar equation 2.7, it can be seen that the maximum range R4, is proportional
to the square root of Ay and A\g. o0,cs denotes the target cross section of the target, P; the

transmitted power and P. . the minimum received power necessary for detection. If a long range

of the radar is desired, the antenna system will must have a high directivity and low sidelobes to
avoid interferences.

Two types of automotive radar are found: Long Range Radar (LRR) and Short Range Radar
(SRR). The combination of both of them give valuable data for the advance driver assistance

systems (Fig. 2.10).

Type Long Range Radar Short Range Radar
Frequency 76.5 GHz 79GHz
Bandwidth 1 GHz 4 GHz

Maximum field of view + 5° =+ 80°

Range 200 m 30 m

Range Accuracy 4+ 10 cm +5cm
Bearing Accuracy + 1° + 5°
Antenna Gain 20 dBi 13dBi
Antenna sidelobes level 20 dB 20dB

Table 2.3: Automotive Radar Requirements

e Long Range Radar (LRR) operating at 76-77 GHz. Main part of the Adaptive Cruise Control
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(ACC) system which is used to control the vehicle distance and speed by monitoring the
scenario several meters away in front and by predicting in advance the possible events, prevent
the vehicle from a hazard situation in advance. Other applications may provide emergency

braking assistance in critical situations

e Short Range Radar (SRR) operating at 24 GHz are migrating to 79 GHz. They monitor
the imminent collisions and prepare the vehicle to minimize the effects of the accident by
applying brakes with the appropriate force, activating the seat belt tensioners, adapting the

seat orientation or closing the sunroof.

Table 2.3 summarizes the system requirements for the Long Range Radar and Short Range
Radar. Long Range Radar has a visibility range of 200 meters and is typically activated at speeds
of 30 Km/h to 180 Km/h or 200 Km/h. Long Range Radar system requires a narrow beamwidth,
high gain antenna and beamsteering capability with a high bearing accuracy. Short Range Radar
sensors do not measure the relative angle of the reflected objects having a broad lateral coverage

(around 80°) to monitor the immediate area of 30 meters in front of the vehicle.
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Chapter 3

Millimeter-wave Circuit Technologies

Planar antennas are typically manufactured by waveguide or printed circuits technologies. Wave-
guide antennas are characterized for being heavy and bulky compared to printed antennas, which
are more manipulable, compact, adaptable and conformable. Focusing into the fabrication process,
printed antennas are normally more simple in structure and easier to fabricate by lithography tech-
niques, becoming less expensive. Lithography techniques also provide good fabrication tolerances,
in the order of tenths of micrometers, strongly required for MMW antennas.

The use of printed lines as feed networks instead of waveguides, provides the possibility to
integrate the antenna with active and passive microwave components such as couplers, filters,
power dividers, switches, etc. The possibility to have monolithic devices fabricated together with
the radiating elements using printed circuit technology greatly reduces the final cost and increases
the amount of possibilities, having the same cost for one or for one thousand components. One of
the most attractive possibilities relays on the reconfigurability capacity when using RF-switches.
Problems appearing by the use of printed feed networks are focused in the low efficiency of the
feeding network [5]. In large antenna arrays, as the one needed to obtain a high directivity gain,
feed line losses at millimeter-wave frequencies can be significative depending on the printed line
type being used [33].

Printed circuit technologies also allow an easy use of multilayer structures. This type of struc-
tures give the possibility to have the feed network in a different level than the radiating elements
or to have different radiating elements, one above the other. Those techniques are being used
to increase efficiency, frequency bandwidth, or reconfigurability capability. Another advantage of
using multilayer structures is the capability to change the antenna characteristics just by chang-
ing a single layer. For example, an antenna with linear polarization could be changed to circular
polarization just by changing the radiating elements layer. This solution could be useful when no
active devices are present in the antenna and different polarizations are desired.

The work presented in this chapter is focused on the study of different MMW technologies. Dif-
ferent dielectric substrates (BCB, LTCC, PTFE and Quartz) typically used in MMW applications
are being evaluated. Concerning transmission lines at MMW, the attenuation for microstrip line,

stripline and CPW have been studied. Focusing on the reconfigurability capability, a comparison

15
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of RF-MEMS with PIN diodes and FETs switches is presented.

3.1 Dielectric Substrates

Printed antennas and transmission lines can be defined as metallic shapes and traces etched from
a metallic sheet (typically copper or gold) deposited onto an electrical insulator called dielectric
substrate. This dielectric material is characterized by its dielectric constant (¢,) and loss tangent

(tand) which are related to the material electromagnetic response. They are defined as:

e dielectric constant or relative permittivity (e,): quantifies the extent to which the dielectric

concentrates electrostatic lines of flux.

e loss tangent (tand): quantifies the dielectric’s inherent dissipation of electromagnetic energy.

The effective dielectric constant (e.s¢) of an RF structure can be interpreted as the dielectric
constant of a homogeneous medium, replacing the dielectric and air regions. The dielectric relative
permittivity (e,) contributes with a different grade to the e.sy depending on which type of structure
is being used. In general, an increase of ¢, is translated into an increase of e.ys which means a
decrease in the effective wavelength (Acf¢) in the structure. This reduction of A.sf results normally
into a reduction of the printed device dimensions, because their proportionality.

Focusing in antennas, reducing dimensions is translated into increasing the quality factor (Q;)
and therefore reducing the antenna bandwidth (Equation 3.1) due to their inversely proportionality.
The quality factor (@Q;) of an antenna is defined as the quotient between the power stored in the
reactive field and the radiated power. The quality factor is representative of the antenna losses,
being influenced by radiation, ohmic, dielectric and surface wave losses [34]. Then, tand of the
dielectric contributes to the energy loss or attenuation in the transmission lines and also into the

antenna (Q; and consequently to the bandwidth and efficiency.

_Jo
Qt—Ff

The choice of one or other dielectric substrate depends on the final requirements and fabrication

(3.1)

tolerances. Parameters such as efficiency, bandwidth, gain, feed network attenuation or elements
dimensions have to be considered. In [35] it is demonstrated that for an optimum printed antenna
performance, the substrate thickness should not be thicker than about quarter wavelength in the
substrate and that to achieve a good efficiency, the substrate relative permittivity should be less
than ¢, < 4.5. For that reason, materials such as GaAs or Silicon which are typically used in
electronics, are not used in antenna fabrication [33]. To guarantee a good performance as dielectric
substrate, the material should have the relative permittivity and dielectric loss stable within the
operating frequency range but also the thermal stability of these parameters is relevant.

At millimeter-wave frequencies not all the materials are characterized by their manufacturers in

all the frequencies bands and some of the parameters will need to be extrapolated or tested. Table
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Type Dielectric Constant (g,) Dissipation Factor (tand)
PTFE-type 2.195 0.0009 (@ 50 GHz)
Quartz 3.9 0.0007 (@ 60 GHz)
BCB (Benzocyclobutene) 2.52 0.002 (@ 100 GHz)
Low loss Epoxy 3.6 0.008 (@ 10 GHz)
GaAs 13.1 0.0016 (@10 GHz)
Silicon 12 0.015 (@10 GHz)
Alumina 9.6 0.001 (@ 10 GHz)
LTCC 6.0 0.002 (@ 95 GHz)
Polymide 3.5 0.008 (@ 10 GHz)

Table 3.1: Millimeter-wave dielectric substrates permittivity (g,) and tangent loss (tan §)

3.1 summarizes the more significant materials and characteristics that are currently being used
for millimeter-wave applications. Substrates like BCB, LTCC, Teflon (PTFE) based materials or
Quartz are the most commonly used at millimeter-wave frequencies depending on the application

requirements [28,36-40].

Benzocyclobuten polymer (BCB) [41] is an organic material with stable permittivity value
and low losses over the millimeter-wave frequency range. The dielectric constant is €,=2.65
with a few percent variations and the loss tangent is of values between 0.0008 and 0.002

within the frequency interval from 10 GHz to 100 GHz.

Low Temperature Co-fired Ceramic (LTCC) [42] is a multi-layer technology where a ce-
ramic substrate is co-fired with low resistance metal conductors, such as Ag, Au or Cu, at
low firing temperatures (less than 1000°C). LTCC also features the ability to embed passive
elements, such as resistors, capacitors and inductors into the ceramic package minimizing the
size of the completed module. The permittivity and loss tangent depend on the receipt of
each manufacturer. As an example of an LTCC, the A6 substrate from the vendor FERRO
has been studied. Its permittivity is between 5.7 and 6.1 in a frequency range from 10 GHz to
100 GHz. The dielectric losses remain relatively low over the frequency range being between
0.0007 and 0.002.

Teflon (PTFE) resin based materials [43] are characterized for having a very low loss tangent
at high frequencies, excellent resistance to processing chemicals, low moisture absorption and
a high temperature resistance. Different materials with different dielectric constants from the
vendor Rogers have been studied. This materials are RT /Duroid 5880, RO 4003C, RT /Duroid
6010 and RO 3006.

Quartz dielectric substrate [44]is characterized for its low and flat dielectric loss at millimeter-

wave frequencies, being between 0.0001 and 0.0007 in a frequency range from 10 GHz to 60
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GHz. The Quartz permittivity remains very stable along the frequency range with an approx-
imate value of 3.9. Characteristics such as high stability against a variety of solvents, high
temperature stability over a wide temperature range, high flatness and thickness uniformity

make Quartz a good substrate candidate in complex fabrication processes.

In Fig. 3.1(a) the relative permittivity is shown along frequency for the BCB, A6 LTCC and
Quartz. Fig. 3.1(b) shows the dielectric constant for the four different PTFE based materials from
Rogers under study in a frequency range between 10 and 50 GHz. It can be seen a very good
stability along frequency for the PTFE and Quartz materials. Fig. 3.1(c) and Fig. 3.1(d) compare
the dielectric losses at a high frequencies range. Because their low loss tangent, Rogers RT /Duroid

5880 or quartz substrates seem to be adequate for those applications where feed network losses are

important.
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Figure 3.1: Millimeter-wave dielectric substrates permittivity and tangent loss

3.2 Printed Line Technologies

A transmission line may be defined as the medium that forms a path from one location to another
for directing a transmission of energy. This energy may be transmitted as electromagnetic waves,
or acoustic waves. This thesis will focus in transmission lines with electromagnetic waves. The
electromagnetic waves propagated along a transmission line may be classified as three different

types depending of the field components.



Chapter 3. Millimeter-wave Circuit Technologies 19

e Transverse electromagnetic (TEM): no electric nor magnetic field in the direction of propa-

gation.
e Transverse electric (TE): no electric field in the direction of propagation.

e Transverse magnetic (TM): no magnetic field in the direction of propagation.

Geometries of transmission line include parallel-line, coaxial cable and waveguide. Planar trans-
mission systems can be conceived as a progressive evolution of the coaxial and parallel-line trans-
mission systems [45]. The use of lithography techniques as a manufacturing process of planar
transmission lines results into the so-called printed lines.

Characteristic impedance (Zp) of a transmission line is defined as the ratio between a single
pair of voltage and current waves propagating along the line in the absence of reflections. Zj is
computed in ohms and the most typical values used are 50 and 75 ohms. When transmitting
energy to a load through a transmission line, it is desirable that as much energy as possible is
absorbed by the load and as little as possible is reflected back to the source. As it is well known,
this can be ensured by matching the load impedance (Z) to the transmission line characteristic
impedance (Zyp). Equivalently, ensuring that the source impedance (Z,) is matched to the line
characteristic impedance, the power transferred from the source to the transmission line will be

maximized (Fig. 3.2)

E
g
SR

Figure 3.2: Transmission line for a matched load and generator

Depending on the medium characteristics, some of the power fed to the transmission line is
being attenuated. The attenuation for each type of transmission line, as described in [46], can
be caused by either dielectric losses (ay) or conductor losses (a.), being the total attenuation («)
computed as in equation 3.2. Conductor or ohmic losses are proportional to the square root of the
frequency and it is a consequence of the conductor conductivity. Dielectric losses are proportional
to the frequency and they are mainly caused by the insulating material inside the transmission
line that absorbs energy from the alternating electric field and converts it to heat. Although both
attenuations increase with frequency, at low frequencies the attenuation due to conductor losses
dominates, while at high frequencies the tendency is reversed and the attenuation due to dielectric
losses is the dominant. The total loss of power in a transmission line is normally computed as

Nepers per meter (Np/m) even though very often is presented as decibels per meter (dB/m).

Qtot = Qgje + Qeon Np/m (32)

Another observed mechanism of losing energy is the attenuation due to radiation. It is not

really attenuation in the sense of the word that the energy goes up in heat, but it is more of a
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leakage loss. There is not a simple way to estimate the radiation loss using transmission models,
being necessary the use of 3D electromagnetic simulator tools, such as Ansoft HFFS, Momentum or
CST. A study of the attenuation in the three millimeter-wave most used printed transmission lines
(Microstrip, Stripline and CoPlanar Waveguide) has been done. The radiation loss has not been
taken into account because its dependence on the complete feed network geometry. The results are

presented by length unit.

3.2.1 Microstrip Line

The geometry of a microstrip line (Fig. 3.3) consists of a conductor strip with thickness (ts;,-) and
width (wg-), printed on a grounded dielectric substrate of thickness (hge), and with a relative
permittivity (&,) and loss tangent (tand).

Wer  conductor

-

Py X : ;
haie tstr dielectric

Ground plane

Figure 3.3: Microstrip line geometry

Microstrip line is characterized for its easy fabrication process and its easy integration with
active and passive components, that may be mounted on top of the board. Some disadvantages
of this type of lines are the low level of isolation which may affect the circuit response. Another
disadvantage is its frequency dispersive character, in other words, that different frequencies travel
at slightly different speeds which reduces the frequency bandwidth.

Considering microstrip as a quasi-TEM line, the attenuation due to dielectric losses () is

approximated [46] by:

A koer(ecrs — 1) tand
e 2, /5eff(5r -1)
2n f

is the effective permittivity and kg = e is the wave number

Np/m (3.3)

er+1

where g.pp = 5~ + er—l 1

2 R
\/1+12—w31i

in vacuum.

An approximation of the attenuation due to conductor losses (aop) is given in [47] as:

R,

— Np/m 3.4
ZoWstr / ( )

Qeon =

where Zj is the line characteristic impedance and Ry is the surface resistance of the conductor.
Fig. 3.4 shows the total attenuation, together with the ohmic and dielectric losses, for four

different dielectric permittivities, related to PTFE, BCB, Quartz and LTCC. Focusing on the

attenuation due to different permittivities, the substrate thickness (hg;e) and loss tangent (tand)

have been kept equal for each case, while the strip width has been reassigned for each frequency in
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order to have a desired characteristic impedance of 50€2. Both, ohmic and dielectric, losses increase
with frequency, thus the total attenuation also increases with it. It can be observed the highest
contribution of the conductor losses when at low frequencies and a more equitable contribution of
both losses at high frequencies. The increase of permittivity is translated into an increase of the

dielectric losses and consequently an increase of the total attenuation.
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Figure 3.4: Microstrip attenuation (dB/cm) for different relative permittivity (e,), with
tan §=0.0009 and hg;e = 254um

Fig. 3.5 illustrates the attenuation for four different values of substrate’s loss tangent. The
cases under study correspond to PTFE, BCB, Quartz and LTCC. Focusing on the study of the
attenuation due to the different values of tand, the permittivity (e,) and the thickness (hg;) have
been fixed. The attenuation not only increases with frequency but also increases with tand. The
attenuation component which is more effected by increasing the loss tangent is the dielectric losses
as expected from the analytical formula (equation 3.3), By the other hand, the conductor losses
are not effected by the loss tangent variations, remaining constant for the different values.

In Fig. 3.6, the attenuation for different dielectric thickness is represented. The two thickness
values used are the typical dielectric thickness of the teflon based materials from Rogers. A thicker
dielectric results in a wider strip, and therefore ohmic losses are reduced. A problem with a thick
substrate is the trapping of surface waves, which will radiate in a parasitic form resulting into the

so-called attenuation due to radiation.
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Figure 3.5: Microstrip attenuation (dB/cm) for different loss tangent (tand), with ,=2.2 and
haie = 254um
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3.2.2 Stripline

Stripline (Fig. 3.7) consists of a conducting strip with thickness (ts-) and width (wgy), centered
between two wide ground planes separated by a distance (hg;). The region between the ground

planes is filled with a dielectric substrate with a permittivity (¢,) and loss tangent (tand).

Ground plane
conductor

dielectric b —=—"" hie

Wste

Figure 3.7: Stripline geometry

Stripline is characterized for operating in TEM mode, which means that is non-dispersive. This
is translated in wider bandwidths than the ones obtained with microstrip line. This type of printed
line is also characterized for having a high isolation level with elements outside the ground planes
limits. Main disadvantages of striplines lay in the fabrication process, with a higher cost and
complexity than microstrip and a higher difficulty of combination with lumped-elements and active
components.

Since stripline is a TEM-type line, the attenuation due to dielectric losses is computed like any

other TEM line [48]:

kgietand

5 Np/m (3.5)

Adie =

where kg;e = % is the wave number in the dielectric.

The attenuation due to conductor losses is given in [46] by equation 3.6.

2.7 x 103 Re, Z,
7 x 107" Rse 04 for /e, Zy < 120
307r(hdie - tstr)
Qleon = Np/m (3.6)

16R
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where Zj is the line characteristic impedance, ¢, is the dielectric relative permittivity and R; is
the surface resistance of the conductor.

Fig. 3.8 shows the ohmic and dielectric losses, and the total attenuation, for the dielectric
constants of PTFE, BCB, Quartz and LTCC. In order to analyze the attenuation behavior due to

the dielectric permittivity, the thickness (hg;e) and loss tangent (tand) have been fixed constant
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and the strip width (wg,-) has been reassigned in each case to have a 508 characteristic impedance
line. Similar to microstrip lines, the total attenuation increases with the frequency. It can be seen
that at low frequencies, the conductor losses have a higher contribution to the total attenuation
while at high frequencies the dielectric losses have higher contribution. Also it can be concluded
that an increase of permittivity is translated into an increase in ohmic and dielectric losses, and

consequently into an increase of the total attenuation.
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Figure 3.8: Stripline attenuation (dB/cm) for different relative permittivity (e, ), with tan 6=0.0009
and hg;e = 508um

The attenuation related to different values of tand is presented in Fig. 3.9. The values chosen
are the loss tangent of PTFE and LTCC, being them a representative samples of the different tand
used at MMW frequencies. In this case, the permittivity (e;,), the thickness (hg;e) and the strip
width (wss) have been fixed constant. It can be seen that increasing tand is translated into an
increase of the dielectric losses, while the ohmic losses remain basically invariant to loss tangent

variations. .

Fig. 3.10 represents the attenuation as a function of the substrate thickness. The two thickness
values correspond to stacking together two typical commercial dielectric sheets, being in this case
0.508mm = 2 x 0.254mm and 2.032mm = 2 x 1.016mm Similar to microstrip lines, a thicker

dielectric results into a wider strip and into a reduction of ohmic losses.
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3.2.3 CoPlanar Waveguide (CPW)

A CoPlanar Waveguide (Fig. 3.11) on a dielectric substrate with thickness (hg;), consists of a
center strip with thickness (tg,) and width (wg,), separated by a narrow gap (gep) from two

ground planes on either side.

Wit
Ground plane Qap Srgap Ground plane

dielectric o iconductor hdiet‘

Figure 3.11: CoPlanar Waveguide (CPW) geometry

CPW supports a quasi-TEM mode of propagation. Some of the advantages of using this technol-
ogy lay into its fabrication simplicity, easy devices surface mounting, low losses and high isolation
with other elements in the same plane. Furthermore, the characteristic impedance is determined
by the ratio % which means that size reduction is not a problem, except for fabrication con-
straints. Disadvantages respect to other technologies are the low effective dielectric constant e

which increases the circuit size; and the spurious transmission odd modes that may be excited if
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the ground planes are not connected in discontinuities such as tee junctions.
The attenuation due to dielectric losses can be approximated [49] as:
wf e

Adie =

€0 \/Eeff
The effective dielectric constant (e.f¢) and the filling factor (Q ;) for CPW are defined as:

tandQ i Np/m (3.7)

Eeff =14+ Qpuler — 1)

LK (3.8)

B (K
it = 3R () K (ko)

=

Terms K (k1) and K (ko) are the complete elliptic integrals of the first kind with module k; and

ko, while terms k] and k{ are the complementary module, given by

sinh (7wt /4hgie)
by — k= 1— k2
! Sinh[ﬂ'(WStr + QQap)/4hdie] ! \/71

(3.9)
Wstr
ko= —F— kb = /1 — k3
Wstr + 2gap 0 0
The attenuation due to conductor losses is given by equation 3.10.
R.+R
Qeon, = % Np/m (3.10)
0

with

R AT Wty 1+ k?(]
R, = | — kol
4W5tr(1 - k%)Kz(kO) |:7T +tn ( t,gtr ) o (1 — ko):|

koRs 47r(Wstr + 29(1])) 1 1+ ko
R, = 1 . 11
97 Awar (1 — k) K2 (ko) [” * n( totr ko T\ 1~ ko (3.11)
- [

The dielectric constant effect on the total attenuation has been analyzed using the ¢, of four
MMW materials like PTFE, BCB, Quartz and LTCC. The dielectric thickness (hg;.), the loss
tangent (tand) and the strip width (ws,.) are set constant, while the gap between the conductor
strip and the ground planes (gqp) varies for each permittivity in order to maintain the characteristic
impedance of 50€). Fig. 3.12 illustrates the attenuation together with its ohmic and dielectric losses
for the four different substrates. Similar to the other types of transmission lines, the attenuation
increases with the frequency. In CPW lines, although the total attenuation remains similar for
each different permittivity, the contribution between ohmic and dielectric losses change. While for

lower permittivity ohmic losses dominate, dielectric losses dominate for higher permittivity.
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Figure 3.12: CoPlanar Waveguide (CPW) attenuation (dB/cm) for different relative permittivity
(er), with tan §=0.0009 and hge = 254um

Fig. 3.13 represents the attenuation for different values of the loss tangent (tand). Two different
values have been chosen, representing the MMW materials with a low tand and materials with high
tand. In this case, the permittivity (e,), the thickness (hg.), the strip width (wg,.) and the gap
width (gqp) are constant. It can be seen that an increase of tand is translated into an increase of
the dielectric losses and therefore an increase of the total attenuation.

Fig.3.14 represents the attenuation as a function of the substrate thickness. Due to the physical
structure of the CPW lines, the transmitted fields are confined mainly in the gaps between the strip
line and the ground plane, and the dielectric thickness has a low influence in the total attenuation.

Finally, Fig. 3.15 shows the attenuation for different strip line widths. In order to maintain
the line characteristic impedance of 502 determined by a ration between wg;, and gqp, the gap
width has to be reassigned for each strip width. It can be seen that for wider conductor string the

attenuation decreases.
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3.2.4 MMW Transmission Line Comparison

Three types of printed transmission lines (microstrip, stripline and CPW) have been studied. By
varying structural parameters such as the dielectric thickness (hg.) or the strip width (wg), or
varying substrate parameters such as the permittivity (e,) or loss tangent (tand), the attenuation
together with its components (ohmic and dielectric losses) have been analyzed.

Fig. 3.16 presents a more specific study of each type of line, done by using four materials
very used in MMW applications, such as Rogers RT/Duroid 5880, BCB, Quartz and FERRO A6
LTCC. The permittivity (e,) and loss tangent (tand) of these materials are presented in Table 3.1.
Those values have been considered to present a high stability along frequency. This consideration
could change the attenuation results depending on the unknown materials stability at the highest
frequencies. The dielectric thickness used in the microstrip and CPW cases is equal, while in the
stripline case, the thickness is double than the other cases. Also, the distance between the strip

and the ground planes in the stripline case will be the same than the one in the microstrip case.

1 T T T T 1 T T T T
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505 S
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Figure 3.16: MMW materials attenuation comparison

In the teflon based material (Fig. 3.16(a)) it can be seen a similar attenuation for the different
types of line. The minimum losses at low frequencies corresponds to the use of Stripline while
at high frequencies corresponds to CPW. When using BCB (Fig. 3.16(b)), the attenuation for
each line type is considerably higher than in other materials because its higher tand. Quartz (Fig.

3.16(c)) has similar losses using microstrip line than stripline while the attenuation is reduced when
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using CPW. The losses in LTCC are elevated with microstrip and stripline but considerably lower
with CPW. In general, the dielectric losses become dominant in microstrip and stripline when
the frequency increases due to the fact that the fields are confined in the dielectric. In the other
hand, the CPW concentrates the fields between the dielectric and the air, reducing drastically the
influence of the dielectric on the final attenuation. In absolute attenuation terms, Quartz and

RT /Duroid 5880 are the materials with lower losses for all the line types.

3.3 RF-MEMS Switches

A switch is characterized for being a device which connects or breaks an electric circuit. In DC
regime, a switch operates simply as either a through or a break in the conduction path. When a
switch operates in Radio Frequency (RF), additional electrical properties of the switch like resis-
tance, capacitance and inductance will be included in the analysis of the system.

Mechanical switches such as RF-MEMS and solid state switches such as PIN diodes and FET
are the most common used in RF. The selection of one type or the other rely fundamentally on the
required switching speed and, necessary isolation and loss levels. Other critical parameters to be
considered are impedance characteristics, activation voltage, number of cycles, consumption and
dimensions.

RF-MEMS switches are characterized by using a mechanical movement to achieve a short-circuit
or an open-circuit in the RF system. Two different types can be found: metal-contact switches
(Fig. 3.17(a)) and capacitive switches (Fig. 3.17(b)). The metal-contact switches use physical
contact with low resistance to achieve low insertion loss when actuated and can operate from DC
to 60 GHz. Capacitive switches are characterized by the capacitance ratio between the up-state
(open-circuit) and down-state (short-circuit) positions . Capacitive switches actuate from 6 to
120 GHz [16]. The mechanical movement may be actuated by using electrostatic, magnetostatic,
piezoelectric or thermal design. The electrostatic type switches are the only ones that have been
demonstrated to work in a frequency range of 0.1 - 100 GHz with high reliability at low RF power

for metal-contact type and at medium power for capacitive contact type.

Membrane
Anchor
‘ u\‘DimpIe I |
] Dielectric Pull-Down
Pull-Down Co(r;tact Electrode
Electrode Pal .

Switch OFF switch OFF

Switch ON Switch ON
(a) Metal-contact switch (b) Capacitive switch

Figure 3.17: RF-MEMS switch Types



Chapter 3. Millimeter-wave Circuit Technologies 31

Like any two-terminal RF device, the RF-MEMS switches can be placed either in series or
in parallel configuration. Typically, metal-contact switches are placed in series while capacitive
switches are used in parallel configuration. This is due to the higher facility to achieve a good
isolation with a limited impedance ratio in a parallel-circuit that in a series circuit.

When comparing the three different RF-switches, the main advantages and disadvantages of

using RF-MEMS in front of using PIN diode or FET switches are:
Advantages

e Very High Isolation: The air gap between the Source and the Drain of a RF-MEMS switch
results in a very low capacitance (2-4 fF) when the switch is turned off which is translated

onto an excellent isolation.

e Very Low Insertion Loss: RF-MEMS switches have a very low insertion loss up to 100 GHz

when the switch is in ON-state.

e Linearity: The extremely linearity of the RF-MEMS results in a very low intermodulation
product in switching operations. Their performance is around 40 dB better than PIN diodes

or FET switches.

e Manufacturing Cost: RF-MEMS are fabricated under surface microfabrication techniques
such as photolithography and can be fabricated on substrates like Quartz, LTCC, silicon or
GaAs.

Disadvantages

e Low Speed: The RF-MEMS switching time is in the order of microseconds (us) while FET
switches and PIN diodes have a switch time of nanoseconds (ns), which is more adequate to

the requirements of most communications and radar systems.

e High Actuation Voltage: The necessity of an actuation voltage of 20-120 V makes the necessity
to have voltage up-converter devices while solid state switches require a lower voltage of 3-5
V.

e Power Handling: The power handled by most RF-MEMS is low next to the power handled
by other switches.

e Reliability: One of the most disadvantage of RF-MEMS switches is their reliability which
is limited by the effect of the contact forces in metal-contact switches, and by the dielectric

charging in capacitive switches.

e Packaging: RF-MEMS switches need to be package in inert atmospheres (Nitrogen, Argon,

etc.) and in very low humidity to have an hermetic seal, which make a relatively high
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final system cost.

cost process. The packaging elevated cost contrasts with the low manufacturing cost. The
possibility of integrating the RF-MEMS switches with the RF circuit when manufacturing

and then packaging the whole final system is an alternative solution which may reduce the

Parameter RF-MEMS PIN Diode FET
Voltage [V] 20-120 3-5 3-5
Current [A] 0 3-20 0
Power Consumption [mW]  0.05-0.1 5-100 0.05-0.1
Switching Time 1-200 us 1-100ns 1-100ns
Cup (Series) [pf] 1-6 40-80 70-140
Rs (Series) [©2] 0.5-2 2-4 4-6
Capacitance Ratio 40-500 10 -
Cutoff Freq. [THz] 20-80 1-4 0.5-2
Isolation (1-10 GHz) Very high High Medium
Isolation (10-40 GHz) Very high Medium Low
Isolation (60-100 GHz) High Medium -
Loss (1-100 GHz) 0.05-0.2 0312 0425
Power Handling [W] <0.5 <10 <10

Table 3.2: Performance comparison of FET, PIN and RF-MEMS switches

Table 3.2 summarizes the main parameters which are normally compared between RF-MEMS,

PIN diode and FET switches in order to decide which RF-switch should be used for each application.

Because their RF performance along the millimeter-wave frequencies together with the low power

consumption and dimension, RF-MEMS switch seem to be the most appropriate switch to be used

for reconfigurability in MMW applications.
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Polarization-Reconfigurable
Base-Element Antenna

The polarization diversity of an antenna is a very attractive characteristic in applications where the
orientation of the antennas is unknown and has a high effect in the communication link performance.
While in lower frequencies, the multipath communication links are often used without taking into
account the importance of a good polarization matching between antennas, at Millimeter-wave
frequencies the links are intended to be Line-of-sight (LOS) path or first order reflections, with
very directive antennas, and polarization matching becomes crucial.

In this chapter, two different polarization reconfigurable antenna architectures are presented:
CPW Patch antenna and 4-Qdime antenna. The polarization reconfigurable CPW Patch antenna
consists of a single reconfigurable element and has been designed to operate at Ka-band (26.5 to
40GHz) and V-band (50 to 75GHz), and its reconfigurability is obtained by RF-MEMS switches
that reconfigure the antenna currents distribution. The narrow frequency bandwidth related to
3dB Axial Ratio (AR) obtained with the CPW Patch antenna has lead to the necessity to find
a wider bandwidth reconfigurable composed architecture, such as the 4-Qdime antenna. This
structure consists of 4 linear polarized Qdime antennas, capable to switch between polarizations by
exciting each of the four elements with the appropriate amplitude and phase. Two 4-Qdime antenna

prototypes have been designed to operate at V-band and W-band (75 to 110GHz) respectively.

4.1 Antenna Polarization

As described in [34], the polarization of a radiated wave is defined as ”the property of an electro-
magnetic wave describing the time varying direction and relative magnitude of the electric field
vector, specifically, the figure traced as a function of time by the extremity of the vector at a fixed
location in space and the sense in which is traced, as observed along the direction of propagation.”
In other words, polarization is an indication of the electric field vector’s orientation in a fixed space
point along time. The antenna polarization is the polarization of the radiated wave evaluated
usually in the far field.

The polarization may be classified as:

33
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e Linear: the radiated field has only one component or the two orthogonal components are in

phase which is translated into a constant direction of the field vector. (Fig. 4.1(a))

e Circular: the two orthogonal components have exactly the same amplitude and have a phase

difference of £90°, resulting in a field vector which traces a circle in a plane. (Fig. 4.1(b))

e Elliptical: any other different than linear or circular. This case is the most general. (Fig.

1.1(c))
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Figure 4.1: Types of Polarization

The quality of the circular polarization is evaluated by the Axial Ratio (AR), which is defined
as the ratio between the two principal axes (major and minor) of the polarization ellipse (Fig. 4.2)

traced by the electrical field vectors amplitude (E,o and Eyo) and phase difference (A¢py). The

Axial Ratio is computed as:

Major Minor
Axis Axis

Figure 4.2: Polarization ellipse

AR==-2 1<AR< (4.1)
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where
OA = [J{E2) + B2 + [E) + Bl + 2E2)E% cos 2Apor]2 }2

1 1
OB = [M{E2) + E% — [EX + E% + 2E%)E2% c0s 2A¢ 0] 7 )] )

Abpol = B0 — PEy

Depending on the sense in which the electric field traces the polarization figure, in circular and
elliptical, the polarization is designated as Right-Handed when the sense is clockwise and Left-
Handed when the sense is counterclockwise. Pure circular polarization waves have an AR equal to
1 (0 dB) while pure linear polarization waves have an AR equal to co. For most of the applications,
a polarization ellipse axes ratio better than 1:2 (AR < 3dB) is considered acceptable for an antenna
with circular polarization. Antennas with an AR > 20dB are considered to be linearly polarized.
All other cases are considered to be antennas with elliptical polarization.

The antenna polarization concept is important in a communication system to assure the good
performance of the link. The power loss due to polarization mismatch is described by the Polar-
ization Loss Factor (PLF) which depends on the angle difference between the antennas radiated
E-fields.

PLF = cos*(Adpif) (4.3)

Two antennas with orthogonal polarizations will have a PLF = 0 and will not communicate
while two antennas with the same polarization will have PLF = 1 and the energy between the
received wave and the antenna will be completely transferred. The Polarization Loss Factor between
any pure linearly polarized antenna and any pure circularly polarized antenna is PLF=0.5 which

means that only half of the power is transferred (-3dB), being this acceptable in some applications.

4.2 CPW Patch Antenna

The CPW Patch antenna presented in this thesis (Fig. 4.3 ) consists of a square coplanar patch
fabricated on gold and printed on a very thin (500um) synthetic quartz glass substrate. The
quartz properties at Millimeter-wave frequencies are ¢, = 3.9 and tand = 7 - 10~ [44]. The
structure has been modeled and optimized with the finite element method simulator Ansoft HFSS
to operate at Ka-band and V-band. The use of CPW technology leads to a bidirectional antenna
with wider bandwidth than other technologies such as microstrip or Grounded-CoPlanar Waveguide
(GCPW). A square CPW patch radiates in Linear Polarization (LP), while Circular Polarization
(CP) is achieved by providing the necessary perturbation on the patch to obtain the two required
orthogonal resonant modes [50]. The use of RF-MEMS switches allows to reconfigure the currents
distribution and therefore the radiated fields. The polarization of the reconfigurable coplanar patch

antenna presented can be configured in Vertical Linear Polarization (VLP), Right-Handed Circular
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Polarization (RHCP) and Left-Handed Circular Polarization (LHCP). Due to non-symmetry in
¢ = 90 plane, to obtain the antenna configured in Horizontal Linear Polarization (HLP) would be

needed to change the CPW feeding mode from even to odd.

Figure 4.3: RF-MEMS-Integrated Polarization Reconfigurable CPW Patch Antenna

The antenna feeding is done with CoPlanar Waveguide (CPW) in order to reduce transmission
line losses. Because high impedance nature of CPW structures, the antenna is preceded by a lambda
quarter transformer, resulting an input impedance of 50€2. In order to avoid the excitation of the
CPW line odd-modes, air-bridges are used along the transmission line. Given the application and
the operating frequency, the CPW line has been designed taking into account the manufacturing
limitations and tolerances, together with the dimensions of the feeding coaxial connector or a

standard 150pum pitch ground-signal-ground (GSG) probe.

4.2.1 Linear Polarization CPW Patch Antenna

The basic structure of the antenna consists of a square patch surrounded by ground plane as
illustrated in Fig. 4.4(a) . This antenna is named after microstrip patch antenna because the
existing similarity between the field distribution along the surrounding slot (Fig. 4.4(b) ) with the
field distribution in the microstrip patch edges [51]: uniform distribution in the horizontal slots
(along y-axis) and sinusoidal distribution in the vertical slots (along x-axis). This field distribution
assures a linear polarized radiated field with a x-oriented vertical component (VLP) because the
fields in the horizontal slots are added while the fields in the vertical slots cancel each other.

The length of the patch side (l,q) together with the slot width (wg;) have resulted to lead the
square-slot inner perimeter to be equal to one guided wavelength (), resulting lpq: + wgr = As/4.

From [52], the wavelength in the slot is computed as:

e For 0.002 < wyy/haie < 0.2

s ha;
25 2 0.923 — 0.448log e, + 0.2 — (0.2075 1 0.047 ) log [ ~Z€10? (4.4)
Ao Raie hie Ao
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Ground Plane

(a) Architecture (b) Electric Field Distribution

Figure 4.4: Square CPW Patch Antenna

e For 0.2 < wgy/hgie < 1.0

Wit Wit

hdie 2
—0.0032¢, ) 1 10
haie © ) og< Ao >
(4.5)

A
A—s = 0.987—0.483log e, +

(0.111-0.0022¢,)— <O.121 + 0.094
0 die

4.2.1.1 Analytic Model

An initial analysis of the square CPW patch structure has been done under the assumption of non-
dielectric existence. The dielectric effect is then introduced by scaling the antenna dimensions by
the inverse of the effective permittivity square root (m) Inspired on the folded dipole [34], the
square CPW patch can be analyzed by assuming that its voltage is decomposed into two distinct

modes (Fig. 4.5 ): Transmission line mode and Radiation mode .

dat
CPW open-circuit -
Iy
o re
[r———-- e
vV, V. V %
- Cpw |, - Cpw sit] | sit
— D+ K - -+ + - + -+ || -{5+
e i - - >l slt
I A\l 2
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L \j
CPW Patch Antenna Transmission line mode Radiation mode

Figure 4.5: Square CPW Patch Antenna Analytical Model

To derive an equation for the input admittance (Yy,:), each mode admittance can be defined
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from its voltage and current as:

I/2
Vepw = o/ = Yepu = éz,{i
cpw
Vb = chpw + ‘/slt (46)
_ 1o/2 _ /2
Vsie = Yo, - Ya = Vi

The antenna input admittance is finally computed as:

IO IO 1 1 2Ychw )/slt

_— = — = — Yant —
Vo chw + Vi Yepw + Vi L L chpw + Yo

Iy Iy 2chw 2Yslt

Yont = (4.7)

Transmission line mode: The transmission line mode consists of a CoPlanar Waveguide (CPW)
ended in an open-circuit as presented in Fig. 4.6. The CPW is characterized by wWg, = lpat, Gap=Wsit

and a total length lop, = As/4.

- P
Wit I Wi Ground Plane
> PV -
Ground Plane
| o
-+ +Q -
et -
1/2 1/2
CPW strip

Figure 4.6: Transmission line mode: CoPlanar Waveguide (CPW) ended in an open-circuit

The CPW input admittance (Ygp,) is computed as the inverse of the transmission line input

impedance (Zcpy,) [46]:
ZL + ]ZO tan(%lcpw)

—— 4.8
e 0 Zo+ 371, tan(%lcpw) ( )
The CPW characteristic impedance (Zy) is computed [49] as:
30m K (k{
5 30m K(ky) (4.9)

0=
VEers K (ko)
where .57 is the effective dielectric constant computed as in equation (3.8) and K (ko) is the

complete elliptic integral of the first kind with module ky computed as in equation (3.9).

Radiation mode: The radiation mode consists of two parallel slots with {s;=\s/2, separated by

a distance dg;=As/4 as shown in the slot model at Fig. 4.7. The system can be fepresented by a
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two-port network where, considering V; = V5, it is easy to derive the slot admittance as the sum

of the auto-admittance (Y71) and the mutual-admittance (Y72).

L =YuVi+Yi2Va | vi=ns I
— Y = v Yii + Yi2 (4.10)
Iy =Y V1 + YoV 1
<d5—"> dslt
-~
B R e ™ A
R, a 2 R,
T H' +H? H 21+H 2 E' +E?2 T
1z 1z 1z 1z .
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Figure 4.7: Radiation mode: Generated fields on the slots and its complementary dipole model

From Babinet’s Principle, in [34] it is demonstrated that a very thin half-wavelength dipole
is the complementary structure of the slot. Thus, the admittance of the slot is derived from
the complementary dipole impedance as Yy = Zdip%, where = 120w. Then, the two-slot
geometry can be translated into a two dipole situation which has already been solved in [32,34,53].
The configuration is side-by-side and it is solved with the induced EMF method. The electrical
equivalent radii considered is a@eq,=0.25ws;. The EMF method assumes that the currents I;(y)
and I(y) in both antennas are ideal. Elly stands for the field in y-axis generated by the antenna
1 onto itself and E%y stands for the field in y-axis generated by the antenna 2 onto the antenna 1.

The auto- and mutual-impedance are computed as:

Zn = Ig(})) Ji EiyL(y)dy
(4.11)

Z12 = 11(03112(0) L EleIQ(y)dy

As both dipoles are identical, the input currents are equal, being I7(0) = I2(0) = I, sin (kolsit)

an 0= . Sin € complementari roper e auto- and mutual-admittance o e slots
dk i’gU'gth pl tarity property, the aut d mutual-admitt f the slot

are computed as:
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] lslt efjkOR% efjkOR% efjko,rl
Y:,/ sin (ko(lgs — + —2cos (kolg) —— | d
11 7 sin (k'()lslt) L (ko(Lsie — [y])) R% R% (kolsit) " Y
j lsit e—jkoR% e—jkoRg e—Jkor2
Y:,/ sin (ko(lse — + —2cos (kolgy) —— | d
2= G Gholn) J o, (ko(Lsit — [y])) I R (kolsit) . Yy
(4.12)
where
R% = \/(lslt - y)2 + agqu R% = \/(lslt - y)2 + (aequ + dSlt)Q
Ry = \/(lslt ty)?+ad, R = /(lu+9)? + (Gequ + de)? (4.13)
o= agqu + y2 r2 = \/(aequ + dslt)2 + y2

4.2.1.2 Model Validation

The model has been validated comparing the impedance obtained from the model with the impedance

obtained from the finite element method. This comparison has been done for a design operating

at Ka-band and a designs at V-band. Based on an analogy to microstrip patches designs, wg; has

been set to 0.05 A\s which would represent the dielectric thickness in a microstrip design or what

it is the same, the distance between the patch and the ground plane. The Babinet’s Principle has

been used considering the dipole and the slot surrounded by an uniform dielectric. For that reason,

the model considers the CPW rectangular patch antenna in air.
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Figure 4.8: Validation of the analytical model with a Ka-band design

Fig. 4.8 and Fig. 4.9 compare the impedance and reflection coefficient at Ka-band and V-band
respectively. In Fig. 4.8(a) and Fig. 4.9(a), the real and imaginary parts of the impedance are

compared showing similar results using either the analytical model and the finite element method.

In both cases the resonant frequency is the same, resulting 30.5GHz and 60GHz for each design.
Fig. 4.8(b) and Fig. 4.9(b) illustrates the reflection coefficients in the Smith Chart referred to

Zy = 5082 from 20 to 40 GHz for the Ka-band model and from 50 to 75GHz for the V-band model.
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Figure 4.9: Validation of the analytical model with a V-band design

4.2.1.3 Linear Polarization Prototype

Starting from the analytical model previously presented, two linear polarization CPW Patch an-
tenna prototypes printed on gold on a 500um thick synthetic quartz glass have been designed with
the finite elements method. One of the prototypes operates at Ka-band and the other operates at
V-band. The resonant frequency for the different designs has been chosen slightly below the desired
center frequency. This is because the excited linear mode will correspond to the lower frequency
mode used to obtain circular polarization [50]. The antenna is fed inductively with a narrow strip.

The parameters dimensions for each prototype are summarized in Table 4.1

Table 4.1: LP Antenna Parameters

Parameter Ka-band  V-band

lpat 0.220 As  0.220 As
Wit 0.028 As  0.029 A
hdie 0.064 A\s  0.137 A,
Wstr 0.008 A5 0.005 As

Figure 4.10: LP CPW Patch Antenna

Ka-band: The field distribution of the linearly polarized CPW Patch antenna at 30GHz is illus-
trated in Fig. 4.11(a). The antenna E-plane, containing the electric field vector and the direction
of maximum radiation, corresponds to the xz-plane (¢ = 0°) and the H-plane, containing the mag-
netic field vector and the direction of maximum radiation, corresponds to the yz-plane (¢ = 90°).
Fig.4.11(b) shows the real and imaginary part of the simulated antenna impedance, where a high
resistance of 3202 can be observed at the resonant frequency. This frequency, denoted by having
an impedance imaginary part equal to zero, has been set slightly lower than the center frequency

as mentioned previously.
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Figure 4.11: Ka-band linearly polarized prototype field distribution and input impedance

Fig. 4.12(a) illustrates the radiation pattern for E- and H-plane at 30GHz, where a Half-Power
Beamwidth (HPBW) of 60° is observed. Fig. 4.12(b) shows the antenna gain versus frequency for
the two directions of maximum radiation. It can be seen a gain variation between the two main
lobes of 1dB, resulting greater in the direction of § = 180°. This is due to the existence of the
dielectric which implies a level of confined fields in the dielectric side higher than in the air side.

It can also be observed that the gain at § = 0° is more flatter than the one at 6 = 180°.

Gain (dB)

50° 150° : : : ; ; |
~165% g0+ 165 22 2 2 34 36 38 40

28 30 32
0 (degrees) Frequency (GHz)

(a) Radiation Pattern at 30GHz (b) Gain vs Frequency

Figure 4.12: Ka-band linearly polarized prototype radiation pattern and antenna gain

V-band: Fig. 4.13(a) illustrates the field distribution at 60GHz for the linearly polarized CPW
Patch antenna operating at V-band. Fig. 4.13(b) shows the simulated antenna input impedance

with the resonant frequency below 60GHz, as desired.

Fig. 4.14(a) shows the antenna radiation pattern for E- and H-planes at 60GHz, with a HPBW
of 80°. In Fig. 4.14(b), it is observed that the gain at # = 180° is 4dB higher than at § = 0°.
Compared to the 30GHz prototype, the 500um dielectric is electrically thicker. This is translated
into a density of radiated field confined into the dielectric side much higher at V-band than at
Ka-band.
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Figure 4.13: V-band linearly polarized prototype field distribution and input impedance
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Figure 4.14: V-band linearly polarized prototype radiation pattern and antenna gain

4.2.2 Circular Polarization CPW Patch Antenna

Circular Polarization (CP) is obtained by inducing two orthogonal modes with equal amplitude

and quadrature phase. The technique used in this case consists of cutting two pair of opposite

corners providing the necessary perturbation to obtain the two modes (Fig. 4.15). Depending

which pair of corners are truncated, the CP resulting will be right-handed (RHCP) or left-handed

(LHCP). Starting from the linearly polarized CPW Patch antenna structures perviously presented,

two prototypes at Ka-band and V-band have been designed. The amount of perturbation necessary

to obtain a good CP has been obtained empirically with the finite elements method simulator Ansoft

HFSS. Because antenna symmetry in x-axis, the results for RHCP and LHCP configurations are

equivalent, named both as CP configuration. The parameters dimensions for each prototype are

summarized in Table 4.2
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Table 4.2: CP Antenna Parameters

Parameter Ka-band V-band

lpat 0.220 As  0.220 X
Wit 0.028 A5 0.0029 As
leut 0.083 As  0.111 X
haie 0.064 As  0.137 A
Wstr 0.008 As  0.005 As

Figure 4.15: CP CPW Patch Antenna

Ka-band: The field distribution for the circularly polarized CPW Patch antenna design at 30GHz
is presented in Fig. 4.16(a) and Fig. 4.16(b). The field is observed in two different phase instants
with a difference of 90°, being in one instant horizontal and in the other vertical. This time variation
of the radiated field illustrates clearly the circular behavior of the antenna polarization which has
to be corroborated by computing the axial ratio. Fig. 4.17 illustrates the simulated antenna input
impedance. The two resonant modes, at 28GHz and 32GHz, are denoted by a maximum in the
resistance, matching the lowest frequency with the linear polarization design resonant frequency.
At 30.5GHz, both resonant modes have the same amplitude, being denoted with an inflection point
in the real part of the impedance. It is at this frequency where the Circular Polarization is expected
to be more pure and therefore the axial ratio to be minimum as long as the two resonant modes

are quadrature phase.
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Figure 4.16: Ka-band circularly polarized prototype field distribution

Concerning the radiation pattern, in Fig. 4.18(a) can be seen that the radiation field is similar
for the xz-plane (¢ = 0°) and yz-plane (¢ = 90°), with a HPBW of 80°. Similar to the linearly
polarized design, due to the existence of dielectric in one side of the antenna, there is a higher
density of confined fields in the substrate side (6 = 180°) which is translated into a gain difference
between the two main directions lobes. This difference, as illustrated in Fig. 4.18(b), is 1dB at the

center frequency and increases with the frequency. The gain as a function of frequency is flatter in
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Figure 4.17: Ka-band circularly polarized prototype input impedance
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Figure 4.18: Ka-band circularly polarized prototype radiation pattern and antenna gain

Fig. 4.19(a) illustrates the computed axial ratio versus frequency, showing a 3dB axial ratio
frequency bandwidth of 6.5% centered at 30.5GHz. Fig. 4.19(b) shows the computed axial ratio
versus 6 at yz-plane. It has been computed for the center frequency (30.5GHz), and the upper
(31.5GHz) and lower (29.6GHz) frequencies that define the 3dB axial ratio frequency bandwidth.
The 3dB axial ratio beamwidth at the center frequency is 70° for the § = 0° beam and 90° for
0 = 180° beam. The 3dB beamwidth values do not remain constant for each frequency, being

maximum for the lower frequency and almost null for the upper frequency.

; ; : i iFreq = 29.6 GHz
Ye AUUROSSORUNURNN U0 | SO0 SO o Freq = 30.5 GHz
| -Freq = 31.5 GHZ7

Axial Ratio (dB)

Axial Ratio (dB)

100+

22 24 26 28 30 32 34 36 38 40 -150  -100 -50 100 150

0 50
Frequency (GHz) 6 (degrees)

(a) Axial ratio versus frequency (b) Axial ratio versus Theta

Figure 4.19: Ka-band circularly polarized prototype axial ratio
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V-band: Similarly to Ka-band, two 90° different phase instants of the field distribution at 60GHz
for the V-band circular polarized antenna design are shown in Fig. 4.20(a) and Fig. 4.20(b),
denoting again the circular behavior of the antenna polarization. The simulated antenna input
impedance is shown in Fig. 4.21. The resistance inflection point at 62GHz indicates the frequency

where the axial ratio should be minimum.

(a) 60GHz horizontal field distribution (b) 60GHz vertical field distribution
instant instant

Figure 4.20: V-band circularly polarized prototype field distribution
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Figure 4.21: V-band circularly polarized prototype input impedance

The substrate electrical thickness for the V-band design has increased from the Ka-band design,
resulting into an increase of the confined fields in the dielectric side of the antenna. Similar to the
linearly polarized antenna at this frequency band, the gain at § = 180° is higher than the gain at
6 = 0° with a 5dB difference. Fig. 4.22(a) illustrates the radiation pattern for the xz-plane (¢ = 0°)
and yz-plane (¢ = 90°). Fig. 4.22(b) shows the gain versus frequency. It can be seen how the gain
remains flat at the V-band for the § = 180° direction while decreases fast for the § = 0° direction.

The computed axial ratio is presented in Fig. 4.23(a), showing a 3dB axial ratio bandwidth of
6.5% centered at 62GHz. The axial ratio versus 6 at the yz-plane is shown in Fig. 4.23(b) for the
center frequency, and the upper (64GHz) and lower (60GHz) frequencies that define the 3dB axial
ratio bandwidth. The 3dB axial ratio beamwidth at the center frequency is 70° for the § = 0° beam
and 200° for the § = 180° beam. For all the frequencies included in the 3dB axial ratio bandwidth,
the axial ratio beamwidth for the § = 180° beam is wider than 90°.
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Figure 4.22: V-band circularly polarized prototype radiation pattern and antenna gain
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Figure 4.23: V-band circularly polarized prototype axial ratio

4.2.3 Polarization Reconfigurable CPW Patch Antenna

The previous linear and circular polarization designs have been combined to obtain the final recon-
figurable antenna already presented in Fig. 4.3. The resulting corner-truncated square copla-
nar patch antenna has four small parasitic conductors of triangular shape that are connected
to the patch by RF-MEMS switches. The polarization reconfiguration is being done by acti-
vating/deactivating the set of RF-MEMS switches as presented in Table 4.3, being able to switch
between Vertical Linear Polarization (VLP), Left-Handed Circular Polarization (LHCP) and Right-
Handed Circular Polarization (RHCP). This technique is well known and has been used in other

frequencies and antenna structures [54].

Polarization MEMS-1 MEMS-2 MEMS-3 MEMS-4

ON ON ON ON
VLP
OFF OFF OFF OFF
RHCP ON ON OFF OFF
LHCP OFF OFF ON ON

Table 4.3: RF-MEMS Switch Configuration
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Two prototypes have been designed, first a Hard-Wire (HW) geometry to test the polarization

properties, and then the reconfigurable version.

4.2.3.1 Hard-Wire Reconfigurable CPW Patch antenna

As an initial attempt to proof the reconfigurability concept, the RF-MEMS switches have been
replaced by a short-circuit when ON and by an open-circuit when OFF (Fig. 4.24), leading to
a solution named Hard-Wire (HW) reconfigurable antenna. This antenna is fed by a CoPlanar

Waveguide (CPW), with a lambda quarter transformer to obtain an input impedance of 502.

pat 1 pat

slt slt
V) I
\Eap ‘\‘gap
4_’Icut . -~ oyt |
(= oy o
(a) Linear Polarization (b) Circular Polarization

Figure 4.24: Hard-Wire (HW) configurations

Two designs of HW reconfigurable CPW Patch antenna have been done, at Ka-band and at
V-band. Table 4.4 summarizes the parameters dimensions for the Ka-band and V-band prototypes.
Differences are due to the difference effective permittivity (e.rs) produced by the different electric

thickness of the dielectric substrate.

Parameter Ka-band  V-band

Lpat 0.220 Ay 0.220 )\,
Wt 0.028 s  0.0029 A,
Leut 0.083 Ay 0.111 ),
Lyap 0.028 A,  0.034 A,
Wty 0.008 \s  0.005 A,
Gap 0.009 A,  0.018 A,

hdie 0.064 As  0.137 A

Table 4.4: HW CPW Patch Antenna Parameters

Ka-band: Fig. 4.25(a) shows the input impedance for the antenna configured in linear and
circular polarization. It can be clearly seen how the linear configuration has only one resonant mode

while the circular configuration have two, with one of them equal to the linear case. Concerning the
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antenna resonant frequency, denoted by the imaginary part of the impedance being equal to zero,
there is a slightly frequency shift and a resistance difference between both configurations. This
may bring some difficulties to have a good impedance matching in both designs using the same
feed network. In Fig. 4.25(b) it can be seen how the impedance has been matched for the circular
polarization configuration, with a -10dB return loss frequency bandwidth of 16%. The antenna
configured in linear polarization is not so good impedance matched, having a frequency bandwidth
related to -10dB return loss of 3%. Under the assumption made in many mobile communication
systems that a return loss of -6dB is considered a good threshold to have the antenna matched, the
linearly polarized configuration has a frequency bandwidth related to -6dB return loss of 14% and

the circularly polarized has a bandwidth of 25%.

400,

IPRealZ,)
300,,,,,,,,,3,,, _LP Imag(Zin)
| | |..CPReal(z,) R
2000~ p.CPImag(Z, ) g |
| — PR
| %]
S 100 o 3
: f=
5-15
0:'7: g
100+ 0 B
200554 26 28 30 32 34 36 38 40 2 20 24 26 28 30 32 34 36 38 40
Frequency (GHz) Frequency (GHz)
(a) Input Impedance (b) Return Loss (dB)

Figure 4.25: Ka-band HW prototype field distribution and input impedance

In Fig.4.26(a) it is shown the antenna radiation pattern when configured in linear and circular
polarization. Both antennas have a HPBW of 70°. Fig. 4.26(b) illustrates the gain versus frequency
for 6 = 0° and 6 = 180°. The expected 1 dB gain difference between both directions it is observed

at center frequency.
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Figure 4.26: Ka-band HW prototype radiation pattern and antenna gain

Concerning the axial ratio of the antenna when configured in circular polarization, Fig. 4.27
shows a 3dB axial ratio bandwidth of 5% at the maximum radiation direction. The HW CPW
Patch antenna presents in Fig. 4.27(b) a 3dB axial ratio beamwidth of 90° at the center frequency
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for the 8 = 0° beam and a beamwidth of 120° for the 8 = 180° beam.
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Figure 4.27: Ka-band HW prototype axial ratio

V-band: The input impedance of the HW CPW Patch antenna operating at V-band is presented
in Fig. 4.28(a) for the antenna configured in linear and circular polarization. It can be seen that
due to the influence of an electrically thicker substrate, this design has a lower resistance than the
design at Ka-band. This lower impedance facilitates the antenna matching. Fig. 4.28(b) shows the
return loss for both configurations, where a 16% and a 30% frequency bandwidth are observed for

LP and CP respectively.
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Figure 4.28: V-band HW prototype field distribution and input impedance

The radiation patterns are similar than the ones obtained for each polarization case separately.
Fig. 4.29(a) shows the pattern for both configurations in xz- and yz-planes. The HPBW in all
the cases is 86°. Like happened in non-reconfigurable V-band designs presented previously, the
radiated fields are confined with higher density in the dielectric side of the antenna and therefore
the radiation gain has a 4dB difference at the center frequency between 6 = 0° and 6 = 180°. Fig.
4.29(b) shows the antenna gain versus frequency, being flatter at # = 180° direction.

Fig. 4.30(a) illustrates the simulated axial ratio when configured in circular polarization. A
3dB axial ratio frequency bandwidth of 6.4% is observed. From Fig. 4.30(b), the 3dB axial ratio
beamwidth at the center frequency is 70° for the § = 0° beam and 160° for the § = 180° beam. The
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Figure 4.29: V-band HW prototype radiation pattern and antenna gain

antenna 3dB axial ratio beamwidth changes for each frequency, being minimum for the bandwidth

upper frequency and maximum for the bandwidth lower frequency.
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Figure 4.30: V-band HW prototype axial ratio

Reconfigurability Validation: As a previous step before designing and manufacturing the RF-

MEMS-integrated reconfigurable antenna, the Ka-band HW CPW Patch antenna prototype has

been manufactured by laser technology. The antenna consists of copper printed on teflon-based

Arlon CLTE-XT with a relative permittivity (&,) of 2.94 and a loss tangent of 0.0012 (characterized
at 10GHz). The antenna has been manufactured in VLP, RHCP and LHCP as shown in Fig. 4.31.

The reflection coefficient and the axial ratio (Fig. 4.32) have been measured. The antenna

presents a -6dB return loss frequency bandwidth of 13% when configured in LP and 17% when

configured in CP. Concerning the axial ratio, the two circular polarization configurations present

a 3dB axial ratio frequency bandwidth of 1.7%. These results validate the HW model, leading to

design the microfabricated switch-integrated reconfigurable antenna.
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Figure 4.32: Ka-band HW prototypes measurements

4.2.3.2 RF-MEMS switches Reconfigurable CPW Patch antenna

A final design of the polarization reconfigurable CPW Patch antenna (Fig. 4.33) has been done by
adding the 3D model of the RF-MEMS switch and it has been simulated with the finite elements
method. Because the dimensions of the RF-MEMS switch and its low isolation at high frequencies,
the prototype has only been designed to operate at Ka-band. The design also includes the final air-
bridges that will be used in the CoPlanar Waveguide to avoid the excitation of the odd-modes and
that will be fabricated using the RF-MEMS switch fabrication process. The antenna parameters
have been optimized to compensate parasitic capacitances from the switches when are in OFF
state. Table 4.5 summarizes the parameters dimensions.

Fig. 4.34(a) illustrates the antenna input impedance for the LP and CP configurations. Fig.
4.34(b) shows the return loss of the antenna with the matching network designed with the CPW
circuital model in Agilent ADS simulator. The difficulty to match both configurations for the same
frequency has been increased with the air-bridges capacitance influencing the impedance. Focusing
in the CP configuration, it can be seen that the frequency bandwidth related to a -10 dB return
loss is 11% while if the return loss threshold considered is -6dB, the bandwidth increases up to 30%.

The LP is not so well matched by the impedance transformer and it has a frequency bandwidth
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Figure 4.33: RF-MEMS integrated CPW Patch Antenna (switch and bridge details)

related to -6dB return loss of 9%.

Parameter Ka-band (in )

Lsit 0.276
lpat 0.220
Wit 0.028
leut 0.083
hdie 0.064
Whri 0.002
IMEM 0.015
WMEM 0.008
Wstr 0.008
Gap 0.009

Table 4.5: RF-MEMS integrated CPW Patch Antenna Parameters

Fig. 4.35(a) shows the radiation pattern in xz- and yz-planes for LP and CP configurations.
Both designs have a HPBW of 70°. Fig. 4.35(b) illustrates the antenna gain versus frequency for
both antenna configurations at # = 0° and # = 180° directions.

When the RF-MEMS switches are set to configure the antenna polarization circular, the min-
imum simulated axial ratio is 0.5dB at 30.4GHz as shown in Fig. 4.36(a). It can be observed
a 3dB axial ratio frequency bandwidth of 5.25%. Fig. 4.36(b) illustrates the axial ratio versus
the radiation angle (6). It can be seen that the 3dB axial ratio beamwidth is different for each
frequency, being maximum for the bandwidth lower frequency and minimum for the bandwidth
upper frequency. At the center frequency, the 3dB axial ratio beamwidth is 80° for the 8 = 0°
beam and 100° for § = 180° beam.
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Figure 4.34: Ka-band reconfigurable polarization prototype field distribution and input impedance
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Figure 4.35: Ka-band reconfigurable polarization prototype radiation pattern and antenna gain
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Figure 4.36: Ka-band reconfigurable polarization prototype axial ratio
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4.3 4-Qdime Antenna

The 4-Qdime antenna results from the need to have a reconfigurable antenna with a 3dB axial
ratio frequency bandwidth wider than the previous CPW Patch antenna. The antenna architecture
proposed in Fig. 4.37 consists of four radiating elements (Qdime antenna) placed in a 2 x 2 grid
and successively rotated 90° one from the other. Depending on each element feeding phase, the
antenna polarization may be switched between Vertical Linear Polarization (VLP), Horizontal
Linear Polarization (HLP), Left-Handed Circular Polarization (LHCP) or Right-Handed Circular
Polarization (RHCP).

Upper patch

Lower patch

Figure 4.37: 4-Qdime Antenna

4.3.1 Qdime Antenna

The Qdime antenna [55] is characterized by its multilayer structure formed by 3 metallic layers
(upper patch, lower patch and ground plane) printed on two dielectric substrates of thickness
and hjyy,. Fig.4.38 illustrates the top view of the lower and the upper patches. Circular geometry
is used to optimize the volumetric modal distribution in accordance with the minimum radiation Q
attainable and the shorting walls technique is used to reduce the antenna dimensions. Each patch
resonates to a different frequency, with the capacity to have a dual-band or a single broad-band
antenna. The work in this thesis is focused in the design of a single broad-band integrated Qdime
antenna, which means that the upper and lower resonant frequencies will be close. Each substrate

thickness fix the bandwidth related to each resonant frequency.

The upper and lower slot length (Sy, and Sjs,) have to be approximated half wavelength of the
resonant frequencies (fupp and fio,). The slot lengths are computed as the patch arch perimeter

(Spat) plus twice the distance from the patch edge to the shorting wall (1, and o).
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(a) Lower Patch (b) Upper Patch

Figure 4.38: Top views of the 4-Qdime lower and upper patches

Ay
Supp = Spat + 2upp = Supp = =5~

. (4.14)
Slow = pat + 200w = Slow ~ l§w

An initial design with air as dielectric (¢, = 1) operating at V-band has been done. Fig. 4.39(a)
shows the imaginary part of the input impedance, illustrating how variations in [, are translated
into variations of the lower resonant frequency fj,. The same effect happens with l,,,, where its

variations are related to the upper resonant frequency fypy, as seen in Fig. 4.39(b)

200 200
.. ..l =0.15 mm
150 15011 =0.20 mm
Tlupp |
-l =0.25mm L,
100§ uPP s N
.l =0.30 mm / O\
upp i Y
50 —_
=50
-100)
150
52 54 56 58 60 62 64 66 68 70 72 74  _150
Frequency (GHz) 52 54 56 58 60 62 64 66 68 70 72 74
(a) liow tunning (b) lupp tunning

Figure 4.39: Qdime input impedance imaginary part for different l;o,, and Iy,

A slit in the lower patch, of length [y, is etched to increase the electrical path from the feeding
point to the ground plane, obtaining a better impedance matching. Fig. 4.40(a) illustrates the
effect of the slit on the impedance matching for the antenna designed. The width of the shorting
walls are also used to tune the input admittance. The antenna is fed by a coaxial probe. The
position of the feed point is chosen in order to have an input resistance of 502. Fig. 4.40(b) shows
the input resistance for different coaxial probe positions from the corner.

Fig. 4.41 represents the simulated return loss for the initial Qdime antenna designed. A -10dB
return loss frequency bandwidth of 22% is observed. The Qdime with air as dielectric is not possible

to be manufactured, but gives the necessary information to understand its behavior without the
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Figure 4.40: Qdime Return Loss and impedance real part for different /y; and xy.q

influence of the dielectric effects.

Return Loss (dB)

52 54 56 58 60 62 64 66 68 70 72 74
Frequency (GHz)

Figure 4.41: Qdime Return Loss with air as dielectric

4.3.2 4-Qdime

A set of four Qdime elements are arranged in a 2 x 2 square grid, rotated 90° one from each
other as shown in Fig. 4.42. A ground metal wall between elements is used to reduce the mutual
coupling. This lineal polarized elements arrangement may be used to generate CP just by applying
the appropriate current phase at each element port [56]. Table 4.6 summarizes the required phases
to achieve Horizontal Linear Polarization (HLP), Vertical Linear Polarization (VLP), Left-Handed
Circular Polarization (LHCP) and Right-Handed Circular Polarization (RHCP).
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Table 4.6: Elements phase difference

Qdime element HLP VLP RHCP LHCP

1 0° 0° 0° 0°

2 0° 180° 270° 90°
3 180°  180° 180° 180°
4 180° 0° 90° 270°

Figure 4.42: 4-Qdime 2 x 2 square grid
elements

The reconfigurable feed network topology in Fig. 4.43 has been proposed to feed the 4-Qdime.
It consists of a 180-degree Hybrid (Rat-race) [46] connected to two Quadrature (90°) Hybrids [46].
The ports phase reconfigurability of this antenna is obtained by switching two RF-MEMS switches
that connect the Rat-race with the different input ports of the Quadrature Hybrids. Depending
the switches state, the ports will have a different phase and then the antenna will be configured in
one of the possible polarizations: RHCP, LHCP or HLP. The VLP case can not be obtained with
this topology as seen in Table 4.7, together with the summary of the different switches positions,
the phases feeding each element and finally the radiated field and its module. It can be seen
that as expected, when the antenna is configured with circular polarization, the radiated fields are

maximum while when configured in linear polarization, the radiated field will be 3dB lower.

Switch-2 o¢ Port4 Port1

(S,
Port3 Port2

Figure 4.43: 4-Qdime Feed Network

Because the existence of a ground plane and the complexity of the network, the technology used
in this case have been microstrip lines. The substrate used in this case has been chosen between the
four MMW frequencies materials studied previously: Quartz, PTFE, LTCC and BCB. Quartz glass

and PTFE materials have been rejected because their minimum commercial thicknesses (500um)
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requires a wider microstrip lines compared to the final antenna dimensions. Because the feed
network is at a separate layer than the antenna, the use of an elevated permittivity substrate would
reduce the lines dimensions without effecting the antenna radiation characteristics. Therefore,
LTCC seems to be the most suitable substrate because its higher permittivity and lower losses in
a microstrip structure. An initial feed network design has been done with the circuital model in
Advanced Design System (ADS) from Agilent. The problem appeared because LTCC fabrication
technology exhibits a minimum lines strip width of 50um with a 1% tolerances [42], which are
higher than the required in the network designed. Finally, a feed network printed on 30um thick

Benzocyclobuten polymer (BCB) has been designed, with a fabrication tolerances of 1um using

Microfabrication.
Switch Ant Port
witcnes ntenna rores B ’E| Polarization
S Sy 1 2 3 4
0 0 0° 90° 270° 180° (1+)z—(1+4)y 2 HLP
0 1 0° 90° 180° 270° 2T — 257 2v/2 LHCP
1 0 90° 0° 270° 180° —2j7 — 27 2v/2 RHCP
11 90° 0° 180° 270° (1+j)z—(1+57 2 HLP

Table 4.7: Switches configuration to have polarization reconfigurability

Rat-race Hybrid: The 180° Hybrid junction is characterized for being a four-port network with
a 180° phase shift between the two output ports (Fig. 4.44). When a signal is applied to port 4, it
is split into two components with a 180° phase difference at ports 2 and 3 while port 1 is isolated.
If the signal is applied to port 1, is split into two in-phase components at port 2 and 3 while port

4 is isolated.

0 1 0
|1 -1
Siso] = —=
[ 1800] \/§ 1 1
0 -1 1 0

30

Figure 4.44: Rat-race hybrid

Two different designs of the Rat-race have been done for V- and W-band, centered at 60GHz
and 76GHz respectively. Fig. 4.45(a) illustrates the power amplitude at the hybrid two output
ports and the good matching of the input port. As needed, the power applied at the hybrid junction
is distributed equally between ports 2 and 3. Fig. 4.45(b) illustrates the phase difference of the

signal in the two ports. Can be easily seen that at the center frequency, both designs induce a 180°
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phase shift between the two output ports.

W-band
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Frequency (GHz)
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(a) Power Amplitude
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Figure 4.45: Rat-race Hybrid S-parameters and Phase difference

Quadrature Hybrid: The 90° Hybrid junction is a 3dB directional coupler with a 90° phase

difference in the output ports (Fig. 4.46). With all ports matched, its basic operation consists of

dividing the power entering at port 1 into equal powered signals at port 2 and 3 with a 90° phase

shift. No power is coupled to port 4, which is isolated. Depending if the input port is 1 or 4, the

phase shift will be £90°.

Z,\2
—» Port1

(Isolated) Port4 _
Z,2

Port2 —»

Port3 —»

[So0e]

[0 j 1 0]
-1 j 001
V2010 0

01 0

Figure 4.46: Quadrature hybrid

The Quadrature hybrid has been designed to operate at V-band and W-band. Fig. 4.47(a)

shows the power at ports 2 and 3 when a signal is applied at port 1. Fig. 4.47(b) shows the

resulting 90° phase shift at the center frequency (60GHz) between the output ports.

V-band W-band
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Figure 4.47: Quadrature Hybrid S-parameters and Phase difference
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Qdime parameter Quartz Antenna BCB Antenna

Spat 1000 pm 1270 pm
Lupp 30 um 400 pm
liow 120 um 389 um
lsti 250 pum 116 um
Pupp 150 pm 30 um
Riow 300 um 30 um
hrad None 500 um
Wupp 190 um 50 um
Wiow 100 um 121 um
dfeed 202 pum 35 um

Table 4.8: 4-Qdime antenna parameters to operate at V-band

4.3.3 V-band Prototypes

Two different prototypes of the 4-Qdime antenna have been designed to operate at 60GHz. One
uses Quartz (e, = 3.9 and tand = 0.0007) as dielectric and the other uses Benzocyclobuten polymer
(BCB) (&, = 2.52 and tand = 0.002). The reason to have done two designs in different substrates
comes from the difficulty to etch quartz for the antenna feed probe and vertical walls, while this
etching process has not difficulty when done in a BCB substrate. By the other hand, the maximum
amount of BCB deposition possible is 30um [41] which is substantial lower than the 500um of
quarts substrate, resulting into a narrower frequency bandwidth. A 500um (h,qq) quartz top layer
has been used in the BCB design, primarily to obtain a good impedance matching by reducing
the e.5y and also used as a base surface when manufactured. The feed network in both designs
consists of gold printed on 30um thick BCB deposited layer. Table 4.8 summarizes the antenna

main parameters for both designs.

e
—cp

Return Loss (dB)
Return Loss (dB)

Sé 54 56 58 60 62 64 66 68 70 72 74 52 54 56 58 60 62 64 66 68 70 72 74
Frequency (GHz) Frequency (GHz)

(a) Quartz Substrate (b) BCB Substrate

Figure 4.48: V-band 4-Qdime antenna Return Loss

The two antenna designs have been simulated with the finite elements method Ansoft HFSS
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simulator. Fig. 4.48(a) illustrates the return loss of the Quartz substrate antenna when configured
in LP and CP, showing a -10dB return loss frequency bandwidth of 28%. Fig. 4.48(b) represents
the impedance matching for the BCB substrate antenna, with a frequency bandwidth of 25%.

Gain (dBi)
Gain (dBi)

-10

52 54 56 58 60 62 64 66 68 70 72 74 -10 52 54 56 58 60 62 64 66 68 70 72 74'
Frequency (GHz) Frequency (GHz)

(a) Quartz substrate (b) BCB Substrate

Figure 4.49: V-band 4-Qdime antenna Gain

Fig. 4.49 illustrates the antenna gain as a function of frequency for the two prototypes. In both
cases, the antenna gain when configured in CP is higher than when configured in LP as expected.
In the quartz substrate prototype, the gain is 5.46dB at the center frequency (60GHz) when in
CP and it is 3.8dB when in LP. The gain in the antenna with BCB drops radically inside the
V-band bandwidth. This drop is caused by the higher loss tangent presented in BCB together with
the narrow bandwidth due to the electrically thin substrate. The gain at the center frequency is
1.9dB and 0.4dB for each polarization. Looking at the radiation pattern presented in Fig. 4.50,
the antenna with quartz has a HPBW of 90° when configured in CP and 50° when configured in
LP. The pattern for the BCB at 60 GHz, out of the gain drop, shows 60° and 30° HPBW when
configured in CP and LP respectively.

—LP (¢=0°) —LP (¢=0°)
---LP (¢=90°) ---LP (¢=90°)
- CP (¢=0°) -+ CP (¢=0°)
CP (¢=90°) CP (¢=90°)
6 (degrees) 6 (degrees)
(a) Quartz substrate (b) BCB Substrate

Figure 4.50: V-band 4-Qdime antenna Radiation Pattern at 60GHz

The 4-Qdime antenna axial ratio against frequency for the maximum radiation direction is pre-
sented in Fig. 4.51. As expected from its wider frequency bandwidth, the antenna with quartz has
a wider 3dB Axial Ratio frequency bandwidth of 29% in front the BCB antenna 10%. Concerning
the axial ratio in the yz-plane (Fig. 4.51(b)) it can be seen that the design with quartz has a 3dB
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Qdime parameter BCB Antenna

Spat 900 pm
Lupp 250 pm
liow 296 um
Lsii 171 pm
hupp 30 um
Riow 30 um
hrad 30 jim
Wupp 46 um
Wiow 92 um
dfeed 15 pm

Table 4.9: 4-Qdime antenna parameters to operate at W-band

beamwidth of 190° while the BCB design has a 3dB beamwidth of 85° .

35

T T T T T T T T T - 35
{00 0 01 [ Quartzdesign
30t b [TBCB design

N
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20

Axial Ratio (dB)
G

60 62 64 66 68 70 72 74 50 -0 0 50 100 150
Frequency (GHz) 0 (degrees)

52 54

(a) Axial Ratio against Frequency (b) Axial Ratio against 0

Figure 4.51: V-band 4-Qdime antenna Axial Ratio

4.3.4 W-band Prototypes

One of the designs has been also studied into the W-band. The substrate chosen in this design
has been BCB (g, = 2.52 and tand = 0.002), with a thickness of 30um for each layer. A quartz
top layer has also been used to obtain a correct impedance matching. This layer also works as
the base surface in the manufacturing process. Like it was done in the V-band designs, the feed
network consist of gold printed on BCB of 30um thickness. Table 4.9 summarizes the design main
parameters.

The antenna return loss for the antenna configured in Circular Polarization (CP) and Linear
Polarization (LP) is shown in Fig. 4.52. It can be observed a -10dB return loss frequency bandwidth
of 22% and 14% respectively.

The antenna gain against frequency is presented in Fig. 4.53(a), showing at the center frequency

(76 GHz) a gain of 2.3dB and 0.1dB for the antenna configured in CP and LP respectively. Because
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66 68 70 72 74 76 78 80 82 84
Frequency (GHz)

Figure 4.52: W-band 4-Qdime antenna Return Loss

the electrical thickness has increased together with the frequency, the W-band design presents a
wider frequency bandwidth that is also reflected in the gain. Fig. 4.53(b) shows the radiation pat-

tern at the center frequency, with a HPBW of 75° when configured in CP and 70° when configured
in LP.

—LP (¢=0°)
-+-LP (¢=90°)
~CP (¢=0°)
- CP (¢=90%)
E
=
£
©
o
T, I/ i i i i i i i i
66 68 70 72 74 76 78 80 82 84
Frequency (GHz)
(a) Antenna Gain (b) Radiation Pattern at 76GHz

Figure 4.53: W-band 4-Qdime antenna Gain and Radiation Pattern

The last parameter to analyze is the axial ratio. Fig. 4.54(a) illustrates the antenna axial ratio

with a 3% frequency bandwidth related to a 3dB axial ratio. The antenna radiation pattern shows

a 65° beamwidth related to the 3dB axial ratio.
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Figure 4.54: W-band 4-Qdime antenna Axial Ratio
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4.4 Summary and Comparison

In this chapter, two different polarization reconfigurable antenna structures have been presented.
One is a single reconfigurable element (CPW Patch) and the second is a composed architecture (4-
Qdime). The CPW Patch antenna has been designed to operate at Ka-band (26.5 to 40GHz) and
at V-band (50 to 75GHz), and the 4-Qdime antenna has been designed to operate at V-band and
W-band (75 to 110GHz). Table 4.10 summarizes the main characteristics of the different antennas.

Ka-band V-band W-band
Parameter
CPWP CPWP Quartz Qdime BCB Qdime BCB Qdime
LP 9% 16%
RL Freguency 0 0 28% 25% 14%
Bandwidth CP 30% 30%
LP 3.8 0.4 0.1
Gain (dBi) 3.6 5.6
CP 5.5 1.9 2.3
LP 80° 30° 70°
Half quer 700 860
BG&ledth CP 900 600 750
3dB Axial Ratio
Frequency 5% 6% 29% 10% 3%
Bandwidth
3dB Axial Ratio
(0] (e} 1 (0] (0] (e}
Beamwidth 80 70 90 85 65

Table 4.10: Polarization Reconfigurable Antennas Electrical Characteristics Comparison

The first design presented has been the polarization reconfigurable CPW Patch. From the lin-
early polarized square structure, the circular polarization is obtained by truncating two pairs of
opposite corners, inducing the required orthogonal modes with equal amplitude and phase quadra-
ture. Reconfigurability is obtained connecting four parasitic triangular shape conductors to the
main patch with RF-MEMS switches. Because the antenna coplanar architecture and the high
operating frequency, the antenna is fed with CoPlanar Waveguide. These lines require the use of
air-bridges to avoid the odd-mode excitation. Initial designs at Ka- and V-band have been proposed
as Hard-Wire (HW) prototypes. It means that the switches are represented with a short-circuit
when ON and with an open-circuit when OFF. Because the dimensions and low isolation at high
frequencies of the RF-MEMS switches presented, only a Ka-band prototype has been designed with
integrated switches.

Concerning the electrical characteristics of the CPW Patch antenna, the Ka-band prototype
has a frequency bandwidth related to the return loss of 9% when configured in LP and of 30%
when configured in CP, while the V-band prototype has a 16% and 30% respectively. The CP has
a wider bandwidth because it has two resonant modes that combined increase the bandwidth in

comparison to the single resonant mode used in LP. Due to different substrate electrical thickness,
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the V-band design increases its directionality, having a gain in the main direction of 5.6dBi in front
of the 3.6dBi presented in the Ka-band. Both antennas have a wide beamwidth, with a HPBW
of 70° and 86° for Ka- and V-band respectively. The antenna axial ratio presents a 5% frequency
bandwidth and a central frequency beamwidth of 80°.

In order to obtain a wider frequency bandwidth related to the axial ratio, a linear-polarized
elements composed architecture such as the 4-Qdime antenna has been studied. The antenna consist
of a four Qdime antennas arranged in a 2 x 2 square grid and rotated 90°. Depending on each
Qdime excitation phase, the antenna is capable to radiate in LP or in CP. An RF-MEMS switches
reconfigurable feed network architecture with microstrip transmission lines has been proposed. It
consist of a Rat-race hybrid (180°) connected to two Quadrature hybrids (90°). Depending on
which port the Rat-race is connected to the Quadrature hybrids, the antenna presents linear or
circular polarization. Two prototypes of the 4-Qdime antenna have been designed to operate at
V- and W-band. Quartz substrate has been used as the antenna dielectric in a V-band prototypes
while Benzocyclobuten polymer (BCB) has been used in designs at both frequency bands. The two
antennas with BCB require the use of a quartz top layer which increases the effective permittivity
(€eff) and therefore helps with the antenna matching. The three antennas microstrip feed networks

are printed on 30um BCB substrate.

Ka-band V-band W-band
Parameter
CPWP CPWP Quartz Qdime BCB Qdime BCB Qdime
Electrical
. . 021)\0 X 021)\0 078)\0 X 078)\0 09)\0 X 09)\0
Dimensions
LHCP LHCP LHCP LHCP LHCP
L. RHCP  RHCP RHCP RHCP RHCP
Polarization Types
VLP VLP HLP HLP HLP
Mlnlmum o0um 10pum 30um 30um 30um
Linewidth
Minimum
1 2 2 2
Slotwidth Opm Sum Opum Opm 00pum
Rfidiat.ion . Bidirectional Unidirectional
Directionality
Single . .
Single L Multil
Layer/Multilayer Hgie Layer ayer
Feed Network CPW Microstrip

Table 4.11: Polarization Reconfigurable Antennas Characteristics Comparison

Focusing on the electrical characteristics, the V-band prototypes have a frequency bandwidth
related to return loss wider than 25% and the W-band prototype has a 14% bandwidth. The gain of
the antenna depends on the configured polarization , being higher for the two CP than for the LP.
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The antenna gain when configured in CP is 5.5dBi for the quartz based antenna, while is 1.9dBi
and 2.3dBi for the BCB based antenna at V- and W-band respectively. The HPBW also differs
from the polarization type, being between 60° and 90° for the different prototypes. Concerning the
axial ratio of the 4-Qdime antenna when configured in CP, the 3dB axial ratio frequency bandwidth
is 29% for the quartz antenna at V-band, 10% for the BCB antenna at V-band and 3% for the
antenna operating at W-band. The gain and axial ratio bandwidth differences between the Quartz
and BCB prototypes are mainly because the different electrical thickness, with 0.1\ for the Quartz
and 0.006)\g for the BCB.

Concerning physical dimensions, it can be seen that while the CPW Patch antenna has a fixed
square dimension around 0.2}, the 4-Qdime antenna dimensions depend on the feed network and
therefore it depends on the network dielectric used and its permittivity. CPW Patch antennas are
good candidates to be used in phased arrays because it is possible to set an array with elements
distance lower than \g/2, eliminating grating lobes. All designed antennas require a fabrication
accuracy of tenths of micrometers. Differences between the CPW Patch antenna and the 4-Qdime
relay into their radiation directionality, number of layer used and feed network technology used.
While CPW Patch antenna is a bidirectional single-layer CPW antenna, the 4-Qdime is an unidi-

rectional multilayer microstrip antenna. Table 4.11 summarizes the different antenna comparisons.
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Chapter 5

Polarization- and Pointing-
Reconfigurable Array Antenna

High gain antennas are commonly used in MMW communication systems to compensate the high
path loss. This type of antennas are also characterized for having a narrow beamwidth which
reduces the multipath contributions by limiting the angle from which radiation is emitted and
captured. In some applications, the use of narrow beamwidth antennas improves also the spatial
utilization with a frequency reuse. Such antennas precise to be pointed in order to have a Line-
of-sight (LOS) path link, being this pointing done mechanically or electrically. In communication
systems where the antennas alignment is essential for the good link performance, the antenna ca-
pability to reconfigure the pointing direction electrically is very useful to avoid constantly antenna
manipulation. The use of antenna arrays provides high gain antennas with pointing direction recon-
figurability capability by changing the phase that feeds each element. Polarization reconfigurable
base elements allow the system to readjust the orientation of the radiated field to minimize polar-

ization loss factor.

In this chapter, beamsteering using phased arrays is introduced. Then, 1-bit discrete phase-
shifter pointing-reconfigurable array antennas using the polarization reconfigurable CPW Patch

and 4-Qdime antennas are presented and compared.

5.1 Phase-shift Beamsteering

The term beamsteering relates to the capability of an antenna to focus energy toward a specific
direction in space [57]. In an antenna array, beamsteering may be accomplished by changing
the relative phases of the RF signal driving the array elements and thus controlling the phase

contribution to the electromagnetic radiated far-field.

The number of elements used in the array and therefore its effective area (Aeg) is being defined
by the final antenna desired directivity. Also the HPBW in the two main radiation pattern axis
(AQ(_lg 4p and AQ(_Q?E 4p) are related to the antenna directivity through the antenna solid angle (£2)

69
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(5.1)

4 4
D = L= T (5.2)

1 2
2 Ae(f?deAg(f?)mlB

The distance between the array elements will be preferably lower than Ag in order to avoid the
appearance of grating lobes in the radiation pattern [34]. When designing phased array antennas,

an element distance lower than \g/2 assures no grating lobes for any value of the progressive phase.

5.1.1 Array Factor (AF)

The radiation pattern of an antenna array is the result of multiplying the single element radiation
pattern, EO, by the Array Factor, AF(v), which takes into account the interference of each wave
radiated by each element [32]. The AF depends exclusively of the elements distance, the excitation
amplitude and phase, and the operating frequency. The antenna array can be one-dimensional
or two-dimensional. In a planar array, the AF can be computed as combination of the AF for
the two main planes if the feeding can be separated in two variables for each plane AF (¢, v,) =

AF,(¢3)AF,(1y). This thesis focuses in linear arrays, with the AF computed as:

Narr—1

AF() = ) ane™ (5.3)

n=0
where 1) is the electrical angle, Ny, the number of array elements and a,, the current feeding the

nth element.

d

elem

Figure 5.1: Antenna Array along y-axis

For an antenna array with the elements placed along y-axis as shown in Fig. 5.1, the electrical
angle is computed as 1 = kodejemsin(0) + «, where kg is the wave number in vacuum, dgjep, is the
elements distance, and « is the array progressive phase. The maximum radiation direction, 44,
depends on the elements progressive phase («) and corresponds to the pointing angle which sets

the electrical angle to zero (¢ = 0). In the case under study, 0,4, is computed as:
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Omaz = arcsin (— kodoeélem> (5.4)

As an example, Fig. 5.4 illustrates the radiation pattern of a 16 omnidirectional elements with
a dejem equal to A\g/2 for three different values of a0 (0°, -90° and -155°) corresponding to a beam

tilt of 0°, 30° and 60° respectively.

—a=0°
--a=—90°
-~ =—155

~165° 7800 165°

Figure 5.2: 16 omnidirectional-elements array radiation pattern for three different values of the
progressive phase («)

5.1.2 Discrete Phase-Shifters

Digital reconfigurable phase-shift beamsteering has the inconvenience that the number of phase-
shifter states at each element is finite and it should be minimized in order to reduce the antenna
complexity. An easy way to implement a digital phase-shifter is by using the switched delay-time
technique [16], which has different phase-shifts that combined result into the desired phase-shifter.
Fig. 5.3 shows a 3-bit phase-shifter based in concatenating three different phase-shifts. The final

phase shift depends of the shifts combination as summarized in Table 5.1.

180° Table 5.1: 3-bit Final Phase
bit-1 bit-2 bit-3 Final Phase
90° -
0 0 0 0
450 1 0 0 45
0 1 0 90°
1 1 0 135°
, : _ > 0 0 1 180°
bit 1 bit 2 bit 3
1 0 1 225°
_ _ 0 1 1 270°
Figure 5.3: 3-bit phase-shifter using switched-lines 1 { 1 3150

In an antenna array, there are two equivalent ways to analyze the use of discrete phase-shifters.
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The first one is to compute each element phase error as the difference between the progressive phase
at the element with its discrete phase (eg, = na — f,) and apply it to the current , leading to

compute the Array Factor for an y-axis elements distribution as:

Narr—1
AF(’(,Z}) = Z |an|eje/3nejn(kodezemsin(ﬂ)—i—a)

n=0
The second way is to consider the progressive phase null (a=0) and apply each discrete phase
(B,) to the element current, a, = |a,|e?®». 3 is defined as the vector that describes each element

phase, 8 = [$152 - - - BNarr]- Then the phase-shifted Array Factor is computed as:

Narr*l
AF(Y) = Z |an|ejﬁneinkodezemsm(9)

n=0
5.2 1-bit CPW Patch Antenna Array

The polarization reconfigurable CPW Patch antenna presented previously, has been used to design
a beam pointing reconfigurable antenna. A 4-element linear array is being used to achieved an
antenna gain higher than 10.5 dB. Two different designs have been done, one that operates at
Ka-band and another at V-band. Focusing at V-band applications, this gain value corresponds to
the minimum antenna gain required for a 10 meters BPSK and QPSK modulation communication

link.

Figure 5.4: 4-elements CPW Patch antenna array

The array is characterized for having an inter-element distance (dejer,) of 0.45\g, which assures
no grating lobes for any value of the progressive phase. The final radiation pattern is obtained by
multiplying the array factor (AF) to the single element radiated field (Eo(7)). Fig. 5.5 shows the
4-element linear array radiation pattern for a uniform amplitude distribution (a, = 1) and a null

progressive phase («=0). The Ka-band array has a gain of 9.4 dBi with a beamwidth of 30° at yz-
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plane. The gain difference between 6 = 0° and 6 = 180° beams is 1dB and the Sidelobe Level (SLL)
is 15dB. The V-band array has a gain of 10.3dBi with a Half-Power Beamwidth (HPBW) of 30°.
The two main direction beams have a gain difference of 4.8dBi and the SLL is 14.5dB.

-15° 0° 1s5° —LP§=90°
o

50°—__
-165%4 80 65°
6 (%]

(a) Ka-band (b) V-band

Figure 5.5: Radiation Pattern of a 4-elements CPW Patch linear array with deje;,,=0.45Mg, a, = 1
and a =0

Because the array HPBW is 30°, it is desired that the phased array has the capability to point
the main beam with steps of 15°. Fig. 5.6 shows the radiation pattern for the three progressive
phases that give a tilt angle of 15°, 30° and 45°. It can be seen that for a=-115° the beam is not
pointing at 45° degrees. This is due to the base element lack of omnidirectionallity, resulting in

gain reduced more than 3dB at the desired pointing angle.

—o=-42°
-152 07 15 oeB1o
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50°
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(a) Ka-band (b) V-band

Figure 5.6: Radiation Pattern of a 4-elements CPW Patch linear array with dgje;,,=0.45)\¢ and
ap, =1

In order to implement the pointing reconfigurable array, discrete phase-shifters have to be used.
The difficulty relays in the fact that to feed each element with the appropriate phase would require
four phase-shifts at each element. An alternative is to find a set of phases that generate a similar-

like slope between elements phases. In the case under study, it has been decided to reduce the
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complexity by limiting the system to 1-bit phase-shifter, limiting then the pointing angles to 6 = 0°
and @ = £15°. The progressive phase required to point the beam to § = £15° is a = F42°. The
closest approximation to an ideal progressive phase using 1-bit phase-shifter is given by grouping
the elements in two groups. In the four elements array case, the grouping results in two groups of
two elements with a distance between groups double than the original distance. Then, in order to
maintain the pointing angle, the progressive phase in equation 5.4 has to be doubled. Therefore,
the phase-shift of the discrete phase-shifter will be o« = F84°, which in the case under study has

been approximated to -90° as shown in Fig. 5.7.

. 0000 0°] B =10°0°0° 0°]
-150 0° 150 +--B = [0° 0° ~90° ~90°] << = [0° 0° ~90° ~90°]
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0 0
(a) Ka-band (b) V-band

Figure 5.7: Radiation Pattern of a 4-elements CPW Patch linear array with 1-bit phase-shifter

A prototype of the pointing reconfigurable array with the presented RF-MEMS switches inte-
grated has been designed to operate at Ka-band. The structure has been modeled and optimized
with the finite elements method Ansoft HFSS simulator. The network to feed the 4-elements array
has been designed using CPW lines. This type of lines requires the existence of air-bridges in all
the discontinuities to avoid the excitation of the odd-modes. Each element equal power distribution
has been done using A\/4 power dividers. (Fig. 5.8(a)). The final phase-shifter configurations allows
to reduce the amount of phase shifters to two. They consist of a transmission line of length Ag/2

and they are connected by using RF-MEMS switches as seen in Fig. 5.8(b).

(a) Power Divider (b) 90° Phase-shifter

Figure 5.8: CPW Patch linear details
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As an attempt to proof the reconfigurability concept, a Hard-Wire (HW) prototype has been
designed replacing the RF-MEMS switches by a short-circuit when ON and by an open-circuit
when OFF. The array has been simulated with the base element configured in LP and CP. Fig.
5.9(b) shows the gain pattern when all the elements have the same phase (5 = [0° 0° 0° 0°])
and when one phase-shifter is activated (8 =[0° 0° —90° —90°]) and therefore the radiation
diagram is pointing +15°. It can be seen in Fig. 5.9(a) that both configurations have a good
impedance matching for both base-elements polarization-configurations, with a minimum -10dB

return loss frequency bandwidth of 18%.
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Figure 5.9: HW reconfigurable array Radiation Pattern and Return Loss

Not only the pointing capacity of the array is needed, but also the capability to maintain the
base element polarization. Fig. 5.10(a) shows the antenna axial ratio against frequency in the main
beam direction when the base element is configured in CP, for the two pointing cases under study.
It can be seen that the 3dB Axial Ratio frequency bandwidth is 3%. Fig. 5.10(b) shows the AR
against the pointing angle 6 in the yz-plane, where a 3dB AR beamwidth of 18° it is observed when

the phase-shifter is not activated and a beamwidth of 12° when the phase-shifter is activated.
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Figure 5.10: HW reconfigurable array Axial Ratio

Fig. 5.11 illustrates an instant of the antenna fields when the HW switches are open-circuit
and therefore there is no phase shift between the array elements. In the CPW feed network, can be

seen the power transmitted to the elements, showing clearly symmetry, having all the elements fed
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with the same amplitude and in-phase. Fig. 5.12 shows the field when the RF-MEMS from on of
the phase shifters are turned ON. In that case, it can be seen the existence of a phase shift because
there is no symmetry in the fields, being the signal driven through one of the phase shifters and
none in the other.
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Figure 5.11: CP antenna fields without phase shift between elements
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Figure 5.12: CP antenna fields with phase shift between elements

5.3 1-bit 4-Qdime Antenna Array

Two 4-Qdime antenna array have been designed to operate at V-band. The array consist of a four
elements with a distance of A\g, to obtain a gain higher than 10dB. The elements distance has been
taken as smaller as possible limited by the base elements dimensions (Fig. 5.13). The elements are

fed with a uniform current amplitude and the beam pointing direction reconfigurability is achieve
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by using discrete phase-shifters. The base elements used are the two different 4-Qdime at V-band

presented previously, one using quartz substrate and the other using BCB.

(a) Top View (b) Bottom View

Figure 5.13: 4-Qdime array with 4 elements

The array radiation pattern is obtained by multiplying the base element radiated field (Eo(f))
with the array factor (AF). Fig. 5.14 shows the radiation pattern in xz-plane (¢ = 0°) and yz-
plane (¢ = 90°) for the array with quartz and with BCB, computed for the antennas configured in
LP and CP. The antenna quartz-based has a gain of 13.8dBi with a SLL of 8dB. It also presents
a HPBW of 12°, which is lower than the one with the CPW Patch array due to higher elements
distance. The antenna BCB-based has a gain of 15.61dBi with a SLL of 13dB. The HPBW for this

antenna is 12°.

“LP@=0°
—LP @=90°
~CP@=0°
s0° | CP @=90°

(a) Quartz-based (b) BCB-based

Figure 5.14: Radiation Pattern of a 4-elements 4-Qdime antenna linear array with deje,, = Ao

A phased array with the capacity to tilt the radiation beam to a maximum angle of +45° with
a step of 15° has been designed. A progressive phase of -93°, -180° and -254° is required to tilt
the beam 15°, 30° and 45° respectively. Fig. 5.15 illustrates the resulting radiation pattern at the
yz-plane for the different progressive phases. Because the elements distance is \g, grating lobes
appear into the diagram when progressive phase is applied. It can be seen then that pointing at
+15° and at F45 require the same progressive phase and that to point at +30° it is required a
progressive phase of 180°.

Like happened with the CPW Patch array, there is an implementation complexity due to the

high number of discrete phase shifts required at each element. The alternative relays into finding
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Figure 5.15: Radiation Pattern of a 4-elements 4-(QQdime antenna linear array with progressive phase

a phase that applied to some of the elements generate a slope phase similar than the one with the
progressive phase. In this case, analogously to the CPW Patch array, it has been decided to use a
1-bit 180° phase-shifter. Of all possible phases combinations, [0° 0° 180° 180°] and [180° 180° 0°
0°] generate a radiation pattern pointing to £15°, as seen in Fig. 5.16. In this case, the array is

capable to point to or have a radiation null at 8 = 0°.

—p=0° 0° 0° 0]
o |--p=[0° 0° -180° -180°]

—p=[0° 0° 0° 0°]
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(a) Quartz substrate (b) BCB substrate

Figure 5.16: Radiation Pattern of a 4-elements 4-Qdime antenna linear array with discrete phases

5.4 Summary and Comparison

In this chapter, beamsteering using discrete phase-shifters has been presented. Different 4 x 1 arrays
with polarization-reconfigurable base-elements have been designed to operate at Ka- and V-band.
Table 5.2 summarizes the main parameters of each antenna.

The first array type design has used the CPW Patch with an element distance of 0.45\¢ and
a uniform amplitude distribution. The gain when no phase shifting is applied is 9.4dBi for the
antenna operating at Ka-band and 10.3dBi for the antenna operating at V-band. Both designs have
a Sidelobe Level better than 14.5dB. It has been computed that for the given element distance, a
progressive phases of -42°, -81° and -115° make the antenna point to a tilt angle of 15°, 30° and 45°
respectively. In this case, the pointing limitations are given by the base element radiation pattern,

and concretely the HPBW. For the prototype under study, the discrete phase-shifter complexity
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Parameter Tilt Angle Ka-band V-band
CPWP | CPWP Quartz 4-Qdime BCB4-Qdime
Number of Elements 4 4 4 4
delem 0.45)9 | 0.45X Ao Ao
Gain (dBi) 9.4 10.3 13.8 15.6
SLL (dB) 15 14.5 10 15
HPBW 30° 30° 12° 12°
15° -42° -42° -93° -93°
Progressive Phase 30° -81° -81° -180° -180°
45° -115° -115° -254° -254°
1-bit Phase-shifter -90 -90 180 180
Grating Lobes No No Yes Yes

Table 5.2: Polarization- and Pointing- Reconfigurable Array Antenna summary

has been reduced by using a 1-bit phase-shifter with 90° phase-shift, and thus being able to point
only to 8§ = £15°. Considering all possible combinations, only two different states have been
—90° —90°] and [—90° — 90° 0° 0°].

This two valid states allow the design to use only two phase-shifters, one for each pair of elements.

proofed to have the desired pointing capability, [0° 0°

A polarization- and pointing- reconfigurable prototype operating at Ka-band has been designed
with a feed network characterized for having a CoPlanar Waveguide symmetrical-configuration
parallel-topology. A prototype with HW switches has been presented. It shows a -10dB return
loss frequency bandwidth of 18% for both polarization configurations (LP and CP) and a pointing
angle of £15° when one of the phase-shifters is activated. When polarized in CP, the antenna array
presents a 3dB axial ratio frequency bandwidth of 3% and beamwidth of 12°.

The second array studied consisted of four 4-Qdime elements separated Ay and fed uniformly.
The elements distance is being constrained for each elements feed network. A distance between
elements of )y is translated into the appearance of grating lobes into the radiation pattern. The
4-Qdime array radiation pattern has been computed for the V-band antenna with quartz and BCB
substrates. Both antennas have a gain higher than 13dBi with a SLL better than 10dB and a
HPBW of 12°. Due to the elements distance, the progressive phases that points the main beam
through the pointing angle 15°, 30° and 45° are -93°, -180° and -254° respectively. In this case,
the grating lobes have a great effect and for example when it is desired to point at 45°, a grating
lobe with higher gain appears at -15°. 1-bit phase-shifter of 180°, has been used to reduced the
discrete phase-shifter complexity. It has resulted that when the phase-shifter is not activated, the
radiation pattern points to 6 = 0°, having a null in § = £15°. In the case that the phase-shifter is

activated, the radiation pattern points simultaneously to £15° having a null in § = 0°.
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Chapter 6

Antenna Microfabrication Process

Once the different base elements and antenna arrays have been designed, next step is the prototype
manufacturing. Previously to the fabrication process itself, an analysis of the dimensional and
tolerances requirements has to be done to ensure a certain pattern quality (gain, HPBW, beam
pointing, SLL and axial ratio). In this chapter, an study of fabrication tolerances for generic antenna
arrays is presented and then applied to the CPW Patch array and 4-Qdime array prototypes. Once
the fabrication tolerances have been set, the appropriate fabrication process has to be chosen. This
chapter includes a summary of the different microfabrication techniques required to fabricate the

presented antennas.

6.1 Analysis of Tolerances

The accomplishment of the antenna specifications in terms of directivity, beamwidth, sidelobe levels
and axial ratio not only depends on the design itself but also depends on the technology fabrication

tolerances. Focusing in an antenna array, the errors may be of two types:

e Systematic or correlated errors. This type of errors are usually related to the array element

position and orientation, and can be easily replaced by compensation.

e Random errors. This type of errors are related to radiating element excitation phase and

amplitude, and are subjected to statistical manipulation.

In this section, the amplitude and phase errors feeding each base element of an array (Fig. 6.1)
are being studied to see how they affect the antenna characteristics such as: gain, Half-Power
Beamwidth, Sidelobe Level, and beam pointing. It also has been studied the amplitude and phase
errors of the two radiated modes which generate circular polarization. It is assumed that all
correlated errors are being removed and that the remained errors are random, assuming to be

normally distributed (Gaussian) with a zero mean and variance of o2 [58].

81
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Figure 6.1: Ngrrqy elements antenna array

6.1.1 Gain Loss

In order to analyze the gain variation of an array with errors in the elements excitation amplitude
and phase, an isotropic radiation element will be considered and therefore the array radiation
intensity will be equal to the square of the Array Factor (AF). In a broadside linear array, the final

directivity may be computed as:

|AFmax|2 2|A-Fmaac|2

D =47T - e .
T TIAF ()P sin6ddds  J |AF (9) sin0d

(6.1)

An analytic method to compute the gain variation due to amplitude and phase errors is [59,60]:

G 1 1
— = = 6.2
Gy 140 1—#(7{?—1—035 (6.2)

where o5 is the amplitude standard deviation and oy is the phase standard deviation in radians.
This expression assumes that arrays are large enough to apply the central limit theorem, which
implies Ny > 10. Fig. 6.2 illustrates the analytical array gain loss as function of the amplitude

and phase standard deviations.

Amplitude Standard Deviation o {dB)

Phase%landa!d Deviation o, {dl}grees]

Figure 6.2: Theoretical Gain Loss against amplitude (o5) and phase errors (o4) in an array
(Narray > 10)

To analyze the gain variation in arrays with a number of elements lower 10 and to validate the

analytical model when the central limit theorem is applied, an statistical analysis has been done
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using different Ng, (2, 4, 8 and 16), with a Monte Carlo method. The process relies on computing
the gain loss with a high number of random errors. For each possible amplitude and phase errors,

the analysis has been:

e Fix amplitude and phase standard variation (o5 and oy).

e Compute N,,,=20000 times the gain variation by adding a random noise in the amplitude and

phase.

e Compute the average gain loss for each error case.

Fig. 6.3 shows the average gain loss against amplitude- (05) and phase-errors (o4) in four
different array cases. The average gain variation seems to be independent of the array elements
number, when it is larger than 10, and results similar to the obtained with the analytical method.
In the case where the elements number is below 10, the theoretical model is not valid and differences

can be observed, especially when Ng,..=2 and N,..=4.
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Figure 6.3: Average Gain Loss against amplitude (o5) and phase (o) errors for different array
elements number

6.1.2 Half-Power Beamwidth (HPBW) Error

In a broadside antenna array, the HPBW (Af#_345) is proportional to the inverse of the electrical

length, being analytically computed as:
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N
Narrdelem
Using the Monte Carlo method, variations on the HPBW have been studied for 2, 4, 8 and

Ae—?)dB ~ 0.88 (63)

16 array elements with an elements distance (dejerm) of Ao/2. It can be observed from the HPBW
analytical method that increasing the array number of elements is translated into a narrower
beamwidth. Then, the beam absolute variation due to errors is reduced. Fig. 6.4 illustrates the
HPBW standard variation normalized for each array, presented as percentage. For a short number
of elements, it can be seen a large influence of the amplitude errors. By the other hand, it can be
seen how when the beamwidth is reduced (large number of elements), the HPBW variation tends
to be smaller. Like happened with the beam pointing error, in large arrays, the HPBW variation is
reduced due to the lower weight of each elements amplitude and phase when computing the total
beamwidth. This is translated into a lower influence of each elements feed errors. It can be seen
how in the 2 elements array the maximum beamwidth standard variation is 30% while in the 16
elements array the maximum variation is only up to 8% with the same amplitude and phase errors.
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Figure 6.4: Percentage HPBW standard variation normalized to Af_sg4p for different array dimen-
sions

6.1.3 Beam Pointing Error

Considering a linear array fed with a uniform amplitude distribution and constant phase, and with

a number of elements large enough to apply the central limit theorem, the variance of the beam
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pointing deviation may be analytically computed as [61]:

ZNar7 a2 n 2
2 n=1 N\ dejem 2 12
= Og = N3

2
¢ zNarr a n arr
n=1 "1 \ d

elem

oh=o0 o (6.4)

Fig. 6.5(a) illustrates the analytic beam pointing standard deviation for those cases when the
elements number is 2, 4, 8 and 16. In this study, the distance between elements (dge;,) has been
considered to be A\g/2. Fig. 6.5(b) illustrates the beam pointing standard deviation computed using
a Monte Carlo method (N,,=20000). In the analytical analysis it is not observed any influence from
the amplitude standard variation, being then represented only the variation as a function of phase
errors. The analytical error analysis is precise for all the cases when the phase standard variation
is low. If the phase error increases, the concordance between the analytic- and statistical-methods
remains good for those arrays with a large number of elements but is reduced for a short Ng,.
Looking at the phase arrays theory, the pointing direction can be computed as the average slope
resulting from all phases. Then, it seems logical that when the number of elements is large, the
effect of a single element phase error is lower than the effect when the number of elements is short,
as happens in the analysis. It also should be considered the fact that an array with large number
of elements has a narrower beamwidth than an array with shorter number, being pointing errors

more critical .
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Figure 6.5: Array Beam Pointing standard deviation

6.1.4 Peak Sidelobes Error

In a uniform distributed linear array antenna, the Sidelobe Level (SLL) is computed as:

SLL = Ny

) 3
sin <2Narr> = NSEI&) = 13.2dB (6.5)

being 13.2dB when the number of elements tends to infinity.
An statistical analysis of the SLL has been done for arrays with 4, 8 and 16 elements. The 2

elements array is characterized for not having Sidelobes. Fig. 6.6 shows the average SLL error in
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dB calculated using Monte Carlo method. It can be seen a strong influence of the phase error. The

error is reduced when the number of elements increases.
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Figure 6.6: Average SLL error for different array dimensions

6.1.5 Axial Ratio Error

The axial ratio (AR) is computed as the ratio between the two principal axes of the polarization

ellipse generated by the radiated field two orthogonal linear components. In optimum circular

polarization case defined by an AR = 0dB, the amplitude of the two components have to be the

same (Ey9 = E,) and the two components must have a time-phase difference of odd multiples

of 90° (A¢ = ¢E,, — ¢E,, = 90°). The appearance of errors in the modes amplitude and phase

degrades the quality of the circular polarization
The Axial Ratio is computed as:

0OA

AR =55

where

1< AR <

(6.6)

OA = [M{E2 + E2y + [EYy + Bl + 2E2 E2) cos 20¢,01]7 )7

1 1
OB = [3{E%, + E}y — [Ego + Ejo + 2E2, Ezy cos 28¢p0)2 ]2

Appor = PE,0 — PE,,
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The amplitude and phase errors of the orthogonal fields E, and E, affect the final AR. An
statistical study has been done using a Monte Carlo Method with N,,, = 20000 samples. Fig. 6.7(a)
shows the AR standard variation (c4r) as a function of the amplitude and phase standard varia-
tions. Fig. 6.7(b) illustrates the probability to have circular polarization (AR < 3dB) depending

the errors variation.

¢

Ampiilude Standard Deviation (o)

5 25

F"huasa Standard Deviation &E}

fhse Standard Deviation [2525

(a) AR standard variation (b) Probability to have an AR < 3dB

Figure 6.7: Axial Ratio statistical study as a function of the radiated fields amplitude and phase
standard variation

Fig. 6.8 shows the probability to have circular polarization when there is only amplitude errors
and only phase errors. It is seen that in order to have an Axial Ratio lower than 3dB in the 99%
cases, the maximum amplitude standard deviation allowed is 0.8 dB while the maximum phase
standard deviation is 6 degrees. This values reflect the high sensitivity when trying to create a

circularly polarized wave.
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Figure 6.8: Probability to have Circular Polarization when only one error is present (o5 or og)

6.1.6 Prototypes Fabrication Tolerances

The different CPW Patch prototypes presented in this thesis, have been tested statistically with
different fabrication tolerances in order to set the most appropriate manufacturing process. Fig. 6.9
illustrates the antenna array operating at Ka-band with RF-MEMS. This array feed network is
the same than the used with the Hard-Wire (HW) antennas at the same frequency band. The feed
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network used in the V-band applications has the same structure but being scaled to the antenna

resonant frequency.

Figure 6.9: 4 x 1 CPW Patch Antenna Array

A previous step before analyzing the different fabrication antenna tolerances is to analyze the
absolute dimensions of the antenna. Because the coplanar nature of this antenna, the tolerances

will be divided in two groups:

e CPW strip: which references to the capability to leave metallic material on the substrate,

used for example in the transmission line strip.

e CPW gap: which references to the capability to remove metallic material on the substrate,

used for example in the transmission line gaps or in the patch surrounding slot

Checking the different designs, can be seen the existence of fabrication tolerances limitations
given by the lowest dimensions in the prototype. These limitations will be divided between the
feed network and the base element, knowing that the final decision will have to consider both of
them. Table 6.1 summarizes the minimum dimensions required for both designs. It can be clearly
observed that the use of CoPlanar Waveguide have a strong dimensional limitations. A laser or
photoplotter fabrication precision of 25um could be acceptable to fabricate the transmission line

strip at Ka-band but not for the gap.

Feed Element
Strip  Gap  Strip Gap

Ka-band 50pum 10pum  50pum  300um
V-band 15um  bum  10pm  dum

Table 6.1: CPW Patch Antenna minimum dimensions required

Base element: The tolerances study realized with the single element have been regarding the

antenna axial ratio. An error has been added to the different parameters of the antenna and the
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AR at the center frequency has been computed in 500 iterations for each error magnitude studied.
Because the unknown statistical distribution type of the errors, these have been considered to be
rectangular with zero mean and the studied tolerances. The analysis have been done using the

finite element method Ansoft HFSS simulator.
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Figure 6.10: Ka-band CPW Patch antenna fabrication tolerances to have CP

Fig.6.10 shows the probability that the axial ratio remains lower than 3dB for the different
fabrication tolerances in the Ka-band design. It can be seen that to have a probability higher than
99%, the fabrication tolerances in the Ka-band design are 10um. The fabrication tolerances of the

V-band design are given by the design dimensions.

Array antenna: Concerning the tolerances in the feed networks, the standard deviation of each
port amplitude and phases have been studied. Because the dimensional limitations, the study has
been realized independently between the strip errors and the gap errors. The analysis has been
done with the Monte Carlo method (N,, = 10000 iterations) at the center frequency in the Agilent
ADS Simulator. Fig. 6.11 illustrates the amplitude standard deviation computed for the different
fabrication tolerances at Ka- and V-band. Fig. 6.12 shows the phase standard deviation or the
same fabrication tolerances.
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Figure 6.11: Amplitude standard deviation for the CPW Patch feed network

In that cases, the fabrication tolerances chosen may differ depending the amplitude and phase

standard deviations allowed in the design, which are fixed by the antenna requirements and the
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tolerances study previously presented. As an example, in a 4 elements array were the desired gain
loss should not be higher than 0.25 dB, the maximum amplitude standard deviation should be 2.5
dB which at Ka-band would be translated into a fabrication tolerances lower than 10um and at
V-band lower than 3um. In the case of the phase standard deviation, the accepted value would be
15 degrees which would be a similar fabrication tolerances values than for the amplitude case. This

results lead to use high precision fabrication processes, being microfabrication a good candidate.
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Figure 6.12: Phase standard deviation for the CPW Patch feed network

6.2 Fabrication Techniques

The objective of the microfabrication process is to manufacture a device with a fabrication resolution
between 1 and 2 pm [62]. The manufacturing depends on three types of processes: addition of
material (deposition), removal of material (etching) and modification of material. Defined areas
of the substrate must be protected from or exposed to these processes. These areas make up the
pattern, resulting into the so-called patterned substrate. The process to define these areas is called
lithography. Many fabrication tools and techniques can be used, and they are chosen depending
on the materials used and on the complete fabrication plan. The use of a certain technique in a

multilayer fabrication process could affect negatively to a finished layer.
In this section, a brief introduction to the different microfabrication processes used in this thesis

are presented.

6.2.1 Material Deposition

The material deposition is called to the act of applying a thin film to a substrate. The thin film
concept may be relative, but in general is referred to a magnitude order of few micrometers, while
the term very thin film stays for a magnitude order of hundreds of Angstrom. The deposition
techniques may be classified in chemical or physical . In this thesis, the deposition techniques (Fig.

6.13) are only physical, being used under vacuum environment:
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(a) Thermal/ E-gun Evaporation System (SC4500) (b) Sputter deposition (CVC 601)

(c) Spinning Hood (d) Electroplating Hood

Figure 6.13: Material Deposition Techniques

Thermal Evaporation: uses an electric resistance to melt the material placed into a ceramic
evaporator known as "boat”. The obtained vapor travels directly to the target (substrate) where

it is condensed back to a solid state (Fig. 6.13(a)).

E-beam Evaporation: has the same evaporation principle than the thermal evaporation process
but the material is supplied into crucibles (refractory container) and is heated by an electro gun
source (Fig. 6.13(a)).

Sputter: is a deposition method that bombards ion or atoms to the material source resulting in
sputtered atoms. These sputtered atoms move away from the source in straight line and impact
energetically onto the substrate. The sputtering gas is often an inert gas such as Argon (Ar). The
amount of different parameters that control the sputter deposition make this process very complex
(Fig. 6.13(b)).

Spinning: is the deposition method for viscous materials such as resists, polymethyl methacrylate
(PMMA), Benzocyclobuten polymer (BCB) or other organic dielectrics. The process consist of
leaving the substrate on a spinner. A certain quantity of material is placed on the substrate

and the spinner is activated. Material parameters such as viscosity or solvent evaporation rate,



92 Fabrication Techniques

or process parameters such as spin acceleration, spin speed or spinning time will affect to the
uniformity and thickness of the deposited material. It is common to do a soft bake which is used

to drive the solvent from the material (Fig. 6.13(c)).

Electroplating: is a process in which metal ions in a solution are moved by an electric field to
coat a conductive object with a thin layer. In this thesis, electroplating has been used to build up
thickness of desired gold areas of the wafer. The amount of electrical current used indicates the
amount of metal deposited in the substrate. Because the electrodes are normally connected at the
edges of the wafer, this process shows some thickness non-uniformity between the center and the

border (Fig. 6.13(d)).

6.2.2 Lithography

The lithography process consist of defining the pattern where the manufacturing processes will be
applied. This pattern definition takes place in a thin layer of polymeric material (resist) that is
coated on the substrate. The resist is modified so it remains in some areas and is removed in others

by a two-step process:

Exposure: consists into ’illuminate’ the resist with an incident radiation or particles such as
light, x-ray, electrons or ions. The exposure causes physical or chemical change in the resist.
The method of exposure may differ from direct write or masked exposure. Direct write consist of
focusing electrons or ions into a small diameter spot which is scanned directly onto the resist (serial
exposure process). The masked exposure (Fig. 6.15(a)) consist of image light or x-rays onto the
resist through a patterned mask (parallel exposure process). The microfabricated devices presented
in this thesis have been using masked exposure with the EV620 (Fig. 6.14(b)), that provides a

fabrication tolerances of 1um.
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Figure 6.14: Masked Exposure Process

Development: consists into applying a base or solvent onto the exposed resist to remove the

undesired area (Fig. 6.15(a)). The developing process can be done manually or automatically with
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the use of the Hamatech-Steag Wafer Processor (Fig. 6.15(b)). In general, there are two types of

resists:
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Figure 6.15: Development Process

e Positive: the exposed areas become more soluble in the developer, thus they are removed by

development.

e Negative: exposed areas become less soluble in the developer, thus they remain after devel-

opment.

6.2.3 Etching

The etching process consist of the material removal process. By lithography, parts of the wafer are
protected from the etching by a resistive material, living unprotected areas which will be etched.
When the etching process is done, the remaining resist has to be removed. The etching can be

divided in two main groups:

Wet-Etching: consist of the use of liquid ("wet”) etchants. The wafer is immersed in a bath
of etchant, which is selected depending the material that is going to be removed. In this thesis,
gold (Au) etchant, Chrome (Cr) etchant and hydrofluoric acid (HF) to remove Ti have been used.
Fig. 6.16 illustrates a gold etching process in a quartz wafer. Can be seen how the gold is etched

selectively living parts of the wafer with gold and parts without.

Dry-Etching: consists into use plasma ("dry”) as etchant. The plasma is produced from a
process gas using a high frequency electric field. The source gas for the plasma usually contains
small molecules rich in chlorine or fluorine. A plasma containing oxygen is used for stripping
of photoresist and other organics. This process requires a vacuum environment with a pressure
between 0.1 and 5 Torr. In this thesis, two different dry-etching tools have been used (Fig. 6.17):
Fluorine based gas (Oxford 81) and Oxygen (Glen 1000).
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(a) Initial instant (b) Final instant

Figure 6.16: Gold Etching example in a quartz wafer

6.2.4 Auxiliar Microfabrication Processes

Besides the main fabrication processes, there are other fabrication tools that are useful in some

cases:

Dicing Saw : is a tool capable of dicing silicon and all types of glasses (Fig. 6.18(a)). It is
characterized to handle 6 inch substrates with a thickness of up to 1.25 mm. It is very useful
for those devices that need to be separated from the others in the wafer, such as the devices

manufactured under this thesis topics.

Critical Point Dryer: is a tool typically used after the release of Radio-Frequency Microelec-
tromechanical Systems (RF-MEMS) devices in order to prevent alterations in the device structure
(Fig. 6.18(b)). The critical point drying is a gentler method to dry the device without causing
any damage. It consist of increasing the pressure and temperature of the substrate till the critical
point is passed. Then, the density of the liquid and the density of the gas are the same and the

surface tension of the liquid at the point at which it changes from liquid to gas it is eliminated.

Wire Bonder: The wire bonder is used to inter-connect at micron scale pads or metal areas.
A wedge-wedge ultrasonic type wire bonder has been used with 1.25 mil aluminum wire to inter-
connect the parallel ground planes in CPW transmission lines in order to assure the same potential

at each side of the line.
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(a) Oxford 81 (b) Glen 1000

Figure 6.17: Dry-etching tools

(a) Dicing Saw (b) Critical Point Dryer

Figure 6.18: Auxiliar tools
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6.2.5 Mask Generation

The lithography in masked exposure technique requires the fabrication of the mask where the pat-
tern will be printed. In multilayer devices, a mask for each layer has to be drawn and manufactured.
The mask may be drawn in any CAD program, using in this thesis L-Edit from Tanner EDA.

The use of a single layer in microfabrication is not usual, being more general the fabrication of
multilayer devices. The fabrication of a single layer mask is considered as a particular case of the
multilayer.

The mask consists of a glass substrate coated with a film with the pattern, which normally is
formed with Chromium (Cr). The resolution of the masks maker is around 1pm. The substrate
choice has to take into consideration the thermal expansion of the glass and its transmission at the
exposure wavelength. The types of glass more used are Soda-lime, Borosilicate and Quartz. The
worst case is soda-lime which gives a 1.2um error across a 5 inch mask for every 1°C' variation in

temperature but is enough for many applications and the cost is much more lower than the others.



Chapter 7

Experimental Prototypes and results

This chapter is focused on the different designed prototypes microfabrication process and mea-
surements. The polarization reconfigurable CPW patch antenna has been manufactured in single
element version and in array version for both RF-MEMS switches integrated and HW designs. The
antennas microfabrication has been done together with the Department of Electrical and Computer
Engineering (ECE) from Utah State University (USU) at the Cornell NanoScale Science & Technol-
ogy Facility (CNF) from the Cornell University. From the experience obtained in this fabrication
process, the main ideas in the 4-Qdime antennas manufacturing processes are presented.

This chapter also includes the manufactured prototypes measurement results. The individual
RF-MEMS switches have been RF characterized up to 50GHz. Then, the HW CPW Patch antenna

at Ka-band and at V-band have been measured using different measurement set-ups.

7.1 Prototypes Fabrication

7.1.1 HW CPW Patch antenna

The Ka- and V- band HW prototype fabrication process consists of a single layer process, having
no more difficulty than the one of the fabrication processes themselves. Fig. 7.1 show the mask
used to fabricate the HW antennas at CNF. It can be seen four different single elements and four
arrays operating at Ka-band, and six groups of four different configured antennas at V-band. Both
antennas have been printed on the same 500um thick quartz wafer. The fabrication process can

be summarized in the following steps:

e Deposition of the seed layer, a very thin gold layer (3000A)

Design pattern with lithography.

Electroplating process to grow up the seed layer to a final thickness of 4um.

Gold wet-etching to remove the undesired metallization.

Wafer dicing to release the different HW antennas

97
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Fig. 7.2 illustrates as an example, two microscope images corresponding to the HW CPW Patch

antennas designed to operate at V-band.

UPC_LSU_HH_AMTERSA5_Y1

Figure 7.1: Single layer mask set for a 5 inches wafer

| () LP

Figure 7.2: V-band HW CPW Patch microscope images

7.1.2 RF-MEMS-Integrated CPW Patch Antenna

The RF-MEMS-Integrated CPW Patch Antenna fabrication process requires a set of 6 masks and

more than 170 fabrication steps. This section summarizes them.
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7.1.2.1 Mask Generation

The mask set designed to fabricate the antennas is presented in Fig. 7.3. Together with the CPW
Patch antennas, it can be seen other switches-integrated antennas and some groups of RF-MEMS
switches to be tested separately. All of them have been fabricated together in the same wafer to
optimize space and costs. The final design is in a limited area confined by the wafer dimensions. A
margin should be left free of elements because they could be damaged while manipulating during
the microfabrication processes. Another think to have into consideration is the dicing process.
The dicing lines should follow a pattern if it is possible to make it easy, and in the case that no
pattern is possible, the number of times the wafer has to be taken off from the dicing tool should

be minimized.
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Figure 7.3: 6-Layers mask set for a 5 inches wafer

Fig. 7.4 shows in more detail four of the six masks used for the polarization reconfigurable CPW
Patch antenna fabrication process. The high resistivity layer , thin film metal layer and thick film
metal layer masks are printed in positive to be used with positive photo-resist, while the sacrificial
layer mask is printed in negative to be used with negative photo-resist. The different fabrication

processes are presented later in this thesis.

To draw the mask set, some extra devices have been added, that will help during the fabrication

process:
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(c) Sacrificial Layer (d) Thick Film Metal Layer

Figure 7.4: RF-MEMS switches integrated polarization reconfigurable CPW Patch antenna fabri-
cation masks details

Align marks: are used to accomplish a good alignment between layers. The marks have to be
clearly visible to the next layer fabrication step. The marks are placed in different zones of the
wafer and if it is possible symmetrically to facilitate the alignment in the contact aligner. Fig. 7.5
shows the 6 layer mask set alignment marks used. It can be seen how each layer has two align

marks, one to align with the lower layer and one with the higher layer.
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Figure 7.5: Align marks

Lithography Marks: are used to control the quality of the lithography process (exposure and
development) together with a control of the wet-etching. The lithography marks used in this thesis
(Fig. 7.6) consist of different width lines placed in rectangular shape and separated with different
distance. These marks are checked in the microscope and it can be clearly seen if for example there

is an over-exposition or two long wet-etching.
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Figure 7.6: Lithography marks

Thickness Monitor: is used to monitor each layer thickness. With the use of a profilometer, the
surface characteristics at micron scale can be measured. The thickness monitor (Fig. 7.7) consist
of creating steps between layers so the thickness may be measured. It is recommended to place

some monitors along the wafer for those deposition processes that are not so uniform.

(a) Mask layout (b) P10 Profilometer

Figure 7.7: Thickness monitor

MEMS Structural Tests : may be used when devices with RF-MEMS are fabricated. The
cantilever-beam in Fig. 7.8(a) is a test to measure the residual stress gradient at cantilevers with
different length [63]. The bent-beam shown in Fig. 7.8(b) is a test used to evaluate the residual
strain of the switch [64].

(a) Cantilever Beam Monitor (b) Bent Beam Monitor

Figure 7.8: MEMS structural tests
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7.1.2.2 Antenna Fabrication Process

The Ka-band RF-MEMS-integrated polarization- and pointing-reconfigurable CPW Patch antenna
presented in the previous chapters (Fig. 7.9) have been fabricated in the same wafer, thus follow-
ing the switches microfabrication process. Each RF-MEMS switches manufacturer has its own

fabrication process as presented in [16] that may differ a little bit one from an other.

(a): Single Element Antenna (b): Array Antenna

Figure 7.9: RF-MEMS integrated CPW Patch antennas manufactured

Because the antenna and the feed network are placed in the same layer they don’t have much
fabrication difficulty more than the one related to the fabrication tolerances at Ka-band frequencies.

Three fabrication critical points are:

¢ RF-MEMS switch fabrication. It is the most complex process of this antenna. The RF-
MEMS switches fabrication require a 6-layers process and a final Critical Point dryer process.

The fabrication yield is low and it is under developing to be improved.

e RF-MEMS activation bias lines. In order to activate or deactivate the RF-MEMS
switches, a high resistance lines have to be placed from outside the antenna to the switches.
Because the antenna architecture, this lines have to cross through the ground plane. For that
reason, a set of tunnels have been built to contain the bias lines avoiding short-circuit with

the ground plane.

e CPW lines air-bridges. The necessity to have equal potential at each side of a CPW
ground planes to avoid the excitation of odd-modes, has been translated into the necessity to
connect both sides with an air-bridge. This air-bridge can be done by air-bonding or it can

be fabricated in the microfabrication process like has been done in this design

A 500um thickness quartz wafer has been used as a substrate. The antenna fabrication consists

of more than 170 steps, that can be summarized as:

High Resistivity Layer The high resistive lines required to feed the switches bias pad has been
done with TaN deposited under sputtering process. The resistance desired is between 2k—10k€2/sqr.
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The RF-MEMS switch also requires some high resistance areas such as the square stoppers used to
avoid DC short-circuit between the switch cantilever and the bias pad. Fig. 7.10 shows an example
of the high resistivity layer for one of the MEMS and its bias lines. Other high resistivity lines are
connecting equal DC voltage parts in order to avoid charges that can damage the switches when

turned ON. Dry-etching with CF4 is used to remove the non-patterned parts.

Figure 7.10: RF-MEMS high resistivity layer

Thin Film metallization layer A very thin film (BOOOA) of gold is being patterned. The gold is
deposited by evaporation together with an initial chromium layer (160A) which is used to give more
additivity between the quartz glass and the gold. Fig. 7.11(a) illustrates the switches activation
pad. It can be seen how the pad is DC isolated from the high resistivity stoppers that are a little
thicker. In Fig. 7.11(b) it is presented how the high resistive lines are isolated from the ground
plane. Finally, Fig. 7.11(c) shows the bases of what will be the air-bridge used to connect both
CPW ground planes. The removal process is done with wet-etching, being first etched the gold and

then the chromium with the respective etchants.

Y e

(a) RE-MEMS (b) Bias lines tunnel (c) Air-bridge

Figure 7.11: Very thin film metallization layer

Sacrificial Layer The sacrificial layer represents all the volume that will have air in a middle
layer, like the zone under the switch cantilever (Fig. 7.12(a)), the resistive lines tunnels (Fig.
7.12(b)), under the air-bridge (Fig. 7.12(c)). The sacrificial layer consist of PMMA and has been
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deposited by spinning in two steps to achieve the desired thickness of 1um. Because PMMA organic
nature, it can not follow a normal lithography process because it would be effected by the resist
developer. Then, a very thin film (530A) of titanium (Ti) is being evaporated onto the PMMA and
patterned with the lithography process. The undesired titanium areas are removed by wet-etching
with Hydrofluoric Acid (HF) and the undesired PMMA is removed by dry-etching with oxygen.
Once the PMMA has been removed, the remain titanium is stripped with HF again, leaving the
device aerial zones full of PMMA as illustrated in Fig. 7.12. The final patterned sacrificial layer

will be removed at the end of the fabrication process.

(a) RF-MEMS (b) Bias lines tunnel (c) Air-bridge

Figure 7.12: Sacrificial layer

RF-MEMS dimples Inthe RF-MEMS switch design, a couple of dimples hang from the bottom
of the cantilever. These dimples are responsible to contact the cantilever and the contact pad. The
dimples are fabricated creating small holes in the sacrificial layer without breaking through the

whole layer. At the next fabrication step, the holes will be filed of gold (Fig. 7.13).

Figure 7.13: RF-MEMS dimples

Thick Metallization Once all the aerial zones have been defined and filled with PMMA, it is
required to create the top metal parts. Initially there is a very thin film (QOOOA) of gold deposited
by evaporation which is called the seed layer followed by a pattern of the top metal part. Then,

the seed layer is grown up to a thickness between 4 — 5um, with an electroplating process using a
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gold solution. Fig. 7.14 illustrates the antenna details with the top layer on. It can be seen how
the RF-MEMS switch cantilever is created, how the tunnels have been closed on top and how the

air-bridge has been connected.

(a) RF-MEMS (b) Bias lines tunnel (c) Air-bridge

Figure 7.14: Thick metallization

RF-MEMS releasing The last step of the fabrication process is the switches releasing or what
is the same, to remove the sacrificial material. This part of the process is the more delicate because
the switches are very fragile. In cases where the wafer will be diced to separate different devices,
the dicing process should be done before the releasing because the RF-MEMS structure remains
stronger with the sacrificial layer and would not be affected by the dicing tool vibrations that
could break the moving parts of the switch. Once the different antennas have been separated,
the releasing process is done by wet-etching removing completely the PMMA. While the devices
are in the removal liquid, there are no risks, and the possible structural damage that could cause
the drying process is solved by using the critical point dryer tool. Fig. 7.15 show some pics of
the antenna taken with the Scanning Electron Microscope (SEM) at CNF. In Fig. 7.15(a) it is
seen the final RFE-MEMS switch used for the antenna polarization reconfiguration. Fig. 7.15(b)
shows the phase-shifter made with three switches and their air-bridges connecting every side of
the ground plane. Fig. 7.15(c) represents the air-bridges used in the CPW. Fig. 7.15(d) shows
the feed-network power-divider with the required air-bridges. In Fig. 7.15(e) it can be seen a high
resistivity line crossing the ground plane through a tunnel. Finally, Fig. 7.15(f) shows the complete
CPW Patch antenna at Ka-band.
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(e) High resistivity line (f) CPW Patch antenna at Ka-band

Figure 7.15: Scanning Electron Microscope (SEM) pics of the microfabricated CPW Patch
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7.1.3 4-Qdime Antenna

Two different designs of the 4-Qdime antenna have been presented in this thesis, one using quartz as
substrate and the other Benzocyclobuten polymer (BCB). Both designs have similar feed network,
consisting of gold microstrip lines printed on BCB. The main 4-Qdime microfabrication processes

are presented for the two proposed designs:

Quartz-substrate 4-Qdime The quartz-substrate 4-Qdime antenna has its more difficult fab-
rication step in creating the bias lines and the ground connections that pass through the glass
substrate. This process requires an extra dicing tool which is not commonly found in all the mi-
crofabrication facilities. The other fabrication processes are similar to the ones used to fabricate

the CPW patch antenna.

(c) (d)

Figure 7.16: Quartz-substrate 4-Qdime microfabrication process

To fabricate the antenna, the two quartz substrates can be processed in parallel independently
and then being stacked together at the end. The fabrication process can be summarized in the

following steps:
e Quartz bias-holes and through-glass apertures realization (Fig. 7.16(a))
e Metallization of the bias-holes and ground connections (Fig. 7.16(b)).

e Gold deposition. A very thin seed layer of gold and chromium is evaporated on the top of

substrate. The metal is patterned by lithography and then the seed layer is grown up to a
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metallization thickness between 4 — 5um by the electroplating process. Finally the undesired

gold is removed by wet-etching (Fig. 7.16(c)).

e Alignment and union of the two patterned quartz substrates (Fig. 7.16(d)).

Once the radiating part of the antenna is fabricated, it has to be turned upside-down to fabri-
cate the feed network. The difficulty to fabricate this part of the antenna relays in the RF-MEMS
switches fabrication process. As an initial proof of concept design, a HW design can be microfab-

ricated as shown in Fig. 7.17. The process consist of three steps:

e BCB deposition by spinning. A maximum of 30um thickness can be deposited. Because its
organic nature, after the deposition it is required to bake the substrate in order to extract

the solvent from the material.

e Gold deposition, consisting of evaporate a very thin seed layer and grow it up by electroplating.

After a lithography process, the undesired gold is removed by wet-etching.

e Because the absence of Radio-Frequency Microelectromechanical Systems, the final process

of this antenna consist only into dicing the different devices.

Figure 7.17: 4-Qdime dielectric feed network

BCB-substrate 4-Qdime The BCB-substrate 4-Qdime microfabrication process difficulty re-
lays into obtaining a uniformly distributed BCB layers. Fig. 7.18 shows the measured uniformity
of 1pum thick organic material deposition on Silica (Si) using spinning, where a 1.5% uniformity
can be observed.

This antenna fabrication process uses the quartz top layer as the fabrication base layer, being

built from top to bottom. The fabrication process can be summarized as:

e On the quartz substrate, gold is deposited by evaporation and grown up by electroplating;

the antenna is patterned by lithography; and the undesired gold is removed by wet-etching.

e BCB 30um deposition by spinning in two steps. The existence of irregularities due to the

patterned gold may affect the deposition uniformity.
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Figure 7.18: Organic material deposition on Silica uniformity

Gold deposition and antenna low layer pattern on the BCB substrate

BCB 30um deposition by spinning.

Ground plane gold deposition and patterned.

Feed network BCB 30um deposition by spinning in two steps.

Gold deposition and microstrip lines pattern.
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7.2 Measurement results

The different microfabricated RF-MEMS switches and antennas have been tested and measured in

DC and RF.

7.2.1 Radio-Frequency Microelectromechanical Systems (RF-MEMS) switches

The first microfabricated device measured has been the RF-MEMS switch. Two different switches
have been manufactured with different cantilever width: 30um and 60um. To characterize the
isolation level when turned off, different switches have been measured in the GSG-probe station
up to 50 GHz, and compared to the finite elements method Ansoft HFSS simulator results. In
Fig. 7.19 can be seen how the narrower cantilever switch has a higher isolation due to the reduced
capacitance area between the cantilever and the contact pad. The RF-MEMS switch with 30um
cantilever width has an isolation of 14dB at 30GHz and an estimated isolation of 7dB at 60 GHz.
The switch with 60um cantilever width has an isolation of 8dB at 30 GHz and an estimated isolation
of 2dB at 60GHz. The switch with the wider cantilever is the one that has been used in this thesis
designs at Ka-band. The measured isolation is higher than the simulated, which invites to think

into a good behavior when integrated to the antennas.
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Figure 7.19: RF-MEMS Isolation

The fabricated RF-MEMS have an activation voltage between 40-65V, tested in DC. This
voltage margin is due to the electroplating non-uniformity which differs the cantilever width. The
RF-MEMS switch has also been tested in time domain to see its mechanical behavior. Fig. 7.20
shows the switch response when applying an RF signal it is being activated. The activation time

is around 75us, which is quite slow for such type of switches.

7.2.2 HW CPW Patch Antenna

The microfabricated single-element HW CPW Patch antennas have been measured. The results

for the Ka- and V-band prototypes are:
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Figure 7.20: RF-MEMS switch time domain response

Ka-band Prototype The high path attenuation together with amplitude and phase errors make
very difficult to measure parameters such as Axial Ratio (AR) at MMW frequencies in the UPC
anechoic chamber where the distance between the Antenna Under Test (AUT) and the probe
antenna is higher than 800)g. This situation has lead to measure the fabricated single-element Ka-
band antennas in the Millimeter-wave (MMW) circuit set-up presented in Fig. 7.21(a), which only
allows the radiation measurement in the main beam direction. The distance between the antenna
and the probe has been reduced to 50\, which is still in far field. In order to be able to connect the
antenna with the Network Analyzer through a 50GHz coaxial connector from Southwest Microwave
Inc [65], a frame-holder have been built as shown in Fig. 7.21(b). The antenna is connected to

the frame by air-bonding, which reduces the measured impedance matching.

(a) Measurement Set-up (b) Antenna Frame-Holder

Figure 7.21: Ka-band measurements set-up

Using this measurement set-up, it has been possible to obtain the antenna reflection coefficient
and the axial ratio. The antenna measured frequency bandwidth related to -6dB is 11% when
configured in LP and 8% when configured in CP (Fig. 7.22(a)). Concerning the axial ratio
(Fig. 7.22(b)), a frequency bandwidth related to 3dB axial ratio of 3% is measured.

The HW antenna array with a 90° phase-shifter activated has been measured in the UPC
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Figure 7.22: HW CPW Patch Ka-band measurements

anechoic chamber as illustrated in Fig. 7.23.

Figure 7.23: Anechoic chamber measurements set-up

Fig.7.24(a) illustrates the measured reflection coefficient. The antenna with the frame-holder
presents a low matching with a -6dB return loss frequency bandwidth of 3%. Fig.7.24(b) presents
the measured and simulated radiation patterns. It can be seen a good concordance between the
simulated and measured diagrams, pointing both to § = 15°. Some discordance it is observed for
0 = 90° where the measurement should present a null. This error may come from the connector or
reflections with the chamber rotors. It is also observed that the ratio between the two main lobes
is higher than 1dB, which can be caused by differences between the simulated and real dielectric
permittivity or the substrate thickness. Besides these differences, can be said that the measurement

agrees with the expected radiation pattern.

V-band Prototype The V-band HW CPW Patch antennas prototypes have been measured
using the GSG-probe station as presented in Fig. 7.25.

The measured return loss for each configuration is presented in Fig. 7.26(a). It can be seen how
the frequency bandwidth relative to -10 dB return loss is around 15% with the LP configuration
and wider with the other configurations. To measure the axial ratio of the antennas configured in
circular polarization, an scattering technique has been used [66]. This technique consists on placing

a A/2 dipole in two orthogonal positions at a far field distance (> 2\). The two measured scattered
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Figure 7.24: HW array measurements

(a) GSG Probe (b) Microscope Image

Figure 7.25: V-band measurements set-up

fields give the necessary amplitude and phase information required to compute the antenna axial
ratio [34]. To reduce and extract the high number of reflections in the measurement set-up, absorber
materials and temporal gating have been used. The resulting axial ratio for the circular polarization
configurations is shown in Fig. 7.26(b), where it can be seen a 3dB axial ratio frequency bandwidth
of 13%.

7.2.3 Summary and Conclusions

This chapter has presented the CPW patch antennas microfabrication process followed to fabricate
the antenna in Hard-Wire (HW) configuration and with the integrated RF-MEMS switches, being
the first one a particular case of the second one. The fabrication process initial step lies into
the design and fabrication of the different lithography masks in L-Edit. Then, the fabrication
process has moved into the clean-room facility at CNF where the different material depositions
and patterns have been done. Finally, the different devices were diced from the wafer and the RF-
MEMS released. This chapter also summarizes the main steps required to fabricate the 4-Qdime

antenna designs, using quartz and BCB dielectric substrates.

The manufactured RF-MEMS switches and the CPW Patch antennas have been measured.
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Figure 7.26: HW CPW Patch V-band measurements

The fabricated switch presents a good isolation till frequencies up to 60GHz as expected. The
switch activation voltage is between 40-65V, and the activation time is of the order of hundreds
microseconds. Concerning CPW Patch antennas, the HW configurations have been measured at Ka-
and V-band. The measurement set-up used has changed for each band. At Ka-band the antenna
has been fed with a coaxial connector and the antenna has been measured in the anechoic chamber
to measure the radiation pattern and in a short distance MMW circuit set-up to measure the axial
ratio and return loss. Good agreement between simulation and measurements are observed except
for the return loss due to the use of a frame holder where the air-bonding connections influence
negatively to the antenna input impedance. The HW CPW Patch antenna at V-band has been
measured using the GSG-probe station. The measured return loss and axial ratio agreed with the

simulations.
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Conclusions

Emerging applications ranging from Wireless Personal Area Network (WPAN) to Automotive
Radar passing through Satellite Communication Systems (SCS) are moving to Millimeter-wave
(MMW) bands, where wide frequency bandwidths are available. Planar antennas are good candi-
dates to be used in these applications given their reduced dimensions, light weight, low-cost and
high integration level. All these applications in the range of 30 to 100GHz have in common the
need for small dimensions(mm), low losses and low permittivity materials (tand ~ 0.0007 and &,
between 2 and 4), and high fabrication tolerances (um).

Considerations to be taken into account when designing new MMW planar antennas are the
dielectric material and transmission line geometry. Concerning the dielectric materials, while very
well known substrates such as Polytetrafluoroethylene or Teflon (PTFE) and quartz, meet the low
loss requirements, new materials as Benzocyclobuten polymer (BCB) or Low Temperature Co-fired
Ceramic (LTCC) may be advantageous when looking for integrated designs. Quartz and PTFE
are not capable to be deposited and have to be used with their commercial thicknesses. Also,
quartz presents a high hardness which makes it difficult to mold and drill. On the other hand,
BCB and LTCC can be easily deposited and patterned in clean-room facilities, but are subject to
maximum thickness limitations. In MMW frequencies, the losses in the feed network are a critical
point. The attenuation of different printed transmission lines (microstrip, stripline and CPW) does
not differ much when the frequencies are low, but when moving to higher frequencies, CoPlanar
Waveguide (CPW) reduces the feed network losses. A disadvantage of using CPW lays in the
possibility to excite the odd-mode and affect the radiated fields. The undesired modes should be
canceled with the use of air-bridges, being recommended to be placed in discontinuities such as
power dividers or impedance transformers.

At MMW frequencies, antenna reconfigurability, both in polarization and beam pointing direc-
tion, is a possibility being more and more a need. Concerning the polarization reconfigurability,
there are two options. One is the single reconfigurable element for which CPW Patch is a good
candidate for its simplicity with a frequency bandwidth in the order of 5% limited by the axial ratio
when configured in CP. The second is the composed architectures as the 4-Qdime antenna, more

complex in shape but with a frequency bandwidth up to 25%. Both antenna types are compatible
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with microfabrication processes and RF-MEMS switches integration at Ka- (26.5 to 40GHz), V-
(50 to 75GHz) and W-band (75 to 110GHz).

When fabricating antenna arrays, each element amplitude and phase error affects the antenna
performance in terms of gain, beam pointing, HPBW and sidelobe level. Arrays with a low number
of elements are more sensitive to amplitude and phase random errors while in large arrays the
single element errors are compensated easily by the other elements. Axial Ratio (AR) and therefore
the circular polarization is very sensitive to the amplitude and phase errors of the two orthogonal
components of the radiated field. To have a circularly polarized radiated field, acceptable amplitude
standard deviations are in the order of 0.7dB and phase standard deviation of 7°.

MMW antennas dimensions and fabrication tolerances require the use of microfabrication tech-
niques. The microfabrication of multilayer structures becomes easier when the frequency increases,
because the current technology does not allow to deposit dielectric materials with the appropri-
ate electromagnetic properties and required thicknesses for antennas operating at the low band of
the MMW band. At the same time that frequency increases, integrated metal-contact RF-MEMS
switches lose performance due to their poor isolation (< 6dB). The use of capacitive switches is an
alternative when frequencies are higher than 50GHz.

While the RF-MEMS switch microfabrication process comprises more than 170 different steps,
becoming highly complex, the resulting yield is low, in the order of 30%. The nonuniformity of the
metal thickness obtained with the electroplating process is considered to be one of the main reasons
of this low yield. The difficulty to obtain a fabrication process with a yield near 100% leads to
antenna designs with switch redundancy. The design of MMW antennas requires a good expertise in
the microfabrication processes and the resulting tolerances. The designing and fabrication processes
are merged in the mask generation, where align marks, lithography monitoring marks, thickness
monitor and structural tests are strategically drawn.

In order to validate the properties of the MMW integrated antennas, when measuring the
antenna independently, it can be fed by a coaxial connector, GSG probes or waveguide. Waveguide
feed requires the design of transitions, adding more complexity to the antenna design. The use of
coaxial connectors is limited by its upper operational frequency, having a good performance up to
60GHz. They are also characterized to be electrically big, interfering the antenna radiation when
close to the antenna. GSG probes cover the MMW frequency band, with the only limitation to be
connected to a CPW and the dimensions constrain given by the probes separation.

The measurement of MMW antennas in a common anechoic chamber presents difficulties due
to the high path losses. Alternative measurement set-ups are placing the antennas closer, in the
order of 50\, or using scattering techniques without test probe to measure parameters as axial
ratio.

Looking at the future of integrated antennas design at Millimeter-wave (MMW) frequencies,
three different research lines may be deepened.

A wide band design for a single element polarization reconfigurable antenna should be pursuit
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using multi layer techniques with a new Benzocyclobuten polymer (BCB) or Low Temperature
Co-fired Ceramic (LTCC) materials. Integrated capacitive RE-MEMS switches operating at higher
frequencies should also be designed using these materials.

A second research line would be related with the array design and the microfabrication process
making the antenna design and circuit layer spatially compatible to avoid grating lobes, achieving
full polarization and beam pointing reconfigurability capability.

Finally, a comprehensive effort has to be done to develop an integrated compatible microwave
input impedance and radiation pattern measurement system, able to deal with a different connection
technologies (waveguide, coaxial and CPW) and capable to measure amplitude and phase field
polarization. The positioning system should have a movement mechanism compatible with RF-
MEMS biasing cables.
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