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ii Summary

Summary

The limited coverage of wireless communication heg millimeter-wave frequency
band due to large free-space path loss, i.e. Eigyal attenuation, has been a major problem.
Furthermore, shadowing and small-scale fading nealyice the received signal even more.
An array of rod antennas is designed to tackleghmsblems by providing high gain, broad
scan range, and a shaped beam. Each patch, whiphesahe electromagnetic wave to the
rod, is fed by a coplanar waveguide (CPW) feedliech rod antenna demonstrates 18 dBi
realized gain and 2Malf power beamwidth (HPBW). Moreover, the 4 GHmtwidth of the
antenna provides high data rate for the gigabieless application. Furthermore, the Radio
Frequency Microelectromechanical System (RF MEM@jch is used to realize a switched
antenna with a broad scan range. The design methddhe characterization of the antenna
are presented. The proposed antenna system iblsuite a wide range of applications, such
as wireless high definition video/audio, USB arré\iire replacement, Frequency Modulated
Continuous Wave (FMCW) radar, and home/office backlapplication at millimeter-wave
frequency.
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CHAPTER 1

1 Project description

1.1 Introduction of millimeter-wave wireless communication

In recent years, the demand for high data ratedelenunication has been increasing
faster than ever. The Industrial, Scientific, MedlidlSM) application band at 2.4 GHz has
been overcrowded by numerous and various commgnaducts of end users, among others,
WLAN, Bluetooth, and Wireless Sensor Network (WSNJhe use of wireless
communication has also rapidly increased, muclefastan its wireline counterpart. As a
result, the required bandwidth doubles every 18thmfi]. Moreover, the number of owned
wireless devices per user has been ever incredsotgnly will the wireless devices connect
people to people, but also people to machines amchimes to machines. Thus, the limited
bandwidth around 2.4 GHz (ISM-band) cannot supghethigher data rate if the band has to
be shared among many potential users. The avéNatil7 GHz around 60 GHz (ISM-band)
is able to accommodate high data rate communicatiurthermore, the propagation
condition in the 60-GHz wireless channel enablegudency reuse. This frequency reuse is
mainly enabled due to the large amount of pathelssxperienced by the propagating
electromagnetic waves. Therefore, the electromagmetve does not interfere with other
waves generated by the neighboring 60-GHz wiregstems. However, this interesting
property comes not only with this advantage. Irs thiequency band, the wave is highly
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attenuated so that the front-end devices of theivec end have to be very sensitive,
otherwise the wave will be effectively undetectethis situation thus limits the
communication distance or range of 60-GHz and atiiimeter-wave applications.

More applications emerge in the automotive arethig millimeter-wave frequency
band. It is expected that the detection of vulnierabad users in the blind spot of a car will
incorporate a large number of 76-GHz wireless deyR5]. The 76-GHz band is able to
facilitate this, mainly due to the feature of thequency reuse and the large available
bandwidth. The use of the millimeter-wave frequerscglso preferable for radar applications
due to its better resolution.

The highly sensitive front-end device is a necgssaguirement for 60-GHz systems
or devices. This requirement demands the advandeofiehe front-end devices and a more
sophisticated antenna design. In the design, teefaotor has to be taken into account since
this typical device has to be cheap to be ubigsitderefore, high quality front-end devices,
including the antenna, with low production cost preferred. The advent of the supporting
high-end technology for 60-GHz applications hagrable the realization of that product in
the competitive market.

The significant role of the antenna development toabe considered carefully and
extensively since the antenna is a very importart pf the wireless system. The major
problem in an antenna design in this frequency hanithe required high gain needed to
compensate for the high path loss. The planar aatemray, realized on a thermoplastic
polymer substrate, has been proposed [2]. Howsueh an antenna is costly due to the need
for a large area substrate to achieve the highnaateyain. Thus, large space is highly
necessary here. High yield problem for the manufaog with large substrate area can lead
to high cost to produce and commercialize this ramdearray. The low cost antenna, using
rod configuration made from dielectric material faillimeter wave applications, was first
proposed in [3]. To improve the scan range andrabke the efficient switched-beam
capability, [4] proposed the enhanced version df [he detailed configuration of the
antenna can be found in [5] and [6], though theegande configuration is too bulky there.
Therefore, the patch-fed method is the plausibpraach [7].

The present report mainly addresses and outlines pghssible design and
improvement for antennas in the 60-GHz band. Therama's realized gain of 18 dBi is
reported in all directions of beam scanning ankbvs cost to manufacture. The Half Power
Beamwidth (HPBW) is approximately 20rhe antenna’s scan range of up to 0@ 180is
achievable with 5 and 9 antenna elements, respdgti@ince the antenna dimension is also
less than 5 centimeters in axial direction, itugable to be placed in a car radar system or as
a conformal access point in an indoor gigabit comication system. The radome is
incorporated to protect the antenna from the enwivent, such as rain drops, dust, and mud,
and to improve the antenna’s mechanical strength.

The antenna’s switch is realized in RF MEMS whids la prospect to replace the
current switching mechanism using PIN diode and B&ifches. This is mainly because of
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the high linearity and low insertion loss of the RIEMS device. The design of the antenna
system, with the RF MEMS, has been optimized by maer simulations using CST
MWS™. Furthermore, the optimized antenna design has besfied by the measurement of
the antenna demonstrator. This antenna and RF M&&4i§n is suitable for the millimeter-
wave frequency range due to its high performanceé small dimensions at this high
frequency. Some applications are: wireless highndein video/audio, USB and firewire
replacement, Frequency Modulated Continuous WawdC\W) radar, and home/office
backhaul application at millimeter-wave frequen2¥]|

1.2 Challenges in millimeter-wave wireless communication

In addition to some challenges mentioned in seclidn some problems that even
more degrade the quality of the received signgiateceiver will be discussed here. In other
words, while the attenuation is from blockage ame{space path loss, some other causes of
the problem also exist. Clearly, severe attenuatguires high gain of antenna and RF front-
end system.
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Figure 1.1. Beamwidth and channel distortion [17].

Figure 1.1 shows the multipaths in an indoor emuiment, e.g. an office. The notch
width is due to the delay spreads; its depth istdube difference in path gain (or loss). The
notches’ width is influenced by the size of the tipath environment in this case an office
room. This multipath can cause inter symbol interee (IS1).This ISI may increase the bit
error rate (BER) in the signal detection. To redtite® number and amplitude of multipath
waves, a harrow-beam antenna is preferred. Thewarrthe beam is, the less the multipaths
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occur. This means also that no equalizer is neat#te receiver. This results in less cost for
the receiver digital part and more synchronizeccwidata due to the absence of delay that
would have been introduced by the equalizer.
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Figure 1.2. Indoor channel measurement at 60 GHXIE®S [23].

Figure 1.2 illustrates the shadowing caused by wirsg objects in this case humans.
Case 1 shows the line of sight (LOS) scenario. @asad 3 shows one and two humans
standing between two antennas, respectively. Cabews a non-LOS (NLOS) wireless link.
The corresponding received power is shown in tloéupe at the right side. Obviously, the
obscuring objects can reduce the amount of thdadlaireceived power, particularly at this
millimeter-wave band. In other words, a LOS comnmgation is easily blocked. To cope with
this problem, the switched-beam conformal antenmaprioposed. Moreover for such
conformal structure, every antenna element can lesgesignal correlation to each other due
to its spacing and its angular diversity. A mukidhput multiple output (MIMO) system can
also use this antenna structure, to increase tbathcapacity of the communication system.

1.3 Overview of the antenna structure

The increase in popularity of the dielectric rodhweircular cross section is because
of its wide bandwidth, shape, ability to createymmnetric radiation pattern, low polarization
cross coupling, ease of fabrication, and low cdst][f8][40]. The rod antenna can be
integrated directly to the monolithic microwave (MB) and millimeter-wave integrated
circuits. It can be also used as an high efficiefe®d system for reflector antennas at low
frequencies [13]. Moreover in active and passivagmg application at millimeter-wave
frequency, the rod antenna can provide good illatnam for the lens or reflector in focal
plane arrays and can be densely packed, what ¢dehfrn antenna cannot meet [15].
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In this design, the rod antenna is chosen becdutethogh performance as mentioned
earlier. Also, with careful design, the rod antemaa provide high gain that is suitable for
millimeter-wave applications. Compared to its ceupéart, namely the horn antenna, the rod
antenna is simpler to design and is not too buldyich is suitable for integration with the
MMIC. It has a small cross-sectional dimension \atgan fit to a lateral planar structure, and
is flexible by designing it conformal.

The novelty of the present design is its conforstialcture as shown in Figure 1.3 and
the optimized tapered rod structure which can stppoillimeter-wave application
effectively. With the careful choice of the rodustiure, the high gain and controlled radiation
pattern can be obtained. The dielectric materialwsh as green color in the figure is
polystyrene (PS), which has 0.0008 and 0.00094 tisgent §) at 11 GHz and 60 GHz,
respectively. The yellow-colored metallic waveguidethe figure is made from brass. This
waveguide which acts as horn launcher here carceethe sidelobe level (SLL). The planar
structure below it is made from liquid crystal polgr (LCP) which has 0.0045 loss tangent
(o) at 60 GHz [60] [61].

Figure 1.3. Conformal structure of rod antennas.

In Figure 1.4, the blue-colored RF MEMS chip whaatts as switch in the design is
also shown. It is positioned underneath the plandéstrate. As a result, no via is needed to
connect the signal path to the upper part of tlaaanl structure. In this way, the matching
condition does not degrade. However, a bond pagésled here to attach the RF MEMS to
the planar substrate. The solder ball is genenaiych thinner than the LCP dielectric
thickness. The RF MEMS substrate is made of sapplBapphire is gas-air-impermeable
(preventing gas and liquid diffusion) and has vbkigh strength (even at temperature near
2000 C) [57]. The RF MEMS will then be packaged usingpdre material as well, though
it is not shown here for the sake of clearnessceShere the signal path is connected to the
solder ball by a very thin via to the back parthed sapphire, no connection from the upper
plane RF MEMS to the out world is needed. Theréty,package can be attached tightly to
the sapphire surface. This condition can preveat gaseous contaminants from residing
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inside the packaging that can reduce the beam rpsaiftce and the lifetime. More detailed
discussion of the antenna and the RF MEMS struatiltde given in the next chapters.

Figure 1.4. RF MEMS position underneath the confdrstructure.

1.4 Project objective

The project objective is to design an antenna sy$te millimeter-wave applications.

That antenna has to have high gain and broad ssagerand low cost of production. To
support a very broad scan range with constant paedoce, a novel conformal structure of
the rod antenna is designed in this project. Thierana system will be integrated to MMIC
front-end system. Moreover, it can be applied faraus applications in the millimeter-wave
frequency band, e.g. 24- and 76-GHz radar apptingfi60-GHz indoor communication, and
radiometry application. Also, a novel 60-GHz SP3 REMS switch has been designed. A
fabrication of this MEMS will take a long technojoflow and time. Hence, in this project,
the MEMS design is finalized through the workingnslation, with considerations for the
fabrication process.

For this project, the demonstrator of the rod améers then prepared for 11-GHz
operating frequency, because of the commercialabibiiy of the RF MEMS switch at that
frequency and the availability of the measuremepiEment at TU/e at the time this project
is performed. In addition, the size of the antedamonstrator has to be accounted as well.
However, the design of the antenna and the RF MB&ESbeen completed successfully at 60
GHz. For the antenna structure, its dimensionsirarersely proportional to its operation
frequency. Thereby, for a higher operation fregyenthe antenna dimension is
proportionally smaller.
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1.5 System specification

The system specification is the most important pathe design of a communication
system. The wave propagation in the millimeter-wleguency band faces very challenging
problems; the electromagnetic wave cannot propdgai® long distance because of the high
path loss due to a.o. blockage. To investigate ftbhis a system point of view, first a link
budget analysis will be performed. Subsequentlg, shecification and requirement of the
antenna and the RF MEMS switch design will be dised. The cost for manufacturing the
structures will also be discussed in section 8.1the Appendices, since the low cost
requirement for consumer product applications désipensable.

1.5.1 Link budget analysis

To find the limitation in the design of the fronteéparts including the antenna, a link
budget analysis is performed in Table 1.1. From #nalysis, the antenna gain requirement
can be specified for a particular application amdthe planned frequency band. In this case,
60-GHz wireless communication is taken as a reptatige example of millimeter-wave
applications. The communication distandepf 10 meters is chosen here as the worst case
scenario for the 60-GHz indoor application. The dwaidth of 4 GHz is chosen to see the
limitation.

Assumed that 1 W power is available in each 60 @&izsceiver terminal. However,
the allowed EIRP is limited due to the regulationwhich the peak EIRP is around 43 dBm
for Europe region [52]. For the antenna gain ofdB3 the transmitted powd?; is now 316
mW. This is because in terms of dBm, it results in:

Table 1.1. Link budget analysis for typical millieewave communication system, i.e. 60
GHz. (a) the signal part, (b) the noise part, @)dhe SNR part.

(a) The signal part.

Parameter Maximum Total sum Description
value

TX power 25 dBm 25 dBm According to equatiorijl.

Tx antenna gain 18 dBi 43 dBm Proposed high-gain rod
antenna

Path loss -90 dB -47 dBm According to equatib2)

Rx antena gain 0 dBi S=-47 dBm Omnidirectional antenna of
user terminal
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(b) The noise part.

Parameter Maximum Total sum Description
value
Background -174 dBm/Hz -174 dBm/Hz According to equatiorjl.
noise
Noise BW (e.g. | 96 dB -78 dBm 4 GHz user data BW, % code
4 GHz) rate of FEC, and % RF

bandwidth of shaped QPSK
(see equation (1.5))

Noise figure of | 19 dB N =-59 dBm Typical NF for RF front-end
Rx system

(c) The SNR part.

Parameter Total sum Description
SNR output S-N=
-47-(-59) =12 dB
Required SNR 10 dB for QPSK | For BER ITOwith QPSK
Margin 4 dB

316mwW
1mw

(1.1)

P.(dBm) = 1010g( ) = 25dBm,

where the sum of the transmitted power and thenaatgain is 43 dBm. However, for other
regions, the allowed EIRP can be found in [52].

The total path mean loss in the office indoor emwvinent according to the ITU
formula is given by:

Liotar = 2010g,o(f) + Nlogio(d) + Lf(n) — 27.54 dB, 1.2)

wheref is frequency in MHzd distance in meter$\ power loss coefficeint, andf(n) floor
penetration loss factor, which is not taken intocamt for communication in the same room.
The value of 27.54 dB in equation (1.2) comes from:

20log(c) - 20log(4m) = 49.54 dB- 22 dB= 27.54 dB,

wherec is the speed of light in vacuum (= 3 X210/s). Hence from equation (1.2),
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Lag = 20 *log(f[MHz]) + N *log(d) — 27.54
= 20 *log(60 * 103[MHz]) + 22 * log(10) — 27.54 dB (1.3)
=90.02 dB.

CoefficientsN for the path loss calculation are presented inTddgle 8.5 in the Appendices.
For 60 GHz indoor office environment in the samemoN = 22. The background noise (see
in Table 1.1(b)) is defined as follows:

10logqo(kT), (1.4)

wherek is Boltzman constant = 1.37 x 10-23 Watt -s/Kelwinl98.6 dBm —s/Kelvin; and T
= room temperature = 290 Kelvin.

The modulation is specified as it has a constamélepe to lessen the requirement to
meet the linearity in the RF front-end circuit. dJst is simple to demodulate, so the digital
part could be realized with a cheaper design. Eumbre, the system utilizes a forward error
correcting mechanism FEC with % code rate. Thisthe reason for 5.33(3) Gbps
specification as a gross amount of data that nedsktsent through the radio channel. The
bandwidth for the signal has to take into consitienathe additional bits needed for the error
correction. With shaped QPSK modulation, the badtiwof one channel is thus:

BW = 5.33(3) Gbps * 0.75 = 4 GHz. (1.5)

The noise figureNF) in Table 1.1 (b) is a typical value in RF fromteedevices,
including low noise amplifier (LNA), mixer, and térs. However, NF is not restricted to that
value for some applications. The antenna systern igtneighboring RF front-end system
can be found in Figure 8.8 in the Appendices.

Table 1.2 summarizes various conditions and cooredipg available margins for the
system. The other parameters are fixed to valuesk@sn in Table 1.1. It can be observed for
1-GHz data rate that 18-dBi gain of the proposetamtenna can have an 8-dB margin. This
is to anticipate the slow fading due to blockage ahe fast fading due to multipath
propagation.

Table 1.2 Available margin for different user data bandwiddimsl Tx antenna gains.

Tx antenna gain (dBi) Available margin (dB)
User data bandwidth | User data bandwidth
4 GHz 1 GHz
12 -4 2
15 -1 5

18 2 8
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Furthermore, a margin of two times the standardadiew (Q2) of the spread in the
shadowing component corresponds to 98 % availpd#ie]. The parameterization of the
generic 60-GHz path-loss model for both indoor aftice environments are already
presented in [53]. Thereby, this 8-dB antenna nmacgin support 98% availability in LOS
condition for both generic indoor and office enwvinoents 2 = 1.8dB) for up to 2-GHz data
rate. Note that this is for the worst-case scenahere the communication distanc is 10
m. Ford ~ 6 m, this antenna can support the same availalitNLOS condition of those
environments@ = 4.6 (indoor) and 5.1 (office)) for the same date.rén addition, the gain
of the receiver's antenna can also be added toowepthe probability of the successful
connection and to extend the communication distance

1.5.2 Specification of the antenna structure

As has been mentioned in section 1.2, an obscutiject, e.g. human, can severely
block the communication channel especially for thdiation with a narrow beamwidth.
Furthermore, for a typical indoor environment whigrere are multipaths, an antenna that can
minimize the destructive effect of this channel dition will be beneficial. Therefore in
Table 1.3, the gain and the HPBW of the antennasaexified. Also, other necessary
parameters have to be fulfilled to have an antevmr&ing efficiently.

Table 1.3 Specification of the antenna structure.

Parameters Specification
Operation frequency 60 GHz
-10 dB impedance bandwidth >1 GHz
Input impedance ~50Q
Realized gain 18 dBi
Radiation efficiency >70 %
HPBW ~20
SLL <-10dB
Mutual coupling ~-30dB
Polarization Linear vertical polarization
System demands Low cost, conformal structure, ivelgt
small, repeatability
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The operation frequency of the antenna in the méter wave frequency band is
chosen to be 60 GHz. Typical multi-gigabit applicas at 60 GHz require a large bandwidth,
> 1 GHz, for an high-speed communication. This madth is planned and allocated for full-
duplex operation of both Tx and Rx. The input imgreck is 5A2. The radiation efficiency
has to be sufficiently large to have an high ardegain. The antenna with a small HPBW can
minimize ISI and also give a large gain. This HPBWo determines the number of array
element so that the antenna array can have a lsezadrange with a believable number of
elements. SLL < -10 dB is sufficient for a direetiantenna. Finally, a good port-to-port
isolation (i.e. sufficiently low mutual couplingy nhecessary for a switched-beam antenna.

1.5.3 Specification of the RF MEMS switch

The RF MEMS switch as a part of the antenna systasnto have good performances
otherwise the antenna performance will be limitgdie RF MEMS switch. A careful design
has to be performed especially for the inserti@s |dandwidth, and the port isolation of the
switch. For example, if an antenna has a high gdiite its switch has a high insertion loss,
this loss will cancel out that antenna gain. The NNEMS here is to perform its task as a
switch, and it shall have a low loss. Table 1.4vehdémportant parameters that have to be
specified for designing that RF MEMS switch. Tahl& shows typical requirements for an
efficient and reliable RF MEMS switch.

The operation frequency of the switch has to supih@ operation frequency of the
antenna, and this switch has to be able to sugpbroadband operation frequency, so the
antenna performance will not be limited by the stiperformance. Moreover, the switch
with bandwidth > 4 GHz allows its use for variousllimeter-wave applications. The
insertion loss < 1.5 dB is sufficient for a workirgwitch with its packaging and
interconnection. The RF MEMS is a mechanical devit®se its linearity performance is
better in comparison to its counterpart diodes.sTimeans that it can reduce the inter-
modulation caused by high power transmission. Binghe isolation performance of the
switch should not limit the isolation performancé tbe antenna. The isolation by its
definition should be a large value e.g. 30 dB iadtef -30 dB. However, due to its common
use (i.e. -30 dB), it is explicitly explained hexeavoid confusion. Similarly, the insertion
loss by its definition should be 1.5 dB insteadlob dB. However, if it is mentioned as -1.5
dB, it should be still clear for the reader.

The typical switching time of the RF MEMS switchiisthe order of ps. However,
this has to be low enough to compete with its cewpart, i.e. diodes and FET. Having its
low-power consumption is one of advantages of tReMEEMS switch. The mentioned value
is the typical power consumption per actuation [28k0, the typical reliability of the RF
MEMS structure is as in [26]. Apart from the switadptime, the reliability (switching cycle)
can only be measured from a manufactured producta irspecialized measurement
environment.
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Table 1.4 Specification of the RF MEMS switch design

Parameters Specification
Operation frequency 60 GHz
-10 dB impedance bandwidth >4 GHz
Insertion loss <15dB
Isolation ~-30dB
Linearity 30 dB better than PIN diode or FET
switches
System demands Low cost, repeatability

Table 1.5Requirement of the RF MEMS switch design.

Parameters Requirement
Switching time <40 pus
Reliability 0.1-10 billion cycles
Power consumption 10-100 nJ per cycle

1.6 Report outline

Chapter 2 presents the design aspects of the tedram The physics and the working
principle of the rod antenna will be explained. &lghe influence of the antenna’s dimension
and material to the antenna performance will befally discussed here. The design flow is
used to find the optimized antenna structure. Amtecharacterizations from the simulation
are described here for different array structufé® design template for the antenna pattern
is also depicted graphically. Some related desspeets for such a structure will be included.

Chapter 3 aims mainly at designing the RF MEMS dwifor millimeter-wave
applications. The packaging technique and the nméchlaand electrostatic parts will be
discussed. The characterization of the structuré e shown by performing computer
simulations. Eventually, the integrated prototypéhe antenna and the RF MEMS switch is
presented in Chapter 4. This chapter also dealstiv manufacturing tolerance.
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Chapter 5 will explain the problem concerning thkrication of the antenna structure.
The antenna demonstrator is characterized by memsmts and compared with the
simulated results. Chapter 6 provides the conahssioecommendations, and future works.
The references and Appendices are in Chapter Bamgpectively.
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CHAPTER 2

2 Design of the dielectric rod antenna
in the 60-GHz frequency band

The rod antenna is designed here because of its geégformance as discussed in
Chapter 1. This antenna has high gain which cawebg advantageous for the propagation
condition with very significant path loss. The l@ielobe level of the radiation pattern is
another important feature of the rod antenna. |s #Wmay, the antenna will not radiate a
significant amount of power in the direction othlean the main lobe, and reciprocally, the
antenna will not intercept propagating waves ig, free space, in the direction other than the
main lobe. This also means that the antenna hasd angular selectivity over the space. In
addition to that, the typical radiation patterngwoed by the rod antenna is symmetric (i.e.
nearly the same 3 dB beamwidth in E- and H-plane).

In the following section of this chapter, the backgd of the dielectric rod antenna
will be discussed. Subsequently, the design stefpdev explained and supplemented with
the performance characterization of that desigmeeinma. Moreover, the design iteration, the
design template, and the sensitivity of such ardgesiructure to manufacturing tolerances are
also included. The discussion on the sensitivityhis chapter will complement a similar
discussion in Chapter 4.
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2.1 Background of the dielectric rod antenna

The rod antenna can have a circular, square amangdar cross section. The cross-
section’s dimensions depend on the cut-off frequdacwhich the antenna is intended. The
length of the rod usually determines the gain &edradiation pattern of the antenna. The rod
itself can be solid dielectric or air-filled. Thater one uses the dielectric sleeve as a mean
for wave-guiding. The solid dielectric rod can bade inhomogeneous to meet certain wave
or ray guiding characteristics, e.g. supportingesalv dominant modes. The two-layer
dielectric rod antenna has been reported to hawadbbandwidth operation and good
polarization purity [47][48]. In this two-layer casthe high frequency components are guided
inside the inner layer while the low frequency camg@nts are guided through the outer layer.
However, the drawback for this rod type is its lgam [40].

Some applications using this dielectric rod antehaae been mentioned in section
1.1 and 1.3. Also quite recently, the rod anteremlieen successfully reported to be a feeder
for a reflectarray [79]. Moreover, the tapered ssdenna can efficiently feed the Cassegrain
antenna in [81]. The rod antenna as a feeder n&tessthe determination of its phase center.
Some previous works in [21], [72], and [74] disciawut the phase center in detail. For
terahertz applications, the feasibility of the eodenna has been reported in [78] and [80]. To
build the rod structure that fits the dimensionuiegment at this frequency band, a laser
ablation technique can be utilized.

A high gain antenna can actually be realized bynsesd a patch array. Nonetheless,
this patch array suffers from very high conductssks arising from high current densities at
the strip edge of its feeding network. This anterimavever has advantages such as
lightweight, compact, and low-profile. To fostepsie conditions, the dielectric rod antenna is
one of the alternative structures, due to its lggim and small size. These conditions can then
be exploited to meet the requirement for building @ radiometer system in the millimeter-
wave band [75].

2.1.1 How the rod antenna works

The working principle of the dielectric rod anteruses the fact that the wave-guiding
action in a dielectric rod is imperfect. In this wa considerable amount of power may
escape the wall of the rod and be radiated [7]s Tbd antenna acts as an end-fire antenna
where the main lobe of the radiation pattern ithandirection of the rod’s height araxis as
shown in Figure 2.1.

Note that, the coordinate system and angular @iem shown in Figure 2.1 will be
used throughout this design report. Furthermoe ptbsition of the feeding point is explicitly
observable.
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Feeding point

¥
e N

Figure 2.1. Definition of Cartesian coordinatgs, {/-and z-coordinate), elevation anglé)(
and azimuthal angle] that is being used throughout this design report.

The rod can be regarded as consisting of isotrppiat sources along the rod’s
height. These point sources are excited uniformlgmplitude and it is assumed that a phase
shift of:

1 .
360 (1 + E) deg/wavelength (2.1)

2
exists along the rod’s heigltt; is the length of the rod divided by the wavelengthese
point sources are regarded as a continuous arheyfidld pattern as a function of the angle
from the axis is expressed as follows [7] [17]:

_sin (¥'/2) (2.2)
BO0) ===,

where

Y' = 2L cosO — 21l (1 + %)) =21 [L}_(COSQ -1) - %] 2:3)
Equation (2.2) is a sinc function with an argumginen by equation (2.3) that expresses the
phase-shift factor as shown in equation (2.1). Hmalytical approximation (i.e. dimension
approximation) shows that t= 0, the pattern exhibits a maximum magnitude, aatlth
increasing the pattern gradually reduces with maxima and méqii.e. due to the cé#sThis
occurs for both E-plane pattern and H-plane pattern

It is clear from equation (2.3) that with larger, the sinc function will reach the
nearly zero magnitude faster. This discussion fgoirtant in the design of the rod antenna to
have fast decaying sidelobeséBicreases. Also, it is observed that the numbanatima
and minima will increase ds increases.

Figure 2.2 plots this analytical approximation acompares it with numerical
simulation results. The simulation for this desigmoject has been done using Computer
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Simulation Technology (CST) Microwave Stuflfo (MWS). This is a full-wave EM
simulator [51]. The analytical approximation shoavslow-decaying sidelobe until it reaches
-12.5 dB side-lobe suppression leveldat 90. There are a large number of maxima and
minima in this field pattern. This is owing to theny constructive and destructive additions
of the waves or rays, as the formula approximdtesrod with a linear array of isotropic
point sources, i.e. the diameter of the rod ismeslto be zero. Therefore, there is no guiding
effect for the waves in this analytical approxiroatiNote that throughout this report the term
ray and wave are used interchangeably. The teryhisaisually used in geometrical optics,
while the term ‘wave’ per se is a general term lnygics. The ray indicates the propagation
trajectory of the wave.
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Figure 2.2. Comparison of radiation patterns betwtbe simulation and the approximation
formula.

The simulation results of the uniform cylindricaldrantenna clearly differ from the
case when the rod’s diameter is zero. There ase dieelobes and the first sidelobe level
(SLL) is higher. This is caused by the fact tha tliameter of the rod at the far-end (top) is
the same as at its base. At the far-end rod syrfags that are refracted or radiated at 22
have nearly as significant power as rays that tadi#d = 0. To tackle this large SLL, the
tapered rod antenna’s pattern is shown as black@dicurve. The tapered rod is the rod with
a gradually reducing diameter with its increasetib. The half power beamwidth (HPBW)
is slightly larger here since most of early refeactays (i.e. due to the tapered section of the
rod) also contribute constructively to ray that at¢) = O direction, whereas a gradually
smaller fraction of early refracted rays contribitepattern af > 0.

The dielectric antenna is often referred to asavsiave antenna or a travelling
surface-wave antenna. Therefore, the rod antennaseviguiding rod is made from a
dielectric material is comparable to a travellingface-wave antenna. The amount of the
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guided wave or ray depends on the cross-sectidnarsion of the rod. The chosen and
designed cross-section shape is a circle becausmibest maintain the symmetry of the
radiation pattern over the azimuth angle (see EiduB). For this circular shape, there is a
relationship to express the dependency of the @ptifinectivity to the diameter of the rod’'s
cross section. Equation (2.4) shows this relatigmgtj[17][38]:

3 (2.4)
e?%h+2u+ol
whereD; is the diameter of the circular rod divided by fhee-space wavelength ¢ the
relative permittivity of the rod material, alhgthe total length of the divided by Note that
this relationship is only valid fdr;,> 2 and 2 <, < 5. Normally, the polystyrene (PS) rod has
D, value in the range from 0.3 to OI5PS is a popular material to build the rod stretu
mainly because it is easy to machine and has les/ tlangentd). Therefore, the rod antenna
is often called polyrod antenna. Other popular nelgefor the rod antenna are ferrite [81],
teflon [3][17], and Kapton.

DAE

The wave inside the rod’s dielectric material @oates slower, while the wave
propagates faster outside the rod’s dielectric ratei.e. free-space. It is expressed in
equation (2.4Wwhere for highet;, the required diameter for the optimal directivisysimaller.
This means the cross-sectional dimension of thecewdbe smaller, saving the space usage.
In other words, the rod with largerhas more guiding effect on the wave for the samdésr
diameter. More from equation (2.4), the lengthhef tod is less influential in determining the
optimal diameter of the rod antenna. Intuitively ¥@ry long rod antenna, a high directivity
may be obtained with small diameter rod since npaneer is collected along the rod due to
slow-wave propagation along the rod’s length.

When equation (2.4) is violated, for instance wber< 0.3 and the material is PS,
only small amount of power is confined to the imsaf the rod. On the other hand, wHan
is very large oD, >» 1 4, large amount of the power is confined to thedasif the rod, and
the phase velocity is nearly the same as in anwmdex medium of PS. In section 2.3, the
optimization to produce even more directivity Wik explained, e.g. by tapering the shape of
the cylindrical rod. Note that equation (2.4) idyoapplicable for the base structure of the rod,
but not for the tapered section or the far enchefrod element. Moreover, the relationDpf
with radiation efficiency is reported in [73].

The theoretical approximation of the directividyof the polyrod antenna is [7][38]:
D = 8L,. (2.5)

Note thatD is the directivity now; for its calculation, then-base logarithmic scale has to be
incorporated here, thud’s unit is decibels (dB). This equation is onlylidgor the same
range ofL, ande, as mentioned for equation (2.4). Correspondirtiigy, HPBW is given by:

60° (2.6)

i

HPBW =
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In [81], it is mentioned that equation (2.5) wilbtnbe applicable wheh; keeps increasing.
Instead, the directivity of the antenna will deeliafter some point df;.

Now, the working principle of the taper in a rodeama is explained. A relationship
between the rod’'s dimension, the angle profite,of the taper section, and will be
explained by means of the ray optic technique J4]][In this technique, the definition of the
critical angle §;) of the ray is coined, and a point source is m&glin the aperture plane of
the metallic waveguide or launcher. The criticagjlaris the angle at which if it is exceeded,
transmission coefficient is zero and reflectionfioent is one. This notion will be further
explained in the following paragraph.

Assumed tha# is the angle of the incident ray.dfis larger thard,, there will be total
reflection (see Figure 2.3). Th# value here depends aep of the rod’s material. For a
smallere;, thed, has a larger value and vice versa. For a relgtiaeged. (e.g. rays no. 3 and
4 in Figure 2.3 (a)), the ray will be reflectedgmided inside the rod, whereas for a relatively
small 4. (e.g. rays no. 1 and 2 in Figure 2.3 (a)), thewdlbe (partly) refracted out to the
free-space. If the abrupt termination occurs likeay 4, the ray will be radiated or refracted,
and the condition of the critical angle is alsosistent here. The portion that is reflected will
be absorbed at the port of the wave launcher (fmintce) or by dielectric losses inside the
rod. Note that in this figure, the rays are eittatally reflected or totally refracted, for the
sake of the simplicity. 18 < 6., both reflection and transmission will actuallycoc

The taper can be then introduced here to reducaumber of the reflected-back ray
such as ray 3. This taper improves the matchinthefod antenna to free-space. Therefore,
this taper is often called an impedance matchevdesi the wave impedance inside the rod to
the wave impedance in free-space. Within the ustblpuency range, the refracted wave
combines with the guided surface wave to focugdléated field and achieve a higher gain.
Therefore, a choice of an optimal rod’s lengthniportant since a very long rod may cause
destructive additions of refracted and guided waves

Ray 2 Ray 4

Waveguide !
i

Point source

Dielectric rod

(@)
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Ray 1
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Waveguide  4, Ray 3
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Tapered dielectric rod with Ray 4
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Figure 2.3. Ray paths inside (a) the uniform diglecod, (b) the tapered dielectric rod, and
(c) the tapered dielectric rod with a cylindricatton.

In Figure 2.3 (b)ray 3 can now radiate instead of being reflectezk ta the launcher.

This is because ray 3 increases its incident atogthe rod surface by twice the local taper
anglea at each reflection, and finally ray 3 radiateshescritical angle condition is reached.
It is also seen that ray 4 is still be refracted towards the main lobe direction, instead of
like the one in Figure 2.3 (a). This also expldimes large sidelobe level for a uniform rod in
Figure 2.2. In addition, note that ray 5 in Figa&r8 (b) which has a relative large incident
angle seems to be reflected back towards the oadidote that ray 5 is introduced in Figure
2.3(b) and (c) to exemplify a largkray.

The power distribution along the rod affects thdedbbe performance. The ray 1 in
both rod structures ((b) and (c)) is encourageeixibthe rod as soon as possible. As a result,
this can yield a balanced power distribution (icationally symmetrical distribution) along
the rod. The reason is because the wide-angleimaige this rod are associated with weaker
rays from a directional source, i.e. the metalleveguide, and these weaker rays reduce the
uniformity of the phase and magnitude distributiorthe rod aperture. Also, as mentioned
earlier, a two-layer dielectric rod can also beonporated in the rod structure to have a
broadband operation. This is because the optimuis gpand diameter determine particular
wavelength for that rod to operate properly (sasaéqn (2.4)). To further allow weaker rays
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to radiate earlier, an optimized structure withighbr slope at the taper near the launcher end
is used. This can be done by means of a strucsus@vn in Figure 2.3 (c). The slope of the
taper is higher now, but this can result in a shod, i.e. low gain. Therefore, a section of
cylindrical rod is added at the far end of the tapgesection. As seen in the picture, more rays
now radiates, and most of them will contributehte tadiation pattern in the main lobe.

Note that now ray 5 is prevented from being reéidctiue to the added cylindrical
section. A fraction of the ray distribution withrange of incident angles can be prevented
from being reflected at the tip of the rod, du¢h® added cylindrical section. In Figure 2.3(c),
the tapered section refracts the rays with a rarigecident angles that may be reflected at
the tip if they are in the rod in Figure 2.3 (bhéfFefore, in Figure 2.3(c), the rays that can
now reach the tip only the rays that can radiatee ®ptimization of this structure will be
explained more in detail in section 2.3.

2.1.2 Field configuration

In this section, the field expressions for the elilic rod with a circular cross section
will be discussed. This structure can be regardedh aircular waveguide made from a
dielectric material. For a cylindrical-dielectrioe structure, the dominant lEmode fields
always exist, no matter how large the diameterefrod’'s cross section is. Therefore, the
presence of the HEmode is not determined by the diameter althoughranmim value is
required, whereas the first higher-order modes (JTEMo 1, and HE ;) can propagate in case
[21]

2.4048\> (2.7)
koa ) ’

wherea is the radius of the rod ang is the wave number in free-space. The next higher-
order mode is the EH mode, and its precondition is given by equatio)(2fter replacing
2.4048 with 3.8317. These numbers, so-called cwalifies, for a cylindrical-dielectric-rod
structure are summarized in [84]. It can be obskthat this cutoff value for HE mode is 0
(i.e. replacing 2.4048 with 0). In the design, thdius @) is chosen to have slightly smaller
value before the first higher-order modes are egc#o the radius also meets the requirement
to have high radiation efficiency as expressedguation (2.4). Note that equation (2.4) is to
determine the radius for the optimal directivity.

sr>1+<

This dominant HE; mode has the dispersion relationship for a a dyidal-
dielectric-rod structure surrounded by free-spaediom given by [46]:

L@ K@ A  KE) ]:@ i)(iJr 1 ) (2.8)
u? u?

uh(w)  vK W) & vk (v) v? &v?/
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J.(.) andK,(.) are the n-th order Bessel function of the firstckiand modified Bessel
function of the second kind, respectively [94](.) andK},(.) are the derivatives of the
Bessel functions and are expressed in their rencereslationships

1 2.9

Jo@) = 5 Uns (2) = Juaa ()] and 29)

1 2.10
Ko@) = 5 Ky 1@ + Ky ()], (210

respectivelyu = k,aandv = a, a where

2.11
k, kée, — k2 (211)

2.12
a, = |kZ—k§. (2.12)

k, is the waveguide propagation constant in the akiakttion.

The rectangular coordinate system will be useé because it is more convenient to
express the configuration of the field values. THiE, ; mode is degenerated due to the
circular symmetry, namel{lEY; and HE{'l. For the modeHET; with dominant field
components £and H, the field expressions in the rod’s core (i.e. Aok a) are [46][85]:
(whereais 3. rod diameter (&) or radius of the rod)

Ex(o0) = J 10~ a(ikpe) + (L + ) (kyo)eos 2] @29
A .

Ey(p, @) =—j5— 2k, (1 + 5)],(k,p)sin (2¢) (2.14)

Ez(p,9) = —Ah(kpp)sin (¢) (2.15)

He(0,0) = /52 1+ 5))ahyp)sin (20) (219
A . .

Hy (p,9) = EO [(1 = s)Jo(kop) + (1 + 51)]; (kop)cos(29)] @17)

B Akz (2.18)

Hz(p,¢) = — i J1(kpp)cos (@)
while in the rod’s surrounding free-space (i.e.fora), the field expression are:

E(0.9) = 3o 21{(11(( 210 - 9olan) - (1 + 9K, (pp)eosizon] 10

z . 2.20

B 0) = T g 5 (1 + Ha(,p)sin 20) (220

2.21

E:(p, ) = — ]1( )Kl(app)sm @) 21

K()
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Awegy]; (u) (2.22)

Hx(p,p) = | NAC) (1 + so)Kz(a,p)sin (2¢)
Hy (p, ®) (2.23)

Aweof; (1)
= —j m [(1 - sp)Ko(app) — (1 + so)K; (a,p)cos(2¢)]
Ak,s];(w) (2.24)
Hz(p, =———Kla cos(p),
(p, ¥) WA 1(a,p) cos(e)
whereA is the amplitude constant and
_(1 N 1) O AON (2.25)
T uw? v |wh (W) vk (v)
kZ2 k2 (2.26)
Sy = k—gsn and s; = msn.

Using the simulation for the designed rod structueea = @yy/2 = 1.5 mm and @2
= 0.82 at 60 GHz (see Figure 2.18), equation (2(23)5) and (2.19)-(2.21) are plotted in
Figure 2.4. Because the rod is fed fraraxis direction, the dominant field components are
Ex and H (see Figure 2.1). It can be seen that expressii8)¢(2.15) are separated from
expression (2.19)-(2.21) through a dielectric-aufdary condition; tangential fields over the
rod surface are thus enforced to be zero.

It can be verified from Figure 2.4 (b) that forreatively largee, = 2.53, a large
portion of the power is carried out outside thdediwic, while e.g. for foam material whete
is close to one, most of the power is carried imdite cylinder. Moreover, Figure 2.4 (a)
shows that the field value at the dielectric bouwda relatively high. Inside the dielectric
cylinder the HE; mode field is mostly linearly polarized. Also, teoss polarization has
non-negligible amplitudes outside the dielectriee(§igure 2.4 (b)). This is the advantage of
the rectangular coordinate system that can showrtiss polarization.
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Figure 2.4. Electric field (E-field) for the HEmode in circular dielectric waveguide with
diameterd,; = 1.64 mmg, = 2.53 at 60 GHz: (a) absolute E-field and (b)dtdflines.

2.2 Design iteration of the rod antenna

The design of the rod antenna takes several stiegispy investigating the current
available design in [3], [4], [5], and [17] and selquently by improving the performance to
meet the specification as mentined in section THe chosen dielectric materials play a
major role in the design decision as well. Thisniginly because the feasibility to machine
this material by available manufacturers has tanbkided in the design process. Hence, the
accuracy that can be obtained by the technology tltee manufacturer to build the structure
has to be confirmed as well. Moreover, the yieldlgsis for fabricating a planar structure is
indispensable. In the following discussion, severaterials will be tested and discussed
since they are used in the designed structure.eT2ll serves as a summary of material
properties if they are not mentioned explicitlytims report.

Currently it is reported that for gluing stackedR.@aterial by means of bond-ply or
prepreg material may result in low yield performarsince blistering may occur [68][69]. It
is even worse if a multilayered structure needbedalesigned for a large dimension (i.e. for
an array); then a probability to have a blisteringhe structure gets higher. Therefore, a
design with a single layer LCP material is preferfeat this again has to be traded off with
the bandwidth which depends on the thickness osthistrate material. 0.16 mm thick LCP
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material is thin enough (approximately 2 layerd 6P plane), and it can support the desired
bandwidth as will be reported in the subsequenimec

Table 2.1. Properties of investigated materiaB0aGHz.

Relative Loss
permittivity, | tangent,d
&r
LCP [59][60][61] 3.1 0.0045
PS [71] 2.53 0.00094
Teflon [3][4][71] 2.1 0.00022
Kapton [17][70] 2.8 0.002

For the first design iteratiorFigure 2.5shows the structure of the dielectric rod
antenna array with a metallic waveguide surroundiregarray’s base. To achieve a larger
scan range, this conformal is designed. The roénamat consists of two main sections,
namely the uniform section and the tapered secfibe. uniform section of the rod has the
height of only 3 mm, and the remaining 32 mm istfar tapered section. The height of the
metallic waveguide is 1 mm. The diameter of thgetad rod is from 1.7 mm at the rod’s
base to 0.6 mm at the rod’s tip, and the diameteéh@ uniform rod is made equal to the
largest diameter of the tapered rod to avoid ursszng discontinuity. The material of the rod
is Kapton (Duroid’s Polyimide) witl, = 2.8 at 60 GHz [70]. Before this material, a oafl
material which has lower loss tangedit \fas chosen, but this material is difficult to riae
by the manufacturer. Therefore, the antenna streiciith Kapton material is designed and
simulated here.

Figure 2.5. Array of the dielectric rod antenna.

The feeding type is a coaxial probe attachetie@tdwer part of the structure, and the
dimension of this feeding probe is optimized toiaeh 50Q characteristic impedance. The
body of the coaxial feed is then embedded throhghstibstrate from the bottom part of the
antenna until it touches the metallic radiator.sThietallic radiator is photoetched on LCP
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substrate withe, = 3.1. The metal patch is exactly created at dveet surface of the rod
antenna with circularly planar geometry, a so-chtliecular patch. This patch antenna excites
the electromagnetic wave to the dielectric rodisactyet may introduce some reflection due
to the limited transition efficiency of this patth the rod structure. This unavoidable issue
can be minimized by choosing the similar dielecproperty of the rod material with the
planar substrate (e.g. rod made from LCP). Howewkre to the limitation in the
manufacturing and molding processes, the cost efntiterial, and the required dielectric
property of the material, the choice of the saméenw for both the rod and the plannar
substrate cannot always be possible. The LCP #aplstructure itself is chosen due to its
good characteristic in the millimeter-wave band asdnaterial flexibility, which later can be
bent to create a conformal structure.

The return loss or reflection coefficient resaflthis antenna can be seen in Figure 2.6.
Here, the antenna exhibits a low return loss araihed60-GHz frequency band. For most
applications, the bandwidth is generally defined the criterion where the reflection
coefficient 1) is lower than -10 dB. Consequently, the bandwaftthe antenna is around 4
GHz (from 58 to 62 GHz). Nevertheless, for highgnsitive applications, i.e. radiometry,
more strict criterion is recommended for having mimwer reflected power. The filtering
can be thus introduced in the RF electronic sydtewbtain only 1 GHz bandwidth around
the center frequency of 60 GHz where the antens&syhas the best performangg € -25
dB). With this new bandwidth criterion, a radionresgstem with an error of around 0.5 K
can be obtained [86]. However for the current desige antenna is designed for a general
wireless-communication applications, thys< -10 dB is sufficient.

S-Parameter Magntude in dB

s1,1
3,1
\ 51,2
s3.2
51,3
523
33

55 56 57 58 59 60 6t 6 63 64 65
Frequency / GHz

Figure 2.6.S-parameter in the frequency range from 56 to 64 ,Ginulated using the time
domain solver with 40inter-element angular distana&).

The other antenna elements of this array systmmakso evaluated here. This is
plotted in the figure with slightly increasing s of theS;; value at 60 GHz. Also, the
mutual coupling has to be investigated becauseisf mot properly controlled, the radiation
performance may degrade due to the disturbed erma@nce inside the rod. The mutual
coupling between antenna elements, which is lems t40 dB, is obtained. This shows the
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good isolation between antenna elements, whichltsefwm the very directive antenna
element.

S-Parameter Magnituds in dB

-55

E3 57 s8 s9 50 61 52 63 &4
Frequency / GHz

Figure 2.7. S-parameter in the frequency range fi@into 64 GHz, simulated using the
frequency domain solver with 4ter-element angular distancg).

Figure 2.7 portrays the S-parameter of the samenaat solved by the frequency
domain solver. From the result, the slight shiftshe S-parameter are considered reasonable
since the simulation setting is prepared to accodat®the available memory and simulation
time resources. Unless otherwise specified, theesyuent simulation result will be done by
means of the time domain solver of the CST MWSimulator.

The array configuration of the rod antenna withaiarangular orientation (see Figure
2.5) can result in radiation pattern’s main lobethat angular orientation. Since the rod
antenna is to radiate and intercept the electroetagradiation with an end-fire pattern, the
angular distance between rod antennas determiegsoihting resolution. Figure 2.8 depicts
the radiation pattern of the dielectric-rod anteanay using two different materials, namely
polystyrene (PS) and Kapton [70] [71]. The PS malés chosen here as the second design
iterationwhere this material exhibits low loss tangeftqompared to what Kapton does.

The solid line is the radiation pattern using B material whereas the dashed line is
the one with the Kapton material. The good perforceaof the PS antenna can be seen as
this material hag = 0.00094 at the 60 GHz frequency band. The versiothe 40 tilted
antenna has the main lobe around @@d, correspondingly, it is the same for the -de.
The important result is that the tilted PS anteexhibits higher sidelobes, especially at the
same direction as the main lobe of the uprightaoténna. This may result in interference
when the antenna is intended to operate at, fompbe O instead of 40 Nonetheless, this
sidelobe magnitude is very low compared to the nabe magnitude of the upright rod
antenna, which is 12.6 dBi. The Kapton antennanmash lower sidelobes at the expense of
the lower gain. More important issue for this arsaigicture is that the uniformity among the
rod element is not preserved, e.g. the sidelobel lefvthe tilted element. This is because of
the flat base structure.
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Figure 2.8. Radiation pattern of the dielectric-esdenna array: The comparison between PS
and Kapton rod antenna.

To achieve higher gain, the dielectric materiahwery low loss tangent is preferable.
Teflon (PTFE) has the lowest loss tangeitqompared to the other materials. Although it is
not shown in Figure 2.8, the realized gain for #mgenna is around 14 dBi which is 1.4 dB
larger than the rod material made from PS. Unfatelly, as mentioned earlier, this material
is hard to machine, especially for its small andyvyerecise dimension. Also, this rod may
have broader beamwidth due to the very low pemitiftie, = 2.1) [3] [4]. This is due to the
fact that rays inside a lowy can be easily refracted to the free space, thusafewith very
low incident angle tend to refract from the rodree-space earlier.

The suitable and recommended material for diekectad is numerous [10];
polyurethane foame( = 1.5), PTFE §, = 2.1), polystyrene (PSk( = 2.53), plexiglass [14],
and nylon ¢, = 3.0), due to their good mechanical properties. Antioned earlier, one of
the most important parts for antenna design isefleetrical performance of the material.
Hence, the PS material that has almost simjlavith the LCP material (i.e. to improve the
matching) and has very good electrical performaatemicrowave and millimeter-wave
frequencies is appropriate for the rod materiajptiga, family of polyimide (PI), may also be
a good choice for its material robustness, easeaufacture, and shear restraint. However,
its large loss may make it less popular in its edag dielectric structure. Therefore, a careful
choice of low-loss dielectric material is necedgamportant, whereby the structure with this
material exhibits high radiation efficiency.
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From this it can be concluded that PS materiallmaused for the final design as not
only is it easy to machine, but it also has léwThe sidelobe from the tilted rod from the
structure shown in Figure 2.5 can be avoided bgtizrg an array structure with a conformal
planar base. Therefore, every antenna element @as the pattern as close to the case of a
single element antenna. These design decisionsswillive and be further explained in
section 2.3.

The third design iteratioms to increase the gain of the single element byg.
optimizing the rod shape as is discussed in se@idnl of this report. The optimized
dimension of this antenna type is almost similathi last type. Only now the position of the
uniform section and the tapered section are ingargld (see Figure 2.9). The dielectric rod
with & = 2.53 andd = 0.00094 of PS is used here, which is, as meaticzarlier, a good
material characteristic for achieving the high atidin efficiency of the antenna system.
These parameters of the dielectric material arealsi@ for the 60-GHz operation frequency.
The metallic waveguide is filled with copper or dqllating to provide a higher conductivity
with a lower cost of manufacturing. In this configtion, the substrate dimension is 10 x 10
mm for a single element rod antenna.

The length of the uniform section is 20 ming € 4.) while the length of the tapered
section is 15 mmh = 31). The configuration of the taper is to mimic the\glinear taper
though, in this case, it is linear. As discusse@.ihl, a continuous taper section is prefered,
such as the curvilinear taper, but it is relativdlfficult to manufacture such a continuous
taper. This is because it is difficult to create tmould that has that curvilinear shape.
Therefore, a taper combined with a uniform secisolbeing used here. The aim is to ease the
manufacturing process and also to give strong supjeo such thin construction. The
substrate’s thickness is 160 um, and beneath itoand plane made from a conducting
material, i.e. copper, is utilized.

VTA

Figure 2.9. Dielectric rod antenna with a waveguide optimized rod shape.
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Although the result is not shown here for the sakeonciseness of the report, it is
observed that more gain is obtained compared toethdt of the second design iteration (see
Figure 2.5 for the rod using PS material). Everiyudhe final design, i.e. the fourth, iteration
will be reported and discussed in detail in secloh

The dimension of the rod antenna is relativelgéatypicallyhe + hy = 6 - Q) with
very narrow cross section which allows to be dgngelcked. The narrow cross section is
very important when building a conformal array bistantenna, at the expense of a long
structure in order to meet the gain requiremenothAer structure in [14] is proposed to meet
similar gain with lower axial length though its ssosection is in the same order of its length.
The narrow cross section can be obtained by mefaihe diigh permittivity of the dielectric
rod material such as monocrystalline sapphire diwbis [16]. However, this does not affect
the requirement of the rod’s axial length, as iplaxed in equation (2.5). The decision for
the height will be explained in section 2.7.

2.3 Optimization of the rod antenna

First step for optimizing the rod antenna is byomporating the metallic waveguide
structure or launcher to the structure. The udbisflauncher has been included from the first
design iteration in section 2.2. This paragraph &iblain further about it. This launcher is
intended to suppress higher-order modes of promag#tat may be excited either at the
input or by an imperfection such as the substna®mogeneity [84]. This inhomogeneity
exists in the transition between the LCP materiad ¢he PS material. The higher-order
modes, that for some cases may be excited have soifpressed (see section 2.1.2) [21]. A
lossy outer region or a metallic launcher can harttlis. A careful choice of the metal
material has to be taken, because the eddy cumanptintroduce loss in the metal surface.
Moreover, the height of this launcher has to benuged since after some point, a further
height increase may reduce the gain performands.iFhecause the metallic waveguide has
a resonance and reduces the radiation from theethped [3]. The optimized height for this
launcher is 2.5 mm.

The radiation pattern is then determined not orlyhe dielectric rod but also by the
launcher (see Figure 2.10). The HHEmode only contributes to the radiation inside a
“trapping region”,-0r < 8 < 6r. The pattern due to the launcher exists everywiherte
predominates outside the “trapping region”. Thiadsantageous especially if a low-sidelobe
radiation pattern needs to be designed. The reiasthat the rod without a waveguide may
have significant sidelobes as a result from theatewh near the bottom of the rod. The
trapping anglér is given by [21]

\/157 ) (2.27)

O = arccos(
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Later on in Figure 2.20, the trapping region canobserved between -51 - 54f the red
curve. Outside this region, the radiation patterpredominated by the waveguide. Inside this
region, the radiation pattern is influenced by hibéh waveguide and the dielectric rod.

Figure 2.10. Influence of the launcher in the radrapattern of the whole antenna structure.

This metallic waveguide is designed in such a wayies gain from electromagnetic
view point and is easy to produce from manufacturilewpoint. The hollow circular
waveguide is sufficient to reduce the sidelobehim antenna radiation pattern. This sidelobe
is generated by rays that have a large angle heagxcitation point at the bottom of the rod.
Nonetheless, in its sole use as the electromaggeiitng and transition into free-space, its
impedance transition performance is still less tthenconical waveguide [11]. However, the
design decision to incorporate the tapered rodnmates filling dielectric inside the hollow
waveguide alleviates the problem of impedance niagchlrhe so-called matching section
between dielectric and free space is required tieaaperture of the metallic waveguide for
best performance. The taper structure, as a matchaction, significantly reduces the
reflected electromagnetic wave, thus most of theewa refracted to the space. Consequently,
the benefits such as reduced sidelobe and matdoindition can be fulfilled in simple yet
robust design.

A unique rod design has been reported in [78] talpce high gain by detaching the
surface wave from the rod. However, such a streasivery difficult to machine. In Figure
2.9, the optimized rod shape is shown. As the sbstep for the optimization, Figure 2.11
plots the pattern for different diamet&{ of the rod’s uniform section. It can be observed
that @ = 1.6 mm has a low SLL, i.e. < -15, and a small MPBf the diameter keeps
increasing the SLL will increase, though the HPB3lightly decreased. On the other hand,
if the diameter is reduced the SLL may reduce,tbetHPBW increases. A large HPBW is
not always preferable because it is often relateallbw gain antenna, as can be seen in Table
2.2. From the figure, it can be also observed thekbobe for@: = 1.6 mm is very low.
Therefore, @ = 1.6 mm is chosen and can meet the design spE®iicin section 1.5.2 of
this design report. The design decision is indita@e the dashed column.



2.3 Optimization of the rod antenna 33

O . i
; ; diarneter=0.4 mm
Sy (S S SN S b L diameter=08 m ]
i : : i i i |diameter=1.2 mm
! |diameter=1.6 mm

o R N (RRRR [ Froeeeeeess s dareter=2,00 e [T

= | | H H |

o ; : : : ; ;

P15 gremmmreeenaed [ L EECCIEEEECOEES fresmnneeeeanae fennneennnnee SRt SOLEELECLTEEL: CULREECUEIRERet

= : : H H : :

K2 H

c H

B 20

@

o . .

c H | H H

o R T b

2 ; : ; ;

hJ i ! i

o : : :

A R a1 SERTRTRRPRS S SRR AR S s

= ! ' ' '

= ¢ ! ! .

5 ; ; ; i W/ [ ; ;

I e i [ : 7
B L b L
-45 + + t t t + ; t

0 20 40 &0 80 100 120 140 160 180

Theta (degree)

Figure 2.11. Comparison of the sidelobe patternditierent cylindrical rod diametersdf)
(see Figure 2.18(a)).

Table 2.2. Antenna performances for different ayfical rod diametersd;) (see Figure
2.11).

Diameter 0.4 0.8 1.2 1.6 2
(Dr) (mm)

Gain (dB) 12.7 14.1 16.2 17.9 14.4
HPBW (deg) | 41.5 35.1 28.5 22.3 20
SLL (dB) -20.9 -20.8 -20.7 | -154 -8.9

The third step for the optimization is displayedFigure 2.12. The picture plots the
pattern for different length ratiosy} of the tapered sectiot() to the overall rodh + he)
(see Figure 2.18(b)). It can be observed that37.5 % has the lowest SLL, i.-15, and a
low HPBW. If thery is increased the SLL will increase, and the HPB3Adiamatically
increased. This is again related to the resultigufé 2.2, where the uniform rod exhibits
high SLL. On the other hand, if thig is reduced the SLL increases rapidly, but the HPBW
remains the same. Thereforg= 37.5 % is chosen and can meet the design spa@ificin
section 1.5.2. Table 2.3 summarizes the gain faouary value.
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Table 2.3. Gain performance for different lengttios(y) (see Figure 2.12).

Length ratio 12.5% | 25% | 37.5% | 50% | 62.5%| 75% | 87.5% 100%
(ry) (see
Figure 2.12)

Gain (dB) 16.6 | 17.7| 17.9 174 | 16.3 151 14.2 13.9
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Figure 2.12. Comparison of the sidelobe patterrdffferent length ratiosr{) of the tapered
section fy) to the overall rodh + he) (see Figure 2.18(b)).

2.4 Patch-fed structure

This section focuses on the mechanism to feed adeantenna. The use of the
conventional horn antenna to excite the rod magobebulky and is thus avoided, especially
for the application that necessitates a compactlighttweight design. In addition, thg4
section for the this feeding type may require aditaahal space at the bottom part that may
expand out of the substrate thickness itself. Aclpdéd technique is on the other hand
suitable to have a compact and less complex desigmown in Figure 2.13.

The patch-fed technique may exhibit narrow bandoperance due to microstrip’s
narrow band performance. Nevertheless, planar tateids the most versatile choice for
nowadays microwave and millimeter-wave applicationiserefore, the efficient transition
between rod and patch microstrip structures is gremt interest when looking into each
structure’s inherent benefit. In addition, the baitdh performance can still be increased by
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using a thick dielectric substrate. However, thespnce of the PS substrate of the rod
structure enhances the bandwidth itself. In thiy,weevertheless, the reflection due to the
inhomogeneity has to be taken into consideration.

Figure 2.13. Transition to the rod antenna usingebettromagnetically-coupled circular
patch antenna.

The shape of the patch is a circle to match withsthape of the dielectric waveguide.
To dimension this circular patch for the 60-GHz rgien frequency, the formulas are given
in [87]. Note that the patch is now inside inhonmgeus dielectric layers, i.e. PS and LCP.

The coplanar waveguide (CPW) is used as the feedstructure in this design due to
its low attenuation [66]. Also, the shunt and sefienped elements can be easily added to a
CPW feed line without affecting the characterigtipedance of the transmission line. This is
due to the flexible distance between the signgh stind the ground strip of the CPW. For the
microstrip feed line, the realization of these ed@s requires the change in the substrate
thickness since the ground plane is at the oppsegl&eof the signal strip. The CPW in Figure
2.13 also acts as a metallic reflector to reduedbtickward radiation of the antenna system.

To determine the characteristic impedance, thecehof the dielectric material will
influence the cross-section dimension of the CPWamyee, requires less gap widthwg)
(see Figure 2.18 (a)); this may sound as less seagcgrement, but it perhaps does not fit the
capability of the manufacturer to etch the struetiore detailed discussion of the CPW line
will be in section 2.5.

A part in the LCP substrate between the metallivagaide and the ground plane
may have a potential difference and resonancedbtaay frequencies (i.e. depending on the
cross-sectional dimension of the waveguide). Ageapsurface wave also occurs here, that
can increase the sidelobe and increase the mutugliog in an array structure. To alleviate
this, four via holes are introduced (see Figure3Rtb equate the potential between the
waveguide and the ground plane. However, thesecaa<reate a new antenna structure, so-
called planar inverted-F antenna (PIFA), due togherting elements to the ground plane.
This means that a resonance at unknown frequema#ss still be generated. In [88], by
increasing the distance of the shorting via retatio the feed point, the antenna’s input
impedance is increased. This means that the PIFAemwill not resonate and radiate,
especially around the frequency band of our inter€se via dimension has to be small
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enough to give a higher input impedance, e.g. 8h0at particular frequency. The
optimization has been done using the CST MW&mulator.

2.5 Transmission line structure

This section, as a continuation of the previougisecdiscusses the structure of the
transmission line. Also, this section supplemdinésline features that will be used in the RF
MEMS design in Chapter 3 (section 3.3). In thatptbg the line features may include the
tapering, bend, transition, and chamfering in t&CIPW transmission line. The design of the
FGCPW will be discussed here.

2.5.1 Coplanar waveguide

The dimension of the CPW line’s cross section sgled to meet the requirement of
50-Q characteristic impedance. This dimension can beulzaed using formulas given in
[92]. The reactance of the line structure depemdthe CPW dimension. The reactance here
is frequency-dependent, thus the conventional CR\ttsire will most likely exhibit the
response of a low-pass filter. To define its cudtfoéquency, the reactance, namely the
inductance and the capacitance, can be adjustbe teeed. Therefore, it is necessary that the
LC product of the line structure is small enougimeet the requirement in a millimeter-wave
structure. The CPW line can be modeled in an etprivaircuit. The width of the signal strip
in the CPW here influences the serial inductanceth& line impedance. The shunt
capacitance comes as the gap width of the CPW. Bisthibuted elements are of a great
importance to design a proper transmission linecsire, i.e. a matched transmission line.

signal strip
ground strips
LCP

1 1 [ 1l ge—=]

i I ]l'l q

We e
'Ws
Wrtotal

Figure 2.14. Cross-sectional view of a CPW.

This CPW cross-sectional view can be found in Fagil4. With this configuration,
an even mode of TEM type will be generated [66].tviNilvstanding, inhomogeneous
dielectrics occur when several dielectrics, nanegb/andy,’s, exist or vary with position in
the dielectric. In this case, the wave is not pgapiag in a strictly TEM fashion but instead
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in a quasi-TEM. Also, for the CPW structure as shaw Figure 2.13 and Figure 2.14,
because the ground plane is truncated at the ragitd-left side, it is a CPW variant named
finite-ground coplanar waveguide (FGCPW) [67] arethcoplanar strips [67]. Jftetal > 5

Wst2wg

the impedance of the conventional CPW is affecielbss than about 3% [67].

The resistance of the conductor at high frequesceyilonger constant. It is due to the
fact that most of the current distribution prop@&gain the outer part of the conductor strip,
e.g. of the CPW. As a result, there is no unifoumrent distribution across the conductor
section. This so-called skin effect results in moesistance of the strip line at higher
frequency. Furthermore, the width of the strip uefices not only the return loss
characteristic but also influences the insertias lof the transmission line. Therefore, usually
a shorter transmission line is more preferred beeanf its smaller insertion loss, and a
smaller cross section is more suitable for highgeration frequency because of its smaller
insertion and return losses. The major portionhaf insertion loss results from the cross-
sectional dimension of the transmission line.
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Figure 2.155;; and$;; of a CPW transmission line at the microwave fremyeband.

Figure 2.15 shows an exemplary result for the retoss &) and the insertion loss
(1) at microwave frequency. It can be seen that tieertion loss increases with the
frequency, while the return loss still has no digant difference for that frequency
progression. It can be expected that the low-pass\ior can be observed when a larger
frequency range is simulated.

There is also another challenge to design a trassom line. Sometimes, the
manufacturer’s capability to shape the metal stinécts limited to a precision value, e.g. QPI
can shape a metallic planar structure up to 70 jide and 2 um thick. In addition, different
gap widths due to the less precise fabrication #0CPW may produce odd mode of
propagation since there are different left-side agtit-side potentials between conductor
strips, i.e. different electric fields. Thereforthe challenge here is to design 60 GHz
transmission line structure that can meet the naanufability, repeatability, and
performance. Besides, the substrate material @sah important factor when dimensioning
the structure. A smaller structure can be realimsthg a higher dielectric’s relative
permittivity with the same operation frequency. st not least, the material homogeneity
with position in the material has to be considaasavell.
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2.6 Preparation for the simulation

As mentioned in section 2.1.1, the antenna stradsi simulated and optimized by
using CST MWS", which is a full wave simulator based on a firiiteegration technique
(FIT) method in time domain [51]. The key idea loistmethod is, in the finite discretization,
to use the integral form of Maxwell's equationsheat than to use the differential form
[18][19]. In addition to that, the FIT can be alssed to perform frequency domain
simulation, to verify the time domain method oreviersa.

Table 2.4. Sources of simulation error and inaaoyra

Error and
inaccuracy

Prevention

1 Geometry error

Careful checking of the structuraetision, especially if th
structure is imported from other software.

D

2 Material parameters Most of the material hatedéht characteristics for differe

frequency bands. Only accurate and up-to-date datd
result in an accurate simulation.

3 Source of excitation The type of the excitatmmmt has to be chosen carefully.

waveguide port may give the most representativeltrésit
with less flexibility. Moreover, the size of thenpdas to bg
chosen with care and verified with an analyticalotty.

A

4 Environment

The background material can infleetie radiation patter]
and input impedance. Objects that are placed nea
measured structure may derail the result.

o}

5 Discretization error

The trade-off has to beetakfor long and accura
simulation or short and less accurate simulatiome
electromagnetic fields have to be sampled sufftorem
space, while the Courant stability criterion densatite time
discretization proportionally to the space disaadion.

e
T

6 Truncation error

Time domain signals inside #imulation environment

ideally decays to zero after some time since thetation
pulse is applied through the port. -30 dB decay gae
accurate result to the scattering result. Howexadjation
pattern result requires -40 to -35 dB decay to givecise
results.

7 Interpolation error

There always exists thisoewiue to the calculation of th
field values at location other than the grid edges.

e

8 Boundary condition

For simulating radiating sttre such as an antenna, o
space with perfectly matched layer (PML) at ce
frequency is recommended. This is to prevent tfieaton
of the electromagnetic field at the simulation eorment’s

en
ter

boundaries.
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The frequency domain simulation is suitable foe domain problem with many
conductors and meticulous structures, whereasirie domain simulation is suited for the
domain problem with a large dimension consistingdadlectric materials or free-space.
Therefore, the antenna design in Chapter 2 is ddlvéime domain whereas the RF MEMS
switch design in Chapter 3 is solved in frequenamdin. The combined problem of those as
in Chapter 4 can only be simulated with a specedtment. This is mainly because a large
resource, i.e. time and memory, is required.

In addition to the solver choice, some otherassave to be taken into consideration.
Since the nature of a numerical model to repregenteal electromagnetic behavior exhibits
some errors, careful treatment has to be taken wimeulating an antenna design. Some of
the errors and inaccuracies including the preverdi@ shown in Table 2.4.

To have a believable simulation result, the cb@€ the stop criterion is important
while at the same time, the simulation time shatltake very long duration. As mentioned in
Table 2.4 point 6, -40 dB energy decay can propieeise simulation results, e.g. for both
the gain and the S-parameter results. Figure 2)L§iyes an example of this that the energy
in port 1 and port 2 (of two ports simulation) hdecayed to -40 dB thus the simulation is
stopped. Thereby, the duration of about 3.5 ndhefEM wave inside the problem domain
has been simulated. It is counted from the firstaviacident in the excitation port.

[}
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Figure 2.16. Stop criterion of the transient simiola (a) The field energy decaying over
time in the simulation environment and (b) recordezsident and scattered signals over time
in several simulation ports.

Figure 2.16 (b) shows the recorded incident andteseal signals over that duration
for two port simulation. The reflection of the wasignal from the antenna structure and also
from the feeding structure can be investigatedeitaitl For instance, at 0.6 ns a large amount
of the reflected time signalss(1) is observed at the port. This time signal is ttransformed
into frequency domain to obtain the S-parameteulted\ multiple of reflection is also
observed around that time which is mainly due ® tfansmission line structurg. is the
incident wave at the port which has a Gaussian esh#fhat frequency components are
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included in this time signal depends on the shayevadth of this Gaussian pulsa.; is the
recorded mutual coupling from port 2 to port 1, wioaly port 2 is excited.

2.7 Antenna characterization

In this section, the final design of the antennt b@ characterized. The two types of
the antenna that will be shown differ in their médement angular distancé.j. The
characterization includes the scattering parametehe S-parameter and the realized gain
performance. The realized gain includes the imp#tte return loss in its gain measurement
in addition to the dielectric loss, while the géiBEE definition) only accounts the dielectric
loss. Obviously, both consider the directivity afck a structure. The directivity does not
incorporate both the dielectric and the returndsss

2.7.1 Array structure with 40  inter-element angular distance 8¢

Figure 2.17. Rod antenna array with= 40.

After the design iteration and the optimizationsiection 2.2 and 2.3, respectively,
have been performed, the dimension for the finalcttire is obtained. The first
characterization will be done for the rod antenmayawith 40 inter-element angular distance
(fel) (see Figure 2.17). Later on, after observingrdmtation pattern for differerte's, the
suppression level about where the main lobe ofnitighboring elements overlaps can be
determined. Figure 2.17 is the same as FigurebluBit is shown again here for the sake of
completeness.

The optimized dimensions of the single-element aatenna are shown in detail in
Figure 2.18. The diameter of the circular pa@h,)is 1.524 mm. Unless otherwise specified,
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the dimension’s unit in this design report is mikiter (mm). The diameter of the rod ]

is 1.64 mm. The inner diameter of the waveguide thalse similar to the diameter of the
tapered rod at its bottom end, nam@y, = 3 mm. However during the manufacturing, the
machining accuracy to fit those two structuresmportant. The machining accuracy will be
discussed in Chaptex. The lateral waveguide’s dimensiortd X dyg) are 3.7 x 3.7 mm
while the LCP plane's dimensions are 4 x 5?n11d|Lp1x dcp2). The waveguide dimension has
to allow to be machined conveniently, especiallthatpart where the waveguide wall is thin.
This LCP dimension is designed in such a way thatigh space for bending exists between
the neighboring antenna elements. Furthermore,estian 2.8 the mutual coupling for
different distances between antenna elements ¢sigied. The strip widthw) and the gap
width (wg) are 0.348 and 0.036 mm, respectively. Thetb0haracteristic impedance of a
CPW transmission line on the LCP substrate is nbthusing those dimensions. The CPW'’s
feed point below the patch is optimized to obtaireatenna’s input impedanZg ~ 50Q in

the 60-GHz bandThe via diameterdp) is 0.2 mm, which has to be small enough but can
still be manufactured. The smallest possible diamtt build such a via is 0.1 mm at QPI,
Helmond [89].

Dimensions along the-direction of the antenna structure are illustraited=igure
2.18(b). The height of the cylindrical rol) is 25 mm (or %), and the height of the tapered
rod () is 15 mm (or B). The waveguide or launcher has a heidlag)(of 2.5 mm (or 0.5).
Finally, the thickness of the LCP substrdig)(is 0.16 mm.

strip width, ws = 0.384

ircular patch d ti
cireular pate PO gap width, w, = 0.036
. \ LCP / /
Copper Wavegmde @p = 02
A\ 7/
X Cg 1
T
lr- = dlcp2 =5 ng =3 Qcp =1.524
L
== dwe =37 | On=164
1
O 1
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Fhyg =2.5-
LCP substrate;

thickness, ti;, = 0.16

——————hy=25 ———
——— hy=15——]

(b)

Figure 2.18. Dimension of the single-element rottiana: (a) bird’s-eye view, and (b) cross-
sectional view.

2.7.1.1 S-parameter

One of the most important antenna characterizatisngs S-parameter. The S-
parameter can b8;, $1, andso forth.S;; is the return loss of the measured device in dB.
This value is the ratio between the scattered wabserved in the port 1 and the incident
wave observed in the port 3, is the mutual coupling for most of the antennafigomation,
or it can be the insertion or the isolation losstie RF MEMS configuration. Als&; is the
ratio between the scattered wave observed in thie2pover the incident wave observed in
the port 1. Only one port is excited by the timgnai at a time, and the other ports are
terminated with a matched load, e.g.@0In this example, only port 1 is excited. Withsthi
knowledge, the S-parameters in Figure 2.19 cambé/zed. In this array structur§;;, S,
and S33 are the return loss for the upright rod, the- 4lted rod, and the 80 tilted rod,
respectively. The other two antenna elements atesimoulated here, because they are
symmetrical and will exhibit same performances.

The dips at the 60-GHz band are the minimum netasses for all three ports. A
slight difference of the return loss results at 6eGHz frequency band is because each
single element of the array structure is meshed aidifferent number of finite hexahedrons.
The tilted antenna element may be differently regnéed by hexahedrons in comparison
with the upright antenna. Nonetheless, the resulteturn loss for those three antenna
elements is good and comparable. This is impottadesign an antenna system with a less
return loss or reflection because more power tearsdl is much preferred. In addition, a
reflection towards the source, which is usuallyfRiat-end electronics, is unwanted because
this reflection will distort the quality of the sigl transferred. The mutual coupling for the
furthest antenna elements is around -50 dB, whetéaisthe closest one is around -47 dB at
60 GHz, which is considered very low. The relatpveigh mutual coupling fof, > 60 GHz
or fo « 60 GHz is mainly due to the reflected wave thatptes to the neighboring port.
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Figure 2.19.S-parameter over the frequency band of the diéteid antenna array with,
= 40.

The -10 dB bandwidth is approximately 4 GHz. Nibtat this value is similar to the
result in Figure 2.6 in spite of the different nr&kefor the rod structure and the different
substrate thickness. Previously it was a Kapton(goel.8) witht, = 0.12 mm and now it is
a PS rod4, =2.53) withtic, = 0.16 mm. A highet; usually produces a higher bandwidth, but
now it is compensated by thicker LCP substratalferPS rod case.

2.7.1.2 Radiation pattern

The radiation pattern of the antenna in Figure 2sldepicted in Figure 2.20. This
pattern is simulated for the 60-GHz operation fesgry of the rod antenna. The measured
value is the realized gain. As mentioned earltes,realized gain accounts both the return and
the dielectric losses. In addition, in this CST MWSimulation, the conductor loss and the
surface wave are included in the calculation ad. Waite that the depicted patterns here are
for the antenna operated in switched-beam.

The result clearly shows that the required charasties of relative constant HPBW
and realized gain, and beam symmetry are relativalform for each array element. The
realized gain is around 18 dBi, where a slighted#ht magnitude is due to the different
meshing in the simulator as mentioned earlier. Kbeegess, this value is small, i.e. +1dB.
The sidelobe level is around — 13dB. A slight lar§&L for the middle lobe is due to the
presence of the neighboring rod elements. Durirgsimulation, to reduce dramatically the
simulation time, the symmetry of the structure benexploited. The HPBW is around 22
which meets the specification mentioned in sectidh2. The beams of the neighboring
elements overlap at about -15 dB suppression |&¥es situation will result in gaps inside
the scan range. Furthermore, the upright and theti@@d rod has their beams overlapped at
-20.5 dB suppression level.
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Figure 2.20. Radiation pattern of the dielectrid-emtenna array with, = 40.

To observe the beam symmetry, Figure 2.21 is peakidt is clearly observable that
the beam is symmetrical, particularly for the mébe. In conclusion, the pattern of a
dielectric-rod antenna does not show-dependence or is rotationally symmetric around the
z-axis (of the rectangular coordinate system).
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Figure 2.21. Two-dimensional radiation patternhef tod element.
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2.7.2 Array structure with 20" inter-element angular distance 8.

Figure 2.22. Rod antenna array with= 20.

In Figure 2.22, the different array structure iesented. The 2@, can be observed
which results in 9-rod elements. The antenna chkeniaation will be done, including the
radiation pattern. It will be shown that the scange may reach 180

2.7.2.1 S-parameter

r Sin+t

+2’n0r ’n+ ..... .......

S-parameter magnitude (dB)

,\> ....... 3 L|: .......
Siiors,

1,N+3

Figure 2.23. S-parameter over the frequency bariteotlielectric-rod antenna array with
=20.
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In Figure 2.23, & is the return loss of the antenna structure. Adgploiting the
symmetry of the structure, only 5 of the antenmasamulatedThereby,n = 5. The return loss
compares with the previous case in section 2.7He futual coupling at the 60-GHz
operation frequency fo&i, Ss1, S, and S is: -45.896, -51.03, -54.858, and -54.815,
respectively. However, their values are signifibaamall although there is an increase of the
mutual coupling of about 2 dB for the neighborimgyemna elements (see Figure 2.19). Later
on, it will be proven that the isolation performangill be limited by the RF MEMS switch.

2.7.2.2 Radiation pattern

The corresponding radiation pattern for eachyaetament can be seen on Figure 2.24.
The realized gain is around 18.4 dBi which is largean the result fron¥e = 40. The
meshing difference as mentioned earlier is the eafsthe difference. The main lobe
direction is observed for every element anglg,and the HPBW for all antenna elements is
around 2Q In addition to the radiation pattern gn= 90, the radiation pattern far = 0 is
also included in the picture (see also Figure DEgpite similar radiation performances, this
radiation pattern has an additional 7 dB for -14® < -90, i.e. a backlobe radiation. The
discontinuity in the CPW line causes this backlabdiation albeit it is only a small
contribution. The effect of the CPW line soundstcadictory to one of its earlier purposes,
i.e. the CPW'’s ground plane to reduce the backitatdation. However, with no CPW ground
plane the backlobe radiation will increase. Thaefat can be concluded that this small
backlobe radiation is actually from the signal@#ridiscontinuity at the feed point.

The lobes from neighboring elements overlap auak3 dB suppression level. There
iS no scan gap across the scan range. Continuans $&anning across a broad scan range is
possible by means of the conformal-rod antenna avith 0 = 20.

Figure 2.25 is presented here to investigateptiteern performance in a frequency
band. The data are taken from the upright rod efaimay. A frequency range from 59 to 61
GHz is being investigated; it can be observedttiatrealized gain is nearly the same. Hence,
this can be also expected that inside the frequbaogwidth, the gain performance is similar.
The HPBW may also be expected to have a similarevaithin the bandwidth of interest.
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Figure 2.24. Radiation pattern of the dielectrid-emtenna array with =
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Figure 2.25. Typical realized gain and HPBW of tbé element.

To understand how the field propagates insidertite snapshots of the animation
simulated using CST MW¥ are shown in Figure 2.26. The snapshots are apatr0.175
ns, 0.275 ns, and 0.35 ns. The electric field isnated for the array structure as in Figure
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2.22 though due to the structure symmetry, onlyefnents are simulated. At the beginning
of the simulation, a time signal is incident to fleeding port. This time signal contains a
range of frequency components, and this time sigmaagnitude has a Gaussian shape for
the DC and lower frequency inclusions. This timgnal then traverses the CPW feed line
until it couples the circular patch. This patchometes and thus radiates fields towardszthe
axis. Now at 0.175 ns (see Figure 2.26(a)), theonzgrt of the radiated field is shown in the
end-fire direction, while at the same time a srbaltklobe radiation also occurs. The relative
difference between the field that propagates tosénd main lobe and towards the backlobe
is around 26 dB, which is large enough to be négég Therefore, this dielectric rod antenna
has a large front-to-back ratio.

At 0.275 ns (see Figure 2.26(b)), there are postiof the wave that are refracted
inside the neighboring rod. This wave may be trdpipside the rod and thus radiates (i.e.
increasing sidelobe level) or traverses the rodk biac its port (increasing the mutual
coupling). Obviously, the metallic waveguide caduee the SLL and the mutual coupling
since at the bottom-end, the amount of the rays wibbw incident angle is large. These rays
are usually refracted to the free-space earlier @maple to the next rod. However, the
relative difference of the field magnitude for thegeak rays to the field inside the rod core is
around 26 dB. Finally at 0.35 ns (see Figure 226@ locally plane phase-front wave
radiates in the main lobe direction. These radiateaes contain all the frequency
components of the aforementioned bandwidth.

Type E-Field
Honitor e-field (t=8..end(0.005);x=8) [3]
®

Plane at x a
Haximum-2D 197.518 dBuU/m at @8 / 15.9368 / -2.35951
Sample 36 / 136
Time 8.175

(@)
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Figure 2.26. Snapshots of the electric field aD(@y5 ns, (b) 0.275 ns, and (c) 0.35 ns.

2.7.2.3 Polarization

The polarization of the antenna determines therzaléon of the wave radiated by
the antenna. In most communication systems, thatembwave from an antenna has a linear,
elliptical, or circular polarization. The polaritat of a radiated wave is defined as the
property of an electromagnetic wave describing tinge-varying direction and relative
magnitude of the electric-field vector, specifigallhe extremity of the time-function vector
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at a fixed location in space, and the sense inhwiiis traced, as observed along the direction
of propagation [90].

The designed antenna is specified for a linearioarpolarization. Because of the
feed position relative to the center of the ante(se®e Figure 2.18(a)), the antenna has a
polarization with a relative time-varying magnitucleanging vertically as observed along the
direction of propagation (see Figure 2.1). Als® tircular patch antenna is built for a linear
polarization. Interested readers may find the imf@tion to excite a circular polarization in a
circular patch in [91] and in a rod structure ih48d [17].

The spherical coordinate system is utilized hereefaresent far-field components.
Hence, the crosspoldEd.s9 and copolark:,) components are given by equation (2.28):

Ecross = cos(@) Eg — Sin((p)qu (2.28)
E¢, = sin(g) Eg + cos(@) E,.
Assumed that the tangential components are rothtec&n anglep (see Figure 2.28).
Therefore forp = 0, E,yoss = Eg andE,, = E,. Moreover to calculate the axial ratiaR),

the relationship is given by

(2.29)

AR:J|E9|2+|E¢|2+|E5+E5|

|Eg|? + |Ey|* — |EG + EG|

phi = 0; f=60 GHz
phi = 90; f=60 GHz

150 Frequency = 60
Theta (Degree) vs. Axial ratio (dB) Main lobe magritude = 40.0 dB

Figure 2.27. Axial ratio.

Figure 2.28. Far-field components for the spheroardinate system.
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Figure 2.27 shows the picture to measure the tyuailia polarization excited by the
rod antenna. The axial ratidR) is the ratio of orthogonal components of an eledield. It
is observed that fap=0’, the axial ratio is very large for allelevation angles (see equation
(2.28)). This shows a good quality of the lineatapaation of the rod antenna. Though
ideally the axial ratio is infinity, 40 dB axialta is already very sufficient. Fas=90 and
small#'s, the axial ratio is comparable to the resultged’, whereas for largé’s the axial
ratio is various. For certaify the axial ratio can be very small, e.g. < 3 dBjoh in this case,
a circular polarization may be excited, but onlghat minor lobe direction (see Figure 2.21).
Both resullts, i.e. fop=0" andp=90, can also be observed in Figure 2.4. =0, the electric
field vector has no component in tixis direction, whereas fa=90, the electric field
vector has somehow components in both x- and ydirestion which explain the variation
of the axial ratio when is swept ow&rMoreover, the polarization result has been olexkto
be the same for the array structure in sectior12.7.

2.7.2.4 Radiation efficiency

The radiation efficiency is the ratio of the povaslivered to the radiation resistance
to the power delivered to the resistance due tor#uation and losses [82][90]. The
contribution for losses comes from:

* the conductor,
* the dielectric material, and
* the surface wave.
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Figure 2.29. Radiation efficiency and total effiotg of the rod element.

Figure 2.29 depicts the total and radiation efficie of the dielectric rod antenna. The
total efficiency includes the impact from the retuoss to the radiation efficiency. This is
clearly observable that the total efficiency droffsvhen the return loss is larger than -10 dB
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(see Figure 2.23). The total efficiency and theatah efficiency are nearly similar at 60
GHz, i.e. around 87%, by virtue of the very lowuretloss at that particular frequency. This
value shows that large portion of the power is a@byudelivered to the radiated field.
Additionally, the radiation efficiency has been eb&d to be the same for the array structure
in section 2.7.1.

2.8 Comparison of the mutual coupling of different array structures

An experimental study has been carried out on tbh&ah coupling of the dielectric
rod antenna array. The mutual coupling is terme&abkere asS; is the ratio between the
scattered wave observed in the port 2 over thelemtiwave observed in the port 1. Figure
2.30 displays the mutual coupling between two dbseds in an array configuration for
different f¢'s. For the simulation efficiency, without reducittte necessary accuracy of the
result, the data are collected by simulating twdsronly, instead of e.g. 9 elements of the
rod. Figure 2.30(a) shows the mutual coupling fdremuency range while Figure 2.30(b)
shows the mutual coupling for a particular frequeincthis case the 60-GHz frequency band.
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Figure 2.30. Mutual coupling;; between neighboring rod elements for differ@yis: (a) S1
magnitudeover a frequency band and ®) magnitudeat 60 GHz.

From Figure 2.30(b), the mutual coupling decreas#s, increases untibe is around
50. After this value, the mutual coupling tends torgmse albeit with a small slope. This can
be explained from the existence of the mutual dagphat also exists in the bottom region
of the substrate. As a result of thg increase, the power from the CPW feed line and the
backlobe radiation may also couple to the neighmgpport. However, the impact of those to
the mutual coupling is very small for this antestraicture. Particularly for G< 6 < 10, the
mutual coupling is observed to be relatively high.

Differently observed, the mutual coupling is invgated for different distances's)
in Figure 2.31. This distance is defined as théadie from the metallic waveguide to the



2.8 Comparison of the mutual coupling of differamay structures 53

substrate edge!f?2-9"9) (see Figure 2.18(a)). Note that the result inuFég2.30 is m:ade
with an unvariedl =1 mm, while the result in Figure 2.31 is madehveih unvarieds = 20.

In Figure 2.31(b), it can be observed that forttheching metallic waveguides, i@.
= 0, the mutual coupling equals -35 dB. Wtaincreases, the mutual coupling becomes
smaller untild is around 2 mm, and then it starts to increase deutease again. This
inconsistency can be explained by the construetindedestructive addition of the waves. The
surface wave propagates inside the dielectric nahtes it is unintentionally guided or
trapped inside that material. Hence, it dependshersize of the substrate, edgThis surface
wave propagates to the neighboring port and resultsutual coupling. Comparing Figure
2.30(a) with Figure 2.31(b), the contribution oé tsurface wave predominates wier> 20.
For 6e < 20, the coupling that is caused by the radiation &sexdominant. The coupling
mechanism is that a radiated wave is refractechéorieighboring rod and is eventually
observed in that rod’s port. Of course, a portidrthat refracted wave re-radiates and a
portion is observed at the port.
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Figure 2.31. Mutual couplin§: between neighboring rod elements for differentstuae
extensionsgd's. This distanced, is measured from the waveguide edge to the saibstdge
of the single-element antenr(a) ;1 magnitudever a frequency band and @) magnitude
at 60 GHz.

As explained earlier, the mutual coupling is aseault of the constructive and
destructive phase component of waves that is obdeat a port. Therefore, this value looks
fluctuating for different frequencies. Thereby,se the necessary influence of the observed
dimensions (e.g?.andd), the average magnitude over a bandwidth may be meeful here.

Therefore, for the final design of the rod anteah®0 GHz,0 = 20 andd = 0.65
mm are chosen and used. The design consideratiorheve a low mutual coupling, while at
the same time, to have a small dimension for aayomdl structure. This result has a good
agreement with the result in Figure 2.23, yet alsditierence exists because of different
number of rod elements in the simulation, as meeticearlier.
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2.9 Design template

In this section, the design template can be useal r@$erence for dimensioning the
dielectric-rod antenna according to the need. Hmptate presented here is based on the
performance of the antenna, a.o.:

« Directivity,
« HPBW, and
e SLL.

Based on those, one can fit the antenna dimengitiretspecification, e.g. as in section 1.5.2.
In this general design template, no material’s Ipssperty is included in collected data.

Therefore, the directivity value is used here. Hoavethe design template for this project has
been also included in this report to compare tfieence of the material loss property in the
template. This is provided merely for comparisod #or easiness to decide the dimension
when the PS material is used.

her = 0 -25.705036

her = 37 :-21.827883
-20 1 her = 7.4 1 -27.079965
her = 11.2 1 21862378
Y her = 14.9 1 -27 664946
5 i her = 18.6 1 -21878833

[51,1] (dB)

her = 26,11 -22.435274

30
U her = 335 1 -23.651991

35 T T
50 52 54 =% £ 80 82 84 86 =3 70

Frequency (GHz)
Figure 2.32. Reflection coefficient for differergights () of the cylindrical rod.

First of all, the impact of different rod’s heighh S; is depicted in Figure 2.32.
Obviously, this does not largely shift the resonamint and still maintains a low return loss.
The shape of the rod has been optimized, and fitaeation is in section 2.3. The shape
optimization reduces reflected rays inside the rddhe slightly different reflection
performance of rays from the tip of the rod is msgble for differents;; performance as the
cylindrical rod is varied. Nonetheless, when thegté of the uniform cylindrical section of
the rod is varied, no significant difference is etv®d here. This simplifies designers to use
the design template without re-optimizing e.q.féned point, etc.

Now the design template for particular materigetye.g. PS rod is shown in Figure
2.33. The height of the uniform section of the (bg) is varied between 0 — 33.5 mm. Figure
2.33(a) shows the gain for = 90 at the maximum direction (.. = 0). The gain will
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increase with increasingy,. Nevertheless, it can be expected that the gdirstart to reduce
after a point of a very large,. The reason is that the waves may add destrugtinehe far-
field region since within the rod, the phase velpa@ lower than in free-space.

90 (dBi)

Max. gain, phi

Radiation efficiency (%)

Figure 2.33. Design template for various heightshef cylindrical PS rodh() (see Figure
2.18(b)): (a) the gain (&= 0) for ¢ = 90, (b) the half power beamwidth for= 90, (c) the
radiation efficiency, and (d) the sidelobe levad = 90.

Figure 2.33(b), Figure 2.33(c), and Figure 2.3Xddw the HPBW, the radiation
efficiency, and the SLL for the PS rod, respectivélote that the gain value is used here
instead of the realized gain value to have a famparison regardless the return loss as
shown in Figure 2.32, yet if it is include, a véow return loss has a negligible impact in the
final result.

The design template for the HPBW can be seen iar€ig.33(b). This information is
useful when thed and the number of the conformal element need t@dyested while
maintaining the scan beam and the broad scan rddaeover, its corresponding gain value
can be obtained from Figure 2.33(a). Figure 2.3(shown to observe the influence of the
rod material’s loss tangend)(and the incrementing rod’s height to the radrawdficiency.
Although the radiation efficiency is relatively tlsame, there is a tendency to have lower
radiation efficiency when the height is incrementélde loss in the dielectric material starts
to grow greater than the benefit that is obtaingthbreasing the rod’s height.
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Figure 2.33(d) shows that the SLL has its optimwatue forhe, = 15 mm. After that
value, the SLL grows. SLL < -12 dB is considerecb@jothough this depends on the
specification and the application. For the desigthis reporthe, = 25 mm is being used to
meet the specification in section 1.5.2.

B 207 e . 5407 i S |
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Figure 2.34. General design template for varioughte of the cylindrical rodhg): (a) the
directivity (at@ = 0) for ¢ = 90, (b) the half power beamwidth fer = 90, and (c) the
sidelobe level fop = 90.

As mentioned earlier in this section, the genéesdign template is given in Figure
2.34. With the measured performance disregardiegntiaterial loss, an influence of the
material’s loss to the performance can be invesdjaApproximately 0.4 dB difference can
be seen for gain and directivity values. In the MPBnd the SLL, this loss tangent of the
material has no influence, which is predicted. Mweer, this design template is also
applicable for various operation frequencies adogrtb the requirement and specification.

The theoretical values for the directivity (see aeun (2.5)) and the HPBW (see
equation (2.6)) have also been included in Figu@t Zor comparison. Both simulated
performances have a good agreement with the thearetpproximation. About 0.4 dB
difference between the theory and the simulatienlts for the directivity value is observed.
This is because the simulated results have beeaineht using the optimized shape. Thereby,



2.9 Design template 57

the simulated design gives better performance. Willsbe proven and verified through the
measurement of the antenna demonstrator in Chapter

20

a0 (dsi)

——|hcr = 0 13.878072
——|hcr = 3.7 14.745362
—a—|hcr = 7.4 15510399
—¥—|hor = 11.2: 16.231391
——|her = 14.9 1 16.755104
——|her = 13,61 17.317903
——
-
——
—

Gain, phi

her = 22.3 @ 17 635513
her = 26.1 @ 18.042744
her = 29.3 ;1833035

her = 335 : 18649917

50 52 54 6 58 &0 62 &4 56 68 70
Frequency (GHz)

(@)

her = 0@ 35.224772

her = 3.7 13236832

her = 7.4 29.774863
her = 11,2 : 27.684285
her = 14,9 : 25740273
her = 186 : 24.18859
her = 223 : 22657754
her = 26,1 : 21.319029
her = 29.8 1 20.09357 |,
her = 335 : 18.984529

90 (Degrees)

HPBWY, phi

50 52 54 56 58 [80] 62 64 66 68 70
Frequency (GHz)

(b)



58 Chapter 2 Design of thdddifric rod antenna in the 60-GHz frequency band
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Figure 2.35. Broadband characteristics for varioeights of the cylindrical roch{in mm):
(@) maximum gain (afl = 0) for ¢ = 90, (b) half power beamwidth fop = 90, and (c)
sidelobe level fop = 90.

Some pictures are also provided to see the broadpariormance of the dielectric-
rod antenna for aforementioned height incrementsees& are in Figure 2.35(a), Figure
2.35(b), and Figure 2.35(c) for the gain, HPBW, &id., respectively. The impact of the
loss is included in the material here, i.e. basedhe gain performance. Note that the design
for the antenna in this report hag= 25 mm.

From those figures, it can be concluded that tiséectric-rod antenna has nearly
similar performances over the bandwidth of interestthis case from 58 to 62 GHz. This
also applies for all mentionew, values. A minor remark is perhaps for the SLL igufe
2.35(c) where a relative large variation (x 3 dBgiothe bandwidth is observed, flog <

11.2 mm.
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CHAPTER 3

3 Design of the RF MEMS switch in the
60-GHz frequency band

RF microelectromechanical systems (MEMS) switchreases its popularity since
last decade [28]. It is because its higher perfoiceathan p-i-n diode and field-effect
transistor (FET) switches. Pioneering applicatiaipsto 120 GHz for phased arrays and
reconfigurable apertures in the telecommunicatigsiesn and wireless communication have
been realized using RF MEMS technology [26]. Wiseleommunication often uses RF
MEMS to realize a single-pole N-throw (SPNT) swiichportable units and base stations.
RF MEMS applications are not limited to these simteerging products in the area of
automotive, health, instrumentation, defense, atednd multi-gigabit communication start
to implement the RF MEMS technology in recent y§263.

MEMS switches utilize a mechanical movement toiece a short circuit or an open
circuit in the RF transmission line. Neverthelebgs does not imply that RF MEMS can only
be employed at RF frequency. As aforesaid, MEMSlemgntations for millimeter-wave
applications also gain much attention. The exterfmate to achieve the mechanical
movement can be obtained using electrostatic, ntagtagic, and piezoelectric. But for
millimeter-wave applications, the electrostaticcfolis often used due to its high reliability
and available manufacturing techniques [26].

Some advantages of the MEMS switch over p-i-n demt FET switches are:
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Low power consumption: the electrostatic actuatiway range from 20 — 90 V but
does not consume current leading to very low paweasumption.

High isolation: the MEMS is miniaturized and falaied to achieve low LC product
using the available manufacturing techniques. Tésulting resonance can provide
high isolation in capacitive-shunt switches at imiéter-wave frequency.

Low insertion loss: the off-state capacitance ef¢hpacitive-shunt switch is very low
due to miniaturized beam structure. This can leaal lbw insertion loss.

Good linearity: A mechanical device is a very lindavice, and therefore, results in
very low inter-modulation products.

On the other hand, considerations for designingtB®1S switch are:

The cost: if the packaging is carefully plannec¢ammercializing a MEMS product,
its production cost will be significantly reduceddause the major cost comes from
the packaging of the MEMS. However, it is a big IE@rge to beat the cost of
aforementioned diodes when it comes to include &fflolvs in commercializing the
product, e.g. testing, packaging, and delivering.

The speed: the choice of the beam material detesrtime switching speed, which is
usually only in the order of ps. Nonetheless, cexpart diodes have reached the
speed in the order of ns [96].

Power handling: a MEMS switch cannot handle a fgtver with a high reliability.
This is due to the self-stiction of the beam beeaafghe high power signal. This self-
stiction will also reduce the lifetime of the beéself.

The reliability: the challenge in the design of thM=MS structure is its switching
cycles. The typical reliability of the MEMS switéh 10 billion cycles. Therefore, it is
important to design a beam structure that can stippaigh reliability.

The other consideration is the need to have a g®ltgp-converter chip to produce
high-voltage drive (20-90 V).

These considerations will be discussed furthéhénsubsequent sections of this chapter.

3.1 Background of the RF MEMS switch

In this section, the working principle of the RF ME switch will be explained. First

of all, the RF consideration will be discussed, #meh the electromechanical consideration
will also briefly described. Moreover, the comparisbetween the ohmic-contact switch and
the capacitive-shunt switch will also be discussect.
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3.1.1 RF considerations

Basically, the RF MEMS switch has two different égp namely the ohmic-series
switch and the capacitive-shunt switch (see Figuté. In this figure, the ohmic-series switch
has the RF signal path in the left-right directismereas the capacitive-shunt switch has the
RF signal path in the towards-away direction re&ato the reader. The ohmic-contact switch
normally works up to 10 GHz whereas the capac#ivent switch can work up to sub-
millimeter-wave frequencies [30]. This is definitalhy the capacitive-shunt switch is being
used in this design project.

Anchor Switch Arichior I tsnl A‘l.ﬂembrane
és = Contac @ f . + =
L 1 [ 1 —r'—-*
Pull-Down /‘
Electrode
(@) (b)

Figure 3.1. Cross-sectional view of (a) the ohna@ides switch and (b) the capacitive-shunt
switch.

Figure 3.2. Circuit model of (a) the ohmic-seriastsh and (b) the capacitive-shunt switch.

The equivalent circuit of each MEMS type is depicia Figure 3.2. The ohmic-
contact switch hardly supports millimeter-wave fregcies due to its higher series resistance
during its down stateRj) which raises the insertion loss when the opemaftiequency gets
higher. The isolation in this type of switch depgmuh the up-state capacitan€g)( yet the
high-isolation switch cannot be obtained for e.g:b¥d applications (75-110 GHz) [27].
Perhaps, the high isolation can still be achiewethbans of the cascade version of the switch
but this then requires a large space. Consequéhitymay also be an issue if a high-yield
SPNT structure needs to be manufactured. Notedilvéig the up-state position, the circuit
exhibits the behavior of the pass-band filter. Thieves that this device’s isolation at
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millimeter-wave frequencies is limited by how smthlé up-state capacitance is, whereas at,
e.g., microwave frequencies, the isolation is moitéd by this pass-band behavior. Also note
that during the down-state position, the circuihibXs the behavior of the stop-band filter,
allowing the RF wave at microwave frequencies (ilewer than millimeter-wave
frequencies) to propagate [66].

The capacitive-shunt switch is suitable for millierewave applications because its
capacitance is low in the up state (e.g. 10-50 THis can thus offer a low reflection
coefficient as expressed in equation (3.1):

w?C2z} (3.1)
4 )

|511|2 =

where C, is the up-state capacitancg, the characteristic impedance, andhe angular
frequency.

A low up-state capacitance can be conveniently ewelti by creating a small
dimension of the beam, i.e. by trading off the acefarea or the electrostatic force for a low
up-state capacitance. However, the electrostatoefoan still be improved by means of the
higher actuation voltage and/or lower height of team ). Note that in this up-state
position (i.e. smalC,), the circuit (see Figure 3.2(b)) exhibits the d&e&br of the pass-band
filter. On the other hand for the down-state positithe circuit with a highCy (i.e.
sufficiently larger tharC,) exhibits the behavior of the stop-band filtereTdapacitance ratio,
C4/Cy, is one of the criteria to design a high-performenapacitive-shunt switch. The ratio
value around 20-100 is acceptable for most degRpiq28].

A low insertion loss (e.g. < 1 dB) is also realileain this switch. This is because
there is no induction and resistance in the upmest@am position owing to no metal
connection. In the ohmic-series switch, the RF wpk@pagates when only there is metal
connection giving a raise in the parasitic inductaand resistance. This contact resistance of
the switch increases its insertion loss.

In the down-state position of the capacitive-shsmitch, the capacitance is higher
now (e.g. hundreds of fF) but does not influencemiine isolation except for the inductance
[27]. This inductance has to be sufficiently lowaohieve the high isolation at millimeter-
wave frequencies. This isolation is expressed uaggn (3.2):

4 3.2
e < o
azo
. 4R52 _
1S211% = < 7' for f = f,
0
42 ?
, for f > f,,

\  Z3
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where

fo=1/(2mLCy), (3.3)

wherelL is the inductance arig, is the series resistance. It can be clearly olesetivat at the
resonant frequencyfyf the isolation is independent of the down-statpacé@ance and is
limited by the series resistance of the beam nwtefhis series resistance has to be low
enough to give a high isolation at the resonamguescy. From equation (3.3), the resonant
frequency of the capacitive-shunt MEMS switch igedmined by the LC product. To
compare this with the case for the series-contdeM@ switch, equation (3.4) is provided:

fo = 1/(2nCyRy). (3.4)

From that equation, it can be seen that the resdrequency is not inversely-proportional to
the root-squared of the capacitance like in eqonao3). Therefore, the capacitance needs to
be very small, which requires a very small beamcsire, if this ohmic-contact MEMS
switch is intended for millimeter-wave applicatiohis may reduce the surface area and
consequently reduce the electrostatic force that lma achieved. Moreover, the up-state
isolation of this ohmic-series MEMS switch is exgged in equation

1,112 = 402C2Z3, (3.5)

which the isolation is proportional to the powertloé angular frequency. This clearly gives
much more challenge to build the ohmic-contact MEM®itch at millimeter-wave
applications compared to the case of the capaetimt MEMS switch in equation (3.2).
Therefore, the capacitive-shunt MEMS switch is usetthis design project.

In Figure 3.1(b), &, thin silicon nitride (SiNy) is deposited on the conductor strip to
prevent the short contact between two electrodemséquently, the capacitance of the
MEMS capacitor will be different for the up and dowtates dependent on the relative
permittivity and the thickness of the dielectricterél. SgN4 has relative permittivitye() of
7.6 and loss tangend)(of 0.003. Its thickness is 0.15 pm which is sudint enough to
produce very high capacitance to give a high ismiafor frequencies lower than the resonant
frequency (see equation (3.2)). In addition, itssléangent is also low which can facilitate
low-loss wave propagation during the up state eftitbam.

The formula in equation (3.2) can also be derifrech the total impedanc&gy,) in
equation (3.6):
, 1 3.6
Ztotal = R +]wL +]a)_C’ ( )
where all the lumped element models are takenaotount. The approximated formula of
the total impedance for particular frequency raisgéus:
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(1/ja)C, for f < f, (3.7)
Ziotar =\ R ) for f =fo.
jowL for f > f,

where f, is the resonant frequency; C, R, and L are theaatgnce, resistance, and
inductance. Finally, thiZZy determines the S-parameter magnitude, i.e. thiatiso,
insertion loss, and reflection of the MEMS switch.

Finally, in this RF perspective, the MEMS compadnbaehaves like a RLC circuit
with negligibleR andL. Thereby, the up-state capacitar€g,is given in [30]:

A (3.8)

C,=14———
“ hb + tsn/gr

whereC, is assumed to be 40% larger than the parallet pfalue due to fringing field#\ is
the area of the electrode under the beam. For EhedRspective, it is the area of the signal
strip under the beam. Furthermore, the down-segtaatanceCy, is given by:

E0&ra (3.9)

whereCy is assumed as for the parallel plate value ancktiseno influence due to surface
roughnessK,) of the dielectric. In reality, the dielectric fage is not flat. In this casg,
can be defined as e.g. 0.65.

3.1.2 Electromechanical considerations

The discussion in this section will be focusedtioam capacitive-shunt MEMS switch.
The fixed-fixed membrane in this switch type is raledl as a mechanical spring, with an
equivalent spring constark)( Thisk is given by [34]:
3

k = 32Ew G) (%) +80(1 — v)w%(%), (N/m)

(3.10)

whereE is the Young’'s modulug; the residual stress, andthe Poisson ratio of the beam
material. The discussion in these parameters cdouvel in [97].1, w, andt is the dimension
of the beam as depicted in Figure 3.5,li=d,; = the length of the beam = dy, = the width
of the beam; andl = t, = the thickness of the beam. The effective mashefbeamrf) is
given in [30]:

m = 0.4plwt, (kg) (3.11)
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wherep is the mass density of the beam material. Becthesbeam is fixed at both ends, the
mass of the beam is reduced by 60%.

The actuation mechanism is obtained using thdrelatic force between the parallel
plates in the MEMS structure. The electrostaticéds thus given by [26]:

QE CVE CcVv? eAV? (3.12)

S e

whereQ is the electric charg&; the capacitancds; the electric fieldV the drive voltageh

the instantaneous gap distance, &pdthe electrostatic force moving towards the down
direction. For the electrostatic perspectias the area of actuation pads under the béam.
is, as described in Figure 3.1, the thickness efdielectric material (8N4) deposited on the
conductor strip. The dominator in equation (3.B2)le to the fact that the materials between
the parallel plates consist of air angdN&i

The electrostatic force produced from equatiorldB. is very low, but this is
sufficient for MEMS-switch actuation. The reasorihiat, as the switch is pulled down to the
bottom plate or electrode, the gap is reduced tlaagull-down force on the switch increases.
However, there is still a pull-up forc&j) due to the spring constart, of the switch. It is
given by:

F,=k(h=hy), (N) (3.13)

where hy, is the initial height of the bridge, ardis given by equation (3.10). Equating
equation (3.13) with (3.12) will result in a culdquation inh which gives a stable position.
Subsequently, to collapse the switch to the dowtegposition, the pull-down voltagg,] is
given by [26][30][97]:

L 8kh3 (3.14)
P [27g,A
Moreover, the bias voltage necessary to hold ddwervoltage Yy) is given by:
(3.15)

2
V. = Zk(hb - tsn)tsn
n £,A ’
where , as mentioned earlier, is the gap between the lagmhihe dielectric in the up-state
position.

As discussed earlier, one of the important comattms is the switching speed.
Therefore, the switching time.(] is defined as in the following equation [34]:

(3.16)

4
t, = 3.67 :
Vi k/m
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whereV, is the pull-down voltagéj; the drive voltagek defined in equation (3.10), and

defined in equation (3.11).k/m is actually the resonant frequenay, of the second-order
system [26]:

mh' + bh' + k(h, —h) =F, (3.17)
wherem is the mass of the beaimthe damping coefficient of the beam, d&nthe electrical
force defined in equation (3.12). This second-osiestem follows the standard Newtonian’s
mechanics, specifically d’Alembert’'s equation oftion [26].

3.2 SP3T switch structure

The structure and dimension of the switch are pectun Figure 3.3(a). Basically, the
structure uses the 0/1-level interconnects and Ignaises FGCPW transmission line. 0/1-
level interconnect has O-level interconnection aa, vwhich connects the MEMS’s
transmission line at one side with the transmisdina at its opposite side, and 1-level
interconnection or solder bump, which connects tthasmission line to the motherboard
with the MEMS chip.

The motherboard is the substrate for the antennatste, i.e. LCP substrate. The O-
level interconnection is shown in purple circledahe 1-level interconnection is shown in
red circle in Figure 3.3. Their diamete@s§ andd,;,) are 0.06 and 0.04 mm, respectively.
These dimensions have to be small enough to suppbitneter-wave frequency while not
too small to be feasible to manufacture. Especi#iilg solder bump is difficult to apply in a
very small dimension with a very high positionaca@cy. The center distance between
solder bump in the ground padsg) is 0.23 mm, and the solder bump’s distance betviee
signal and ground partd) is 0.15 mm. These measures are also similar pplied for the
distance in the via casel§ andd,). These values are optimized with regards to the
reflection performance and to keep the CPW mainenddl the ground widthsw,) are
0.453 mm which also fulfill the criterion in [91¢ thave a 5@ characteristic impedance of
the conventional CPW.

While the motherboard substrate is a LCP, the safiestor the MEMS part is made
from sapphire, which has a fabrication dimensidya,{ x dsapd 2.3 x 2.59 mrfi The LCP (in
green color) is truncated in this figure. The coetglstructure of this LCP section has been
displayed earlier in Figure 1.4. The sapphire nigtéias a relative dielectric permittivity; (
= 9.4) and loss tangend € 0.000158). Note that the orientation of the sagpmaterial
influences in the; value. For example, the cut along its optical ddse, = 9.4 whereas the
perpendicular one gives= 11.6.
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Figure 3.3. Structure and dimension of (a) the SRBTMEMS switch and (b) its detail in the
close vicinity of the transmission line. The solide represents the structure that faces
towards the reader, while the dashed line represthit structure that faces away from the
reader.
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The highe, of the sapphire eases the design of the transmiséisie since the structure
can be made relatively small, and especially foiMCEhe gap \{ij = 0.04 mm) can have a
relatively wide width. This also means a positivactbr for the manufacturability and
repeatability of the MEMS fabrication. This gap Wicaccompanied with the strip widtivg
= 0.12 mm) on a sapphire substrate can provid€)5tharacteristic impedance of the
transmission line. For the comparison, in the feguhe gap widthwg: = 0.01 mm) on the
LCP substrate has to meet to create th&5fharacteristic impedance of the line. All the
signal and ground strips that are used in this MEMSign are made from copper with 2 pm
thickness. This dimension is confirmed with theikmde manufacture capability.

The conductor in the MEMS part has the dimensioh.bfx 1.39 mrﬁ(dspm,lx dsp3t,)-
This comprises the ground and the signal stripiarah the 0 level. Through the via, these
conductors (solid line) are connected to the cotatuzn the opposite or back side (dashed
line) of the sapphire substrate. The beam of thevi@Etself is colored in green, and the air
bridge is in blue around the SP3T's intersecti@e (Bigure 3.5 and Figure 3.4, respectively).

The detailed dimensions of the transmission lireséiown in Figure 3.3(b). The stub
sections of the 1-level and O-level interconnetisarfd |;) are 0.12 and 0.165 mm long,
respectively. These stubs are optimized to hawwaréflection in the transition, namely the
via and the solder bump. The line that goes tasthgle pole Ig) in this SP3T is 0.348 mm
long before the line has a transition to the linéhva high shunt capacitance, i.e. narrow
ground gap. This capacitive ling € 0.142 mm) has to match with the loading from the
intersection in this capacitive-shunt MEMS SP3Te Thansition itself should have a very
low reflection when the width of the line is chadgeThe length of all the transitionk)(is
0.475 mm. The line’s length that goes to every pudéh () is 0.2 mm. The line for the
MEMS section is made inductive with a large grougap; this is to compensate the
capacitive loading introduced by the parallel-plstieicture of the MEMS when the beam is
in the up-state position (i.e. signal flow). Thigd (s) has a length of 0.198 mm. The
intersection structure has to provide a unifornfgrenance for both the acute-angle arm and
the straight arm. For this purpose, a compensaiomade in the intersection by means of the
chamfered ground with a lengthy)(of 0.175 mm. This will reduce the inductive loagli
which exists in the acute-angle arm and does nst gxthe straight arm [66].

The air bridge dimensions are shown in Figure Bh# strip width Ws3) and two gaps
(@ wyz) are spanned by 112 pm lordyds) and 10 pm widedg,;) aluminum air bridge. This
CPW's strip is connected by a transition from a3007/0um CPW. The thickness of this
bridge €an) is 1.5 pm, and it is positioned 8 pm high frone signal strip {ap). This air
bridge is used for obtaining an equi-potential ket surrounding ground strips, to prevent
the excitation of modes other than the CPW'’s evedar|65] [66].
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sapphire substrate

gap width, wy3 =5 um

Air bridge:

width, dy, = 10 pm;
thickness, t, = 1.5 um;
holder height, h,, = 8 um

Figure 3.4. Structure of the air bridge.

copper ground;
ickness, t. =2 pm

hire substrate

kness, t. =2 pm

actuatio
80 x 60

Beam holder:
width, dy,; =6 pm
height, h, = 2.2 um

dy> = 80 um

Figure 3.5. Beam structure of the RF MEMS on th&\QRansmission line.

In Figure 3.5, the aluminum beam in green colordépicted in detail with its
dimensions. The beam’s lengith{), width (dy2), and thicknesstf) are 272 pum, 80 um, and
1.5 pm, respectively. As mentioned earlier, a diele material made from @\, is deposited
on the strip conductor. Its thickneds, is 0.15 um. The means for the actuation are two
copper pads at each side with a dimension of 80 . In this design, the copper for the
ground and signal strip has a similar thicknés®f 2 um.

The position beneath the antenna structure of BT Ship in Figure 3.3 can be seen
clearly in Figure 3.6. The chip is colored in bluke cap for the packaging is colored in
transparent blue. The cap’s heighf) (is 200 um and is made from the same materidhas t
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substrate for the SP3T structure. This substragdfihas a thicknesss{) of 120 pm. From
that cap’s height, it provides 100 um high of vaunufgavity) spacelt - t;) where the SP3T
or MEMS structure can be found. The solder ball sotder bump is made with an
approximation of a cylinder structure with a diaerg@s) of 60 um and a heighhg,) of 30
um. It is assumed that after applying a force ia slolder ball (i.e. between the chip structure
and the antenna’s substrate), the pressure folteetichange the solder ball's dimension.
Also, note that this dimension has to be suffidiesinall to provide broadband characteristic.

sapphire cap; sapphire cap;
Solder ball: thickness, t. = 100 um height, h, =200 um
Oy, = 60 um; RF MEMS
height, hg, =30 um sapphire substrate; 0-level

thickness, tg,, = 120 um

m—:_r!;/ LCP substrate; 1-level

[ thickness, ti, = 160 pm

[y
»

copper
metallic waveguide

Figure 3.6. Side view of the SP3T.

In Table 3.1, parameters of the material for tigitirequency problem of the MEMS
analysis are summarized. In this design projeqiplsiae is chosen for the switch’s base
substrate (and packaging cap) because of its meethaobustness [57] and its very low loss
tangent. Its relative permittivity is sufficientlgrge to be able to create a small structure of
the chip and to reduce the radiation resistanddefwitch structure. Last but not least, the
chosen material has to conform to the availableufaaturing technology of the material.
For example, the manufacturing technology for sappmnd silicon is available at the known
fab, e.g. Delft Institute of Microsystems and Neleotronics (DIMES) at TU Delft, whereas
it is not the case for GaAs material. This conditie related to the technology flows that
have to be followed to create the miniaturized cdtrte, where each step requires certain
advanced techniques, instruments, and measureystanss.
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For electrostatic and mechanic problems, some rmht@arameters are also
summarized in Table 3.2. The material includes kbt conductor and the dielectric or
insulator. These materials are involved in the ysialand simulation of the respective
problems.

Table 3.1. Material parameters for the high-frequygoroblem at 60 GHz.

Relative Loss
permittivity, tangent, o
&r
Sapphire (Al,O3) 9.4 0.000158
[31]
GaAs [31] 9.8 0.002
Silicon (Si) 11.9 0.004

Table 3.2. Material parameters for electrostatit mr@chanic problems

Young’s | Poisson’s| Material Thermal Thermal Electric
modulus, | ratio, v | density, | conductivity | expansion| conductivity
E p (W/K/m) coefficient (S/m)
(GPa) (kg/m?) (1e-6/K)
Aluminum 69 0.33 2700 237 23 3.56e7
(Al [51]
Copper 117 0.34 9000 401 17 5.8e7
(Cu)
Sapphire 345 0.28 4000 35 5.8 -
(Al;05)
[57]
Silicon 2.8 0.27 3300 23 3.3 -
Nitride
(SisNg)
[58]

3.3 Transmission line, interconnection, and packaging

This section is meant as a supplement to the repfdhe transmission line structure
in Chapter 2. The focus of this section is on thlated structure that is being used in the
design of the SP3T switch structure. The explanafio the CPW, or particularly FGCPW,
itself can be found in Chapter 2.
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3.3.1 90°CPW bend

In Figure 3.8, another aspect to design a CPWbdtswity, e.g. a 90CPW bend, is
pictured. Its equivalent circuit is in Figure 3%4], where this right-angled bend produGas
and Cs. This part of distributed elements increases tiveeat flux density which occurs in
the inner corner of the ben@,, Ls, andRs represent the low-pass circuit that is generated f
any discontinuity. To be able to operate at thé Higquency band, thesC, product has to
be small. This part of distributed elements incesathe electrical fringe field where the
excess charge is accumulated. This can be solvetidmfered or mitered bend as shown in
Figure 3.8. To minimize the impact Gf andGs, a slit can be made in the inner-corner of the
bend. However, the manufacturability of such acétme is questioned, because at 60 GHz
this slit dimension is very small. Therefore, theis not applied in this current design.

G,

M\

Cy 1
I

Ry
P, w_ P,

Cp —_

Figure 3.7. Two-port equivalent circuit of the @PW bend.

Figure 3.8 compares the return loss for diffei@dramfer factor for the signal strip’s
width of 120 um. The chamfer factor is defined rashie picture that its multiplication with
the strip’s width determines the chamfer length.68tGHz, the chamfer factor of 1.483 is
chosen as it has the optimum return loss (< -30 fB)the frequency band. Its strip’s
manufacturability has to be taken into consideraéie well.

This bend section with a chamfer factor = 1.483oahices 0.58 dB loss at 60 GHz.
Other values of the insertion loss for the corresiimg chamfer factor in Figure 3.8 are
summarized in Table 3.3. The shaded column is hiwsen factor for the design. It can be
observed that the chamfer factor of 1.88 may glghtty lower insertion and return losses
but its manufacturability may also be risked duethie very narrow metal strip. Further
discussion about the chamfered bend can be foufgbjrand [93].

Table 3.3. Insertion loss of the chamfered berfgure 3.8.

Chamfer factor 0.675 1.079 | 1.483 1.88 | 2.292 2.697

Insertion loss | -0.584 | -0.58 | -0.581 | -0.576| -0.587 | -0.633
(dB)
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chamfer factor * 120 um

—e— | charnfer factor=0.675 : -28.207733
-15 | ——| chamfer factor=1074 : -30.439743
i [—m—|chamfer factor=1.483 : -36.731669
# - | chamfer factor=1.888 : -41.796342
i |-k [ chamfer factor=2.202 : -20.747601
"""""""" u- | chamfer factor=2.697 : -21.620822
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Figure 3.8. Characterization and optimization oé tbhamfered bend of the FGCPW
transmission line.

3.3.2 Via, tapering, and SMA transition in CPW transmission line

To connect the conductor plane at the backsideeottibstrate to the conductor plane
at the topside, vias or viaholes are used. Thesvigsed in this project to shunt the metallic
waveguide with the ground plane and also to contfetstrips in the CPW line of the
antenna demonstrator. Also, many vias are usetthéoRF MEMS switch. The via design has
to put the skin effect and the inductance into aeration. As seen in Figure 3.9, a via is
represented in distributed elements as serial hodtsnductances [94]. At high frequency,
this reactance is large that it has to be solvearewating a via with a smaller dimension.
Moreover, the stub section is usually introducedhia strip extension to further match this

via.

L, L,
P, P;

L,

Figure 3.9. Two-port equivalent circuit of the viay and P, are input and output ports,
respectively.



74 Chapter 3 Designhef RF MEMS switch in the 60-GHz frequency band

The tapering (or step discontinuity) in a CPW liseused for adapting the cross-
sectional dimension of a CPW line while it still im@ins the characteristic impedance of the
line. In addition, the purpose of this taper seti®to minimize the discontinuity during the
size transition. The angle of this size transitstwould be optimal enough not to introduce a
significant reflection [66]. The angle range frof # 60 is considered to be acceptable [95].

For the antenna demonstrator, the SMA connectosésl to connect the CPW line
with a coaxial cable or measurement equipment. raljeh path of the ground and signal
strips has to be maintained; this includes theadst and the width between strips. This is to
improve the matching condition and insertion lassthe transition from a cladding substrate
(coaxial probe) to a substrate-air (CPW line) tygfedielectrics [9]. Figure 8.3 in the
Appendices shows how the surface current in aitransapplies. It can be observed that the
outer and lossy conductor acting as the grountietbnnector may not perfectly be parallel
to the signal conductor at the center of the cotatu&ach finite section in a transition may
have slightly disturbed characteristic impedanceemhthe reflection may occur. An
optimized connector can be found in literature {Bhugh it is difficult to find this product in
the market. A symmetrical positioning of the SMAnpector using soldering material may
suffice to maintain parallel paths.

3.3.3 A/4 transmission line

In the design of the SP3T switch, thégd- or quarter-wavelength transmission lines
are required. Each quarter-wavelength line willerivthe load impedance. The well-known
formula for the input impedance at certain lendjthis(given by [99]:

Z), + jZytan (k,l) (3.18)
®Zo +jZytan (kyl)
whereZ,, Z,, andz are the load impedance, the line’s characteristpedance, and the input
impedance, respectively. Alsk;, is the propagation constant. Suppose that thetHeisga
quarter wavelength,= A/4. Consequentlyk,| = /2 and equation (3.18) becomes:

Zi=Z

Z;=72]Z,. (3.19)
Because the impedance is normalizedZtp then equation (3.19) shows that a quarter-
wavelength transmission line inverts the load.

The application of this quarter-wavelength trarssian line in the designed SP3T
switch is to invert the loading of the down-stagsigon of the beam, which is, for very low
resistance, the load impedance can be approxinagtedshort circuit (zero-load impedance).
In this way, the wave in the intersection (see Feg8L3) sees the closed circuit (i.e. down-
state beam) as an open circuét-fload impedance).
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3.3.4 Packaging

RF MEMS components are very fragile and requirkaging. There are two types of
packaging, namely the wafer-level packaging andjlsichip packaging. The wafer-level
packaging is intended for a single MEMS switch tiveo simple devices such as varactor.
For the SP3T MEMS switches which have three bedrstare and the transmission line, a
single-chip packaging is preferred. As seen in Fg8.6, the single-chip packaging is
designed which can allow hermetic cavity sealinigisTcavity is to allow the movement of
the beam, whereas the hermeticity is required évgt cancellation of the spring force by
water droplets and other contaminants on the b&4in In this design, the hermeticity is also
assured by creating vias (instead of conventigaalsimission line) to connect the RF MEMS
structure with outside world [26].

Unlike the wafer-level packaging, the single-chigckaging is implemented after
wafer dicing, using pre-fabricated sapphire packagere-fabricated packages require
hermetic cavity sealing through clogging, sheddeng] soldering of the bump as explained
in Figure 3.6, and welding.

3.4 RF MEMS characterization

In this section, the characterization of the SP3EM& structure is reported. The RF
MEMS switch, as mentioned earlier, is based on @#pe-shunt structure. In Figure 8.5 in
the Appendices, the bird’s-eye view of this struetis provided, to give a clear drawing of
the SP3T. It is also comparable to the structurd=igure 3.3. This characterization is
obtained using CST MW$, a full-wave EM simulator.
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Figure 3.10. S-parameter over a frequency banteoSP3T RF MEMS: (a) the right-angle
arm and (b) the straight arm.
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In Figure 3.10, the S-parameter in a frequencyedngm 40 to 70 GHz is shown for
both the right-angle arm and the straight arm. Jtreight arm means for the signal path from
facing ports. One of the ports must be the port ihhaonnected to the RF front-end circuits.
On the other hand, the right-angle arm is for tiggad path from perpendicular ports. The
performance of the straight arm is slightly bettean the right-angle arm. The optimization
has been performed by introducing a mitered seafdhe ground strip as shown in Figure
3.3(b) (sed,).

Table 3.4. Comparison of RF MEMS switches: 11-GHASQroduct vs 60-GHz design.

Insertion Insertion Loss | Isolation S,, | Isolation S
LossS,, (dB) | S,, (dB) (dB) (dB)
RMSW 220 at 11 GHz -0.6 -0.6 -20 -20.5
(MEMS only) [98]
Designed MEMS at -0.76 -0.99 -29.5 -33.2
60 GHz (including
vias and packaging
interconn.) *

The -10dB bandwidth of this SP3T ranges from 56#dGHz which already includes
the ISM band around 60-GHz frequency. The inserii@s is -0.992 and -0.759 dB for the
right-angle arm and the straight arm, respectividlgreover, the port isolation is -33.154 and
-29.57 for the right-angle arm and the straight ,amespectively. Note that these values are
obtained including the impact of the transition gratkaging structures. For example, the
insertion loss for the O-level structure (only MEMS$ructure) is -0.445 dB, which is
obviously better when there is no influence froma thterconnection and chip packaging.
Note that the convention for the negative valu¢hefinsertion loss and isolation applies as
mentioned in section O.

These obtained S-parameters are summarized andacednpith the available market
product for lower-band applications, e.g. at 11 GhzTable 3.4. It is observed that the
designed MEMS structure exhibits better performafarethe isolation even at 60 GHz
frequency (i.e. higher frequency), though the desilgeady includes the interconnection and
hermetic packaging. An acceptable lower performdacehe insertion loss is mainly due to
the interconnection, e.g. via and solder bump. Alsbe discussed later in Chapter 5, the
isolation between switched-beam antennas using deggned MEMS is limited in the
MEMS part ¢ -30 dB), while in the antenna part, the isolatisrabout -40 dB. Therefore,
pushing for a lower isolation in the antenna pariat necessary.

Simulation snapshots of the H-field (or surfacerent) are shown in Figure 3.11(a)
and (b) for the straight arm and the right-angta,aespectively. It can be seen that the signal
can be switched to the appropriate path with lefieation.
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Figure 3.11. Simulation snapshots of the SP3T RAM8E(a) the straight arm and (b) the
right-angle arm.

The capacitance and inductance of the beam inugp#tate and down-state positions
are extracted from the impedance matrix (Z-maulixjing the simulation. It can be observed
from the curve at 60 GHz that the down-state capace,Cq, is 1.56 x 13° F or 1.56 pF.
Also, the down-state inductandey, is 4.5 pH. By means of equation (3.3), the rasmlt
down-state resonant frequency is at 60 GHz. Mornedhes Ly is low enough to give a good
port-to-port isolation for frequency larger thar ttesonant frequencfs. At the same time,
the Cq is large enough to give the isolation for frequeasmaller thaffy. At f,, the isolation
is determined by the series resistance of the beatarial, as explained in equation (3.2).

During the up-state position, the inductancg=X 147 pH) is also higher than during
the down-state position. This inductance is not itiductance that is due to the metal
connection but, instead, the inductance due t&CfP®/’s structure which has large gaps and
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narrow signal strip. Moreover, to have a low ingertloss a low capacitanceC) is
necessary during the up-state position. Thiat 60 GHz is 47.6 fF, which is sufficiently low.
Consequently, the capacitance rati@/C,) is 32.73, which is an acceptable value (20 <
C4/C, < 100) for a design of the MEMS switch [26] [28k€ section 3.1.1).

Capacitance [H

Frequency [GHZz] Frequency [GHZz]

(@ (b)

Figure 3.12. (a) Capacitance and (b) inductancehef MEMS beam in up- and down-
positions.

Using formulas (3.8) and (3.9F4 andC, are 1.077 pF and 14.4 fF, respectively. The
value forCy is slightly less than the simulat€g. The reason is that for particularly used
parameters, i.€A (i.e. the area of the signal strip under the beamandts, the down-state
resonant frequency occurs at 56 GHz, as confirmeBigure 3.10(b). At 56 GHzC4 is
around 1 pF, which is in a good agreement withrdsult from equation (3.8). With this
optimization for the S-parameter, the isolatio®@tGHz can be down to -30 dB for both the
right-angle and straight arms.

Note that this calculated example is for the strasym and assumed to consider no
dielectric’s surface roughness. The optimized disien of the SP3T here is also to give
good performances for both the right-angle andgiitaarms. Eventually, the dimension for
theA/4 transmission line has to be considered, to gibeoadband characteristic of the SP3T
for both the right-angle and straight arm$4 is around 400 um, which is the chosen
dimension for the arm’s length in Figure 3.3(a).

In Figure 3.13(a), the true-time-delay characterist the MEMS is shown. For both
arms, over the frequency range from 40 to 70 GHe, ttansmission phase is linear. The
green color is the transmission phase for the +agigie arm, where there exists a small
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derailment forf > 60 GHz. In Figure 3.13(b), the group delay (i) rssdisplayed for the
straight arm. It can be observed that this RF ME&M\tch has an almost identical group
delay over the frequency band. At 60 GHz, the adtefor an identical group delay is if its
variation is less than 4 ps for a bandwidth [100jis result for the right-angle arm is also
similar.
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Figure 3.13. (a) True-time-delay (TTD) charactécist the RF MEMS switch; and (b)
Group delay time of the RF MEMS switch.

3.5 Actuation voltage

In this section, the electrostatic and mechanibleras of this RF MEMS design are
simulated using CST MPhysics Stulfo To simulate the electrostatic and mechanic
problems, the material properties in Table 3.2 h@vée included. This may include the
electromagnetic, thermic, and mechanic properfiés. DC voltage has to be defined which
will actuate the aluminum beam through actuatiotlsp@ght under that beam. For example, a
source with 90 \;is used to feed two parallel pads in Figure 3.1 Potential distribution
on the substrate’s surface can be seen.

Electric Potential
98 U at 32.6876 / 275.786 / 6|
[

Figure 3.14. Actuation DC voltage to produce elesttitic force between actuation pads and
aluminum beam.
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From the simulation, this actuation voltage (9&)Will produce a static capacitance
of 133 fF under the bridge that causes electrastaice. This electrostatic force is calculated
over the pad’s area that is under the beam onlifef@nt electrostatic forces for different

V4c's are summarized in Figure 3.15(a). The electtmsfarce in the amount of 74 puN is
observed (for 90 ¥).

Using equation (3.20), the traction can be fourat.derresponding ¥, the traction is
also shown in Figure 3.15(a).

Traction = Electrostatic Force / Area. (3.20)
To simulate this mechanic problem, the displacentenindary and the traction boundary

have to be predefined. For example, displacementderies are defined as the area where
there are fixed supports or zero displacement arktiee beam. Beam holders at each side of
the beam are fixed supports in this fixed-fixed M&EMesign. Furthermore, the traction
boundary is the area in the beam that is influergethe actuation voltage.

8x10°

8x10”

Non-actuated beam

Z Deformed beam
i P / Grounded copper

Traction (GPa)

Electrostatic force (N)

Sapphire substrate

Signal strip/co‘saper

Actuation DC voltage (V)
(a) (b)

Figure 3.15. Results of mechanic and electrossatiulations: (a) the electrostatic force and
its corresponding traction by applying the actuatioC voltage, (b) a deformed aluminum

beam touching the signal conductor by, e.g., apgl0 V4in actuation pads (see Figure
3.14)

It is assumed in this simulation that only theaamghich is exactly above the actuation
pad, is defined as the traction boundary. In Figdidb(b), the deformed beam is achieved
after applying 90 \:in the simulation. The figure only shows half sture of the beam for
the sake of conciseness. Essentially, it can be $ed the beam touches the signal strip on
the CPW transmission line. This definitely showdoavn-state position of the switch’s beam.

The zero displacement area is the area nearbyetlm holder where no beam’s deformation
exists.

Last but not least, the switching time needs atsdé calculated here to see the
switching speed of this MEMS structure. Using etpmti(3.10), (3.11) and (3.16), the
switching times, can be obtained for the aluminum beam. Most dknel parameters have
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been summarized in Table 3.2. The residual stresss approximated as zero when the
aluminum beam is etched on the ground substratd.[TBis zero approximation is possible
since the beam structure always returns to thalimosition (when it is not actuated) owing
to the fixed position of the etched beam holdeee Tésulting switching times, is then 5.4 us
for 90 V of bothV, andVs. This switching time is an acceptable value f0MBMS switch.
Also, in [26], it is stated that the practical linaf switching time will be around 1 ps for
high-reliability operation.
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CHAPTER 4

4 Prototype of the switched-beam
antenna array

In Chapter 2, the dielectric-rod antenna array beaen designed and optimized
through the simulation. Its structure is made confd that it can provide a broad scan range.
In Chapter 3, an SP3T has also been designedwitshstype is the capacitive-shunt RF
MEMS. Both the antenna structure and the switalcsire are designed for millimeter-wave
applications, particularly at 60 GHz. In this cleptthe prototype of the switched-beam
antenna array will be realized. It is basicallyombination between the designed antenna and
switch structures. To give an idea about the 60-Glftem and where the antenna and
switch are found, Figure 8.8 in the Appendicesr®/gled. Eventually, the sensitivity of the
antenna structure to manufacturing tolerancessisudsed as supplementary to the discussion
in Chapter 2.

4.1 Integration of the antenna and RF MEMS

The RF MEMS switch has to be placed as close asiljedo the antenna. This is to
limit the loss that is created by the transmissine-part. The source of this loss can be from
the conductor, the dielectric, or even the radmtiéigure 4.1 is again provided to give an
overview of the integrated antenna and switch aires. The blue-colored box is the SP3T
chip. The yellow lines are structures that are mdaden metallic conductors, e.g.
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transmission line, waveguide. The red-colored clgdinis the base of the rod structure, while
the LCP substrate is colored in light green.

I Y A |
\\ l , l / /
. \ =5 i‘ Q é;'
\\ \ _ \ ©

X
\

\

Figure 4.2. Bottom view of the integrated antenmé 8P3T.

Figure 4.2 is also provided as the bottom-viewhid integrated antenna and switch.
It can be seen that the short arm on the switcls ¢gmea port (obviously, it is first connected
through via and solder bump). Likewise, the rightle arms are connected to the-tifed
rod antennas, whereas the straight arm is connéetid upright rod antenna. It can also be
seen a transition of the transmission line is useddapt the narrow strip from the switch
structure to the broad strip for the patch ex@tati

The challenge to realize combined structures is tmhave low reflection during the
transition from one structure to another. To opertine combined structure, the simulation is
highly important and necessary here. Also, howinwkate a relative large structure mainly
made from dielectric material and a very smalll &ilmetallic structure, and having high
substrate is very challenging. The reason is thatearlier one can be effiently solved by
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transient (time) domain solver, whereas the latiee is efficiently solved only by the

frequency domain solver of CST MW$ The combined simulation then needs
advantageous properties from both solvers. If tosbined structure is solved by the
frequency domain solver, a large number of tetresredwill be required which may exhaust
the memory resource. It is also experienced thafiish the simulation with certain

convergence criteria took very long duration of #wmulation. On the other hand, if this
combined structure is solved by the time domaiwvesplthe simulation’s accuracy may be
degraded or the stability criterion is violated &ese the mesh (hexahedron) size is, e.g., too
large. A localized meshing technique can be useddiwe this issue, by individually

assigning the number of mesh for each feature enstmulated structure. How dense the

mesh is definitely dependent on how much concesdrdields there are at that particular
region.

S-Parameter magnitude (dB)

—&— 51,1; Path for tited rod
—— 51,1; Path for upright rod f----

50 52 54 56 58 60 62 &4 &6 68 70
Frequency (GHz)

Figure 4.3.S-parameter over the frequency band of the intedrahtenna and SP3T. The
black-colored line is for the case when the MEM$dar the tilted rod is on (while other

paths are off), whereas the red-colored line isth@ case when the MEMS path for the
upright rod is on.

For this combined structure, the antenna performaadimited by discontinuities
found in the transition and the bending sectiom ffoth the transmission line and the LCP
susbtrate). For each antenna and switch structbeeperformance of the return loss is
already reported in Figure 2.23 and Figure 3.1€peetively. In Figure 4.3, the return loss for
the combined structure is depicted. Low return (&s< -10 dB) is observed around 60 GHz.
Few dips are found at 52 and 69 GHz; these araanfled by the corresponding switch’s
return loss performance and the taper discontinaftythe transmission. The difference
between the curves for the tilted and upright Gaseind 60 GHz is due to bends from both



86 Chapter 4 Prototype of the switched-beamranatarray

the transmission line and the conformal structlires. also illustrated there that the tilted rod
antenna has slightly larger return loss around Bi@ han the straight rod.

Most importantly to compare the performance betwibentilted and upright rod, the
gain and radiation performance are presented (geee4.4). As can be expected, the tilted
rod antenna has lower realized gain (16.645 dBp ttree upright one (18.039 dB). A
difference of about 1.4 dB is observed which is ttuthe longer transmission line (i.e. larger
insertion loss) to reach the respective antenreesl fpoint. Therefore, for creating such a
conformal structure for more elements (e.g. > 3)ndorm length of the transmission line is
preferable. The reason is that to take into accthmtEIRP restriction. For instance, if one
antenna is superior to the other antennas in alsadtbeam array, the EIRP restriction will
be applied based on the largest gain that the aatesn achieve.

Additionally, the sidelobes of the upright rod ema are slightly larger than the
sidelobes of the tilted one. This is because ofcthgpling of radiated fields to neighboring
rods (see Figure 2.26 (b) and (c)). These fields tfe-radiate. Nevertheless, these sidelobes
are still -13.7 dB from the peak magnitude of thainmobe. Besides, the HPBW is around
21.7.

d=20.559
18039 |
‘ d | d=1.3932
16645 | . A I S A E
104 /\ _____ S [ (SR
farfield (f=50 GHz); Tited rod
S 1- B e s L A e S farfield (f=60 GHz); Upright rod |------
g | : | i i
§ i : \I
1
i 54- R
£ i
= |
L [ e S e R
o B :
& : ML |
ki B R e AT - g At
& i j i
S . T
05 4- ..... R
30 1- dpeeeed- B e B beeennnean
-35

-180 -150 -100 -50 @ 20.559 S0 100 150 180

Theta (Degree)

Figure 4.4. Radiation pattern of the rod antennayarith SP3T at 60 GHz.

To see the radiation pattern for different frequesidn the bandwidth of interest,
Figure 4.5 is provided. The case for the upriglt amtenna is used here. The pattern and
realized gain for several frequencies are founde@lmost equal (i.e. only maximum 0.5dB
difference exists). In the black-colored curve, plagtern forp = 0 is also illustrated, which
clearly shows the impact of the CPW’s discontinwty the pattern at -70 & <-180. The
antenna efficiency is 88% (for the upright rod) Figure 4.6, the broadband realized gain and
HPBW are summarized. Interestingly, there is ardjsancy as large as 3.Between the
HPBW for the tilted and upright rod antenna. Tlsibecause of the antenna’s position giving
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different presence of neighboring rods. As mentibearlier, some fields may be coupled to
other rods resulting in larger sidelobes but naeoleam and vice versa. From the figure, it
can be concluded that for the given bandwidth pérdormance is nearly uniform. Eventually,

it can be expected for a small frequency range rothan given in that figure, the
performances remain similar.

20

58.5 GHz phi=390 : 17.857221
60 GHz phi=0 : 17.973248
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Figure 4.5. Radiation pattern of the integrateceané and SP3T in a frequency range from
58.5t0 61.5 GHz.

Redlized Gain (cBi)

Freauency (GHz)

Figure 4.6. Realized gain and HPBW of the integtadaatenna and SP3T in a frequency
range from 58.5 to 61.5 GHz.

___Upright rod; ....: Tilted rod



88 Chapter 4 Prototype of the switched-beamranatarray

4.2 Sensitivity of the structure

Some considerations about the sensitivity of tiectire are given in this section.
The simulation is used to investigate the impacimainufacturing tolerances on antenna
performances. Two examples of the most sensitiveipahe antenna structure are the patch
dimension and the feed position. A sensitivity dsgion may also arise from the substrate’s
g variation. It has been reported in [59] that anpé#ivity variation + 0.035 occurs for the
LCP material, with its nominal value of 3.093. Thssof course slightly different than the
nominal value that is used here, i.e. 3.1, buteeitthis permittivity discrepancy or
permittivity variation does not significantly infmce the resonant frequency. Also, in [59],
the LCP panel homogeneity is within 1 % which resuh permittivity uncertainty.
Nonetheless, this uncertainty is still within ttzere order as the permittivity variation.

On the contrary, the sensitivity is prone to mantifang tolerances. Examples are the
dimension of the radiator and the position of teedf line, which are often the subject to
manufacturing tolerance. Especially, since thecstine also uses a standard, low-cost, planar
manufacturing technology in which tolerances cametetively large [50]. In addition to that,
the structure also contains three-dimensional s&tras, namely the rod and the launcher.
These structures have to be machined and mouldedairparticular shape. A different
material for building those structures may be ngrsceptible to tolerances than if it is built
from another material. For example, Teflon matdsahore susceptible to tolerances than PS
material is, while Kapton material is superior tothb mentioned materials. PS material is
chosen in this design because of its good dietegimoperties and less prone to tolerance.
Figure 2.11 can also be used to illustrate theai@mite of the manufacturing tolerance to the
antenna performance.

The tolerance that is coming from planar partsdsuped in Figure 4.7 and Figure 4.8.
The earlier figure shows the influence of the mantifring accuracy for the patch dimension
on its resonant frequency. For the reason thatdtiesection is excited by a circular patch,
the tolerance in that patch dimension may shiftwile antenna’s resonant performance.
For example in the figure, a radius of 0.777 mmultesin a shifted resonant frequency to
58.8 GHz instead of 60 GHz for a radius of 0.762.nAmditionally, for a radius of 0.747
mm, not only is the resonant frequency shifted, néteirn loss performance also slightly
degrades. A perturbation of £15 um is used her¢hasworst case in the manufacturing
process [50]. In the latter figure, the toleranment the feed position is depicted. It can be
clearly seen that the variation of £15 pm doesnemtessarily shift the resonant frequency.
Only, the return loss is varied within an accepaldnge. This means that the antenna
impedance is not sensitive to the variation of féied position. For additional information,
the variance of the feed position can be often doifirmultilayered structure is being used.
This is mainly due to the misalignment in positimpilayers resulting in a perturbed feed
position. However, in this design, only one layealnstrate is used to avoid this issue.
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CHAPTER 5

5 Fabrication and measurement

An antenna demonstrator is used as a proof-of-qurdasign. It is a realization of the
switched-beam rod antenna to demonstrate its fiéigsitihe resonant frequency of this
antenna demonstrator is 11 GHz. For the antenn&tste, its dimensions are inversely
proportional to its operation frequency. Hence,ddrigher operation frequency (i.e. 60 GHz),
the antenna dimension is proportionally smallesuasing that the material propertiesgnd
0) are frequency independent. The detailed strucame dimensions of the manufactured
antenna are shown in Figure 8.2 in the Appendiths. manufactured structure is shown in
Figure 5.1. Its inter-element anglés, is ~30. The measurement results shown in this
chapter are obtained from measurement equipmentiseirElectromagnetics laboratory of
TU/e.

5.1 Consideration for manufacturing the antenna structure

The dielectric material for the planar structureh®sen to be Nelco NX 9294 instead
of LCP. The reason is that to build the 11-GHz anée demonstrator, the substrate is
required to be thick to have a sufficient bandwifttha proportional bandwidth with the 60
GHz design). However, the available thickness eflt&P panel in the manufacturer (QPI) is
very thin (i.e. approximately 100 um) that to hareund 600 um requires several stacked
panels. This will enlarge the probability that tdisng will occur. The blistering is several
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hollow sections filled with air between stacked LQRnels [68] [69]. The antenna
performance will be degraded due to this probleher&fore, a single panel NX 9294 which
hase, = 2.94 + 0.04r almost equal to the LCP’s relative permittivisyused here. It§ is
0.0022 at 10 GHz which is also quite low. Becaulsthe advantage of the CPW line, it is
very convenient to adapt to its dimensions with tieev material. This adaptation is to
maintain 50€ characteristic impedance of the line. The antetim@ensions adapted to the
new material with slightly different; will definitely make manufactured dimensions stigh
less proportional to the 60-GHz antenna dimensions.

(a) (b)

Figure 5.1. The manufactured dielectric-rod anteamay: (a) 3 rod elements made from
Polystyrene and (b) the SMA connector connectdded-GCPW.

The foam material is used in the structure as ldehdfor the PS rod and as a
foundation material for a support stand (see Figugein the Appendices). The type of the
foam is Rohacell RC 31 HF from Evonik Réhm GmbH. lésis 1.046, and its is 0.0017 at
10 GHz. The adsorption of up to 25% water vapoawds the dielectric properties of this
material unchanged [102]. This makes this matevigiable as radome material to give a
strong protection to the structure of the rod améer-or the demonstration, the radome is not
manufactured. It is because the available thickoéske owned foam material is much less
than what is required to build the radome for thgpective antenna. Also, this allows to see
the physical construction of the design. Howeverces its very low, i.e. near-to-vacuum,
permittivity material and its low loss, its implentation will not significantly influence the
performance of the antenna. In section 5.2, thesnfonaterial is characterized to verify its
performance at 11 GHz.

A matched transmission line throughout the coalkie@, SMA connector, and CPW
line deserves great attention. The careful desfgrespecially, the matched connector is to
suppress significant field discontinuity in thens#ion interface. A smooth transition is
necessary to bridge between the evenly distribateckromagnetic fields at the coaxial end
and the highly concentrated fields of even moddhien CPW. As a result, the transition
interface exhibits less frequency dependencythe.soldering/transition is not the limiting
factor of the overall system performance. Somegiesonsiderations related to the SMA
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connector may refer to the work in [8] and [9]. [B], the 50 ohms line impedance is
maintained by proper variation of the inner conduatiameter and its offset at the cross
section.

For the convenience of the measurement, the tramsif the CPW from the one side
of the substrate to the other side is necessaig. bdtomes more important if the antenna is
going to be measured using GSG probe which cankanbg a probing access from the upper
side of the substrate. The transition from the losige to the upper side of the substrate uses
several vias with a diameter of 0.25 mm. These wias separated one to another by a
distance of 3 mm (see Figure 5.1(b)).

5.2 Characterization of the foam material

Figure 5.2. Two microstrip lines (10.06 and 1.94) ¢on characterizing the foam.

The foam material RC 31 HF will be characterizednans of the two-microstrip-
line method [63]. The purpose of this characterirais to obtain the materialis at 11 GHz.
This measurement is also to give a feedback to iEvalmout their foam product. From the
name of the method, two microstip lines are use@ hehereby a difference in physical
lengths Al,, is applied (see Figure 5.2). The difference incteieal lengths,Al., or,
equivalently, the transfer phase differentg, is given by:

2rf (Al (5.1)
Al, = \[€erfAL, or A =#,

wheree,sf is the effective permittivityf the frequency, and the speed of light. The
advantage of this method is its capability to chroee the corrupting effect of connectors
because all four corresponding transitions andaasyciated reactances are identical.

The sources of error can be from the network aeslgnd the physical measurement
of the two lines. Since the network analyzer itbcated and has error-correcting techniques,
this leaves the error due to the physical measurenide percentage error or normalized
error in determining;. is given in [63]:
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Ge By (38, 58 52)
& Eeff Al, AL, )

It can be noted that the normalized errorejps is approximately equal to the
normalized error irz,.. Most importantly, the error in measurement,ofs proportional to
the percentage error in the measuremen of Thereby, it can be improved by using a large

value ofAl,.

Phase (degree)

6
Frequency (GHz)

Figure 5.3. Measured phases over a frequency fiarthe two-microstrip-line method.

Figure 5.3 illustrates the measurement resultgusite aforementioned microstrip
lines. The phase difference can be calculated tthréom phase values at 11 GHz. Using
equation (5.1)¢.ss is then equal to 1.0126. It can be seen thatfecurtly large difference

between two transmission lines is utilized here.

The relative permittivity £.) can be obtained from the effective permittivity{) of
a microstrip line by means of the following equat[87]:

(5.3)

£opy = 0 + 5 (1 +12 (%))_% when(%) = 1.

W (= 2.46 cm) is the width of the microstrip lingydaH(= 0.5 cm) is the thickness of the
substrate-under-test (SUT). In that equation, nfi@ence of the strip conductor’s thickness is
not included. Because a thin conductor is used, llea¢ equation is still accurate. Note that

this equation is only applicable@%) > 1. Eventually.e, is equal to 1.015 at 11 GHz, which
is nearly the same as the provided data from Evimmithe foam material at10 GHz.
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5.3 Characterization of the RMSW 220HP evaluation board

RF Port 2
(Source 1)

GnD

Gate 1
RF Port 3

% Ll (Source 2)
Gate 2 g

GND gt

ESD Sensitive ; RF Port 1

(Drain)

Figure 5.4. RMSW 220HP evaluation board.

In the demonstration of the switched-beam rod argtearray, a switch is required. In
the design, a 60-GHz RF MEMS SP3T has been optimimsing the simulation. A 904V
actuation voltage has been tested in the simulatidme feasible to pull down the beam. In
the demonstration, an evaluation board (RMSW 220idPjhe MEMS switch that has the
operation frequency from DC to 14 GHz is used. Téia product from Radant MEMS, Inc.
(RMI). The structure of this evaluation board cae wiewed in Figure 5.4, and its
performance can be reviewed in Table 3.4. Importannote that this performance is
measured for the MEMS only, without considering firesence of RF SMA connectors,
soldering, bondwires, and microstrip line. The seuof the actuation voltage is given by
either Gate 1 or 2 for signal flow in Source 1 prespectively. This MEMS is ESD sensitive
because it has been fabricated without any ESegtion.

5.3.1 Return loss and insertion loss

Before this MEMS evaluation board is connectechdntenna, a characterization is
performed. Some results for this measurement arersin Figure 5.5(a) and (b) for Source
2 and 1, respectively. It can be seen that thet-aggle arm (Source 2) has a better
performance than the straight arm (Source 1). €hem loss of Source 1 is also higher than -
10 dB, and the insertion loss is around -5 dB adalthGHz. On the other hand, Source 2 has
the return loss of lower than -10 dB and the insertoss of -3 dB (i.e. loss of 3 dB).
Therefore, during the demonstration, Source 2 lvéllused because of its better performance.
Note that the insertion loss of the sole MEMS 8 @B (see Table 3.4), which is 2.4 dB
better than the MEMS in this evaluation board.
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Most importantly, the measurement equipment (VNA} lto be calibrated before
performing the measurement. The 2-port calibratsoperformed for a particular frequency

range.
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Figure 5.5. Measured return and insertion losseddth (a) the right-angle arm and (b) the

straight arm. §, $»,, and 33 are return losses ands;SSz;, S, and $; are insertion losses
(see Figure 5.4).

5.4 Characterization of the conformal rod antenna

In this section, the S-parameter and radiationepatbf the dielectric-rod antenna
array will be characterized. The measurement resiifthe manufactured antenna (see Figure
5.1) will be presented and compared with the sitiararesult (see also simulation results in
Figure 8.4 in the Appendices). The HPBW and redligain will be discussed for that
antenna.

5.4.1 S-parameter

In Figure 5.6, the S-parameter magnitude of therard is measured, which includes
the return loss (in figure (a)) and mutual coupl{imgfigure (b)). The return loss for all three
elements of the array shows a resonance at 11.2v@ith is in a good agreement with the
simulation result which has the resonance at 11.GHis frequency shift of about 1.8 % is
as aresult from a.o.:

e permittivity variation of the planar substrate (sgection 5.1) and the rod’s
material;

* manufacturing accuracy (see Figure 4.7 and Figigeahd surface roughness.
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However, the permittivity variation usually conuies more to the caused shift because the
accuracy of the manufacturer is £ 15 um, whiclelatively small for the 11-GHz frequency
band.
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Figure 5.6. Comparison between the simulation ardsurement for both (a) return loss S
and (b) mutual coupling,$ TRL-calibrated g is also given in figure (a).

At 12.3 GHz, there is a resonance dip which isseduby the soldering of the SMA
connector. The cause of this peak can be shown drforming the TRL calibration
[50][62][64]. This TRL calibration can de-embed tbeldering, via transition, and SMA
connector from the measured antenna system. This rakans that this TRL calibration
creates a new reference line in the measuremeis. réference line is placed as close as
possible to the characterized antenna. Therelsy, tifé calibration, what is measured is only
the antenna. This calibration is performed usirgMNA. Open, thru, and line configurations
for the calibration of the transmission line areowh in Figure 5.7. Note that these
configurations are unique and only for this manuufeed antenna. After this calibration is
performed, the dip at 12.3 GHz is removed as shiovthe figure. Subsequently, the antenna
bandwidth of 800 MHz is obtained. Most importantlyese TRL configurations may still
introduce the uncertainty in the measurement becdhere is still the soldering part.
However, the measured antenna can be accuratalyotbazed using this calibration.

The mutual coupling between antenna elements @ raksasured, and the result is
shown in Figure 5.6(b). The simulated and measuesdlts are in a good agreement,
especially between close rods (e.g. between @tetupright rods). The mutual coupling of -
40 dB at 11.2 GHz is considered sufficiently low flee switched-beam operation. This value
is limited by the isolation of the RF MEMS switchhiwh is only -20 dB. However, in
Chapter 3, the 60-GHz SP3T has been designed @&@hdB isolation. Furthermore, the
mutual coupling between far rods is -40 dB while simulation result gives around -50 dB.
For this weak signal, the impact of the VNAS noiteor becomes significant, yet the
measurement has shown a good isolation betweenrenétements.
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Figure 5.7. (left to right) Line, open, and thrunfigurations for the TRL calibration of the
transitions.

5.4.2 HPBW, far-field pattern, and antenna gain

In this section, the radiation pattern of the mactired antenna will be measured.
The measurement is performed in an anechoic chagaeerFigure 5.14(b)). First, the gain of
the antenna at the operation frequency (i.e. 1H2)@ measured and calculated. Figure 5.8
shows the received power for different communicatg®etups. A horn antenna with an
unknown gain is used for measuring the antenna.

The loss in the cable and the gain of the hornrerateean be measured by means of

Friis equation:
Py =P+ Gy + Gy + 2010g10 (1) (5.4)

whereP; is the received poweP; the transmitted powef;; the gain of the Tx antenn@&;
the gain of the Rx antennathe wavelength, an® the distance between the antennas. The
transmitted power is -10 dBm at 11.2 GHz. By uding information in the black-colored
curve in Figure 5.8, the cable loss at 11.2 GHA %06 dB. This cable loss will be included
in equation (5.4) in the calculation of the antegaa. The received power using two identic
horn antennas can be observed in the blue-colanee cBy using equation (5.4), the gain of
the horn antenna at 11.2 GHz is 17.53 dBis 2.64 m, and the cable loss has been included
in the calculation. Eventually, the gain of the erttenna can be calculated using the same
procedure. The gain for each of the antenna elecsnbe seen in Figure 5.9. Note that this
maximum gain (i.e~17 dB) is slightly smaller than in the 60-GHz des{ge. 18 dB). This
is due to the additional loss from the transmiséiima that is made large enough to give some
spaces for measurement convenience and to haabla structure.

The measured radiation pattern for each antenmaeeleis in a good agreement with
the simulation. 20 22, and 22 are the measured HPBW for left, upright, and rigid,
respectively. In the simulation, the HPBW is 222.9, and 22.8 respectively. The gain of
the simulated and measured antenna is also alnmoigirs There is still a small reflection in
the anechoic chamber which can be verified by lihddating value in Figure 5.8. This may
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explain the gain discrepancy between the simulateimeasured antenna. The SLL between
the simulation and the measurement is also in d ggeeement, which is around -17 dB.

1
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Figure 5.8. Measurement result of the received pdarehe gain measurement.

Moreover, the measured gain of each antenna elesatgo almost similar. This variation is

caused by the manufacturing accuracy in creatiegraéld structure. It has been reported by
GTD that the inaccuracy of 1 — 2 mm in the rod dien exists. This deformation mainly

occurs at the bottom of the rod. The reason isahaide cross section of the rod may allow
the air fills between PS materials during the muddprocess. After the temperature is
decreased, a reduced diameter occurs at the red Dhas deformed material has also been
simulated to verify the occurred variations.
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Figure 5.9. Measured radiation pattern of the conéd dielectric-rod antenna array.

Simulation results are also given for the compariso
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Figure 5.10. Measured radiation pattern for diffe¢feequencies (a) from 10 to 11.2 GHz and
(b) from 11.2 to 12.4 GHz.

The measured radiation pattern over a frequencgeras shown in Figure 5.10. At
10.6 and 11.6 GHz, the realized gain is 14.34 a@md3LdBi, respectively. Moreover, the
radiation pattern is almost uniform at the frequeband of interest (i.e. 10.7 — 11.5 GHz).

The co- and cross-polarized radiation patternsabs@ measured and shown in Figure
5.11(a) and (b), respectively. In figure (a), thefarmity of the measured radiation pattern
for bothg = 0 and 90is observed, which is also in a good agreement thighsimulation. At
6 ~ 100 and -100, the influence from the CPW line on the radiatpattern can be observed
for both the simulation and measurement. In figioe the measured co-polarized pattern in
the planep = 90 is compared with the cross-polarized patterns.rgdanagnitude difference
between the co- and cross-polarized patterns itefica linear-polarized radiation pattern of
the antenna. In this case, it is a vertical linpafarization which has been specified in
Chapter 2. The measured E-cross in the plane 0 has a large difference with the
simulation result (i.e. as large as 20 dB). Thibesause the received power for this cross-
polarized measurement is close to the VNA'’s ndiser f
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Measured E-Plangr90°

Measured H-PlanegF0° |
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Figure 5.11. (a) Comparison of the co-polarizedatémh pattern between the simulation and
measurement, and (b) comparison of the cross-petarradiation pattern between the
simulation and measurement o= 90 andy = 0. The measured E-plane far= 90 is also
included for the comparison.

In Figure 5.12, the normalized radiation pattenndiéferent measurement distances is
depicted. The distance is increased from posititm 4. The position here corresponds to the
position of the horn antenna. The correspondingived power is also mentioned in the
figure. The ripple in sidelobes is observed to hiétexd for different measurement positions.
This is due to reflections from the wall in the m@@ment chamber. These reflections have a
constructive and destructive behavior over the mmemsent angle, and its influence
predominates in the sidelobe pattern.

Now the performance of the rod made from the PSTaibn materials is compared.
This Teflon rod has the optimal dimensions of ti&rBd. The normalized radiation pattern
of the PS rod is compared with the normalized taxhapattern of the Teflon rod in Figure
5.13. The rod made from the Teflon material, whichs a lower relative dielectric
permittivity than the PS material, produces a latgeBW and SLL. This shows that for the
same rod’s dimensions, the PS rod can guide the Wwetter than the Teflon rod. The Teflon
rod can have a similar performance as the PS rathef dimensions are changed and
optimized, e.g. the diameter is increased, as showquation (2.4).
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Figure 5.12. Sidelobe comparison for different nueasient distances.
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Figure 5.13. Comparison of the normalized radiapattern for different rod materials (i.e.

differente;).
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5.5 Characterization of the antenna system

The combined antenna and RF MEMS switch will berati@rized in this section.
The measurement setup for this switched-beam oper& shown in Figure 5.14. A DC
power supply is used to provide 5Mo the DC-DC converter. This DC-DC converter is
utilized to convert 5 to 90 ), which is the required voltage to actuate the MEMBe
constructed DC-DC converter is shown in FigureiB.the Appendices. The schematic and
the list of the component for this circuit are simow Figure 8.6(a) and (b) in the Appendices.

The radiation pattern is measured as in Figure(b)14Note that all the metallic
components inside the anechoic chamber have towed with the absorbing material for
accurate measurement. These metallic componentsecdre DC power supply, the DC-DC
converter, the MEMS, and the cabling.

Power supply DC-DC converter

Dielectric-rod
antenna array

Horn antenna

Dielectric-rod RMSW 220HP
antenna array (a) (b)

Figure 5.14. (a) Measurement setup for the switdieain operation, and (b) radiation
pattern measurement in the anechoic chamber.

5.5.1 Return loss

The measured return loss for the combined rod aatarray and RF MEMS switch is
shown in Figure 5.15. It can be seen that in thedhédth of interest, the return loss is lower
than -10 dB. Note that this measured value inclubdesnfluence of the soldering and SMA
connector.
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Figure 5.15. Measured return loss for the combnoeldantenna array and RF MEMS switch
(RMSW 220 HP)

5.5.2 HPBW, far-field pattern, and antenna gain

The measured radiation pattern of the combinednaatand MEMS switch is shown
in Figure 5.16. The result without the MEMS switshalso shown for the comparison. It can
be seen that a gain reduction of about 3 dB isrgbde This reduction is because of the
insertion loss of the MEMS switch as predictedent®n 5.3. However, the radiation pattern
of the antenna is not deteriorated by the presefdde switch, and the switched-beam
operation is feasible by means of the MEMS switklso, the result for the other beams is
similar to this.

For the designed 60-GHz SP3T, the insertion logh@MEMS switch is lower than
1 dB (i.e. 0.76 and 0.99 dB) (see Table 3.4). Nb& this value has been obtained for the
whole MEMS structure including the packaging and transition. Therefore, the designed
switched-beam antenna array in the 60 GHz is feaaitd will give better performance using
the designed RF MEMS.
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CHAPTER 6

6 Conclusions and future works

6.1 Conclusions

The 60 GHz dielectric-rod antenna array and the NREMS switch have been
designed. The prototype of the antenna designitsdel or can be adapted for applications in
millimeter-wave frequency band. The array structifr¢he antenna is made conformal in a
way that switched-beam antenna with a broad scageraan be realized. For the feeding
type, the finite ground coplanar waveguide (FGCR3\)sed. The dimension of the FGCPW
feedline is designed with the transition sectionsich a way it can be conveniently
connected to the structure of the RF MEMS switcthwery less discontinuity.

The characterization of the antenna and the RF MEMi$ch at 60 GHz is done by
the simulation. Each antenna element has up toBl8edlized gain, 20beamwidth, and
6.7 % bandwidth around 60 GHz. This high-gain 60zGiHtenna can be realized in a small
dimension. The coupling between adjacent antereraeasits is as low as -40 dB for the array
structure for both 20and 40 angular distances between the elements. The anteas a
symmetrical radiation pattern and very low sideeldbvels in both E- and H-planes. From
the simulation, it is also shown that the isolati@ween antenna element is more RF MEMS
limited, which is around -30 dB. The insertion lafshe MEMS is lower than 1 dB, and its
operation frequency is from 48 to 67 GHz.
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For the implementation of this switched-beam ardgesmay, an antenna demonstrator
with a frequency operation at 11.2 GHz is implemadntand built. The antenna
characterization through measurements has been @lbeemeasured antenna pattern in the
anechoic chamber is in good agreement with the labeal antenna structure at 11.2 GHz.
Consequently, this also means that the radiatidtenmaof the fabricated antenna is in good
agreement with the simulated antenna structur® &18z. The measured antenna kd3g.2
dBi realized gain, 22beamwidth, and 7.3% bandwidth (i.e 800 MHz). Theasured
coupling between adjacent antenna elements isB40 d

The switched-beam antenna array using dielectdcetement has shown that it can
have high gain and narrow beamwidth. The high géithe antenna is realized by using the
tapered structure of the rod element and the |®s-tangent material for that rod element.
Moreover in a typical narrow beamwidth antenna,dbeformal structure with a broad scan
range can then avoid the problem of the ray bloekage other advantage of this antenna is
its uniform performance for each element in thefeonal structure. In this way, the beam at
the largest angle of the scan range will not bersdy degraded, like in the case of the planar
patch array. It is definitely very advantageoush&we a broad scan-range antenna with a
uniform performance, remembering that the ITU ciate for an antenna’s maximum allowed
EIRP is determined from how large the maximum gafiran antenna can be during the
operation.

Eventually, the designed antenna structure can fpdied for a wide range of
applications in millimeter-wave frequency, suchnaless high definition video/audio, ESB
and firewire replacement, FMCW radar, passive antivea imaging, radiometry, and
home/office communication access point. Moreoviee, émerging application in wireless
inter-chip communication also uses the rod strecfar its antenna element. The increase in
popularity of the rod structure is because of ighfgain that can solve the high attenuation
problem in the millimeter-wave frequency band.

6.2 Recommendations and future works

The fabrication of the antena structure for millterewave applications can be
performed. This is because the antenna demonstedtdrl.2 GHz has shown a good
performance. Moreover, it also has a similar penfmce as in the simulation. Therefore, the
designed antenna in Chapter 2 can be fabricatefbrathe future work. Moreover, the
designed MEMS switch in Chapter 3 can be realizeDIRIES in TU Delft. However, the
process flows for MEMS fabrication have to be irigeged more, and the reliability (i.e.
switching cycles) has to be tested.

The low-cost switched-beam antenna has a broadrageeand is suitable for the
radiometric remote sensing and FMCW radar in theraative area. The feasibility of the
antenna structure can be tested for the radarcapipin in the automotive area at 76 GHz, for
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example for the detection of vulnerable road usé&hss detection in the blind spot of a
vehicle can be realized by incorporating this higtir rod antenna. A Dicke radiometer can
also be used as the RF front-end system for thpkcapion.

The dual-dielectric rod structure can be desigradfidrther development [12]. A
lower relative permittivity £) of the dielectric material for the innermost rmete and
gradually largek, at the outer part of the rod can reduce the loseduced by the dielectric
material. For example, the foam, which is inhereatlow loss material, to be the innermost
material of the rod structure may improve the améerfficiency. However, the efficiency
will not be necessarily much larger than the curdasign, since the current rod material also
exhibits very low loss tangent at the operatingdiency. The promising benefit from a dual-
dielectric rod structure is its low cross-polariaatover a broad frequency band. This is due
to the balanced hybrid condition inside the innestrielectric material with the expense of a
more difficult structure to machine. The balancedrid condition means a rotationally
symmetrical field distribution (i.e. uniform amplde and phase distribution) over the rod
aperture. However, this characteristic is moreaklét for the satellite application which
fortunately is less constrained with regards ta@dst requirement to manufacture. The reason
for this is that the satellite communication oftexploits the polarization feature (i.e. both
RHCP and LHCP at the same frequency) to increasesyhtem capacity. In this case, the
balanced hybrid mode is prefered for this particidaplication. For consumer product
applications, the balance characteristic is of lesgortance and costs more for
manufacturing the structure.
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8 Appendices

8.1 Project based management

8.1.1 Introduction

The Detection of Vulnerable Road User (DEVURO) potjis financed by the Dutch
funding agency for university research (STW). Thairmcontribution to this project is to
design and manufacture switched-beam antenna #netycan work at millimeter-wave
frequency, particularly at 60 GHz. Therefore, thsulting design can be used for consumer
product applications at the 60-GHz frequency band.

This antenna has to have high gain and broad scagerand low-cost production. To
support a very broad scan range with constant peeoces, a novel conformal structure of
the rod antenna is designed in this project. Thiiched-beam capability of this antenna is
supported by the designed RF MEMS switch. Thisrardesystem can be integrated to the
MMIC front-end system. Moreover, it can be applitat various applications in the
millimeter-wave frequency band, e.g. 24- and 76-GHdar applications, 60-GHz indoor
communication, and radiometry application. Alsoe tintenna can be used for detecting
vulnerable road users (i.e. radar) in a vehicldisdospot. In addition to radar, the antenna
prototype can also be used for other consumer @gijns such as wireless home video
server, real-time HD audio delivery, or home baciéorl herefore, the resulting prototype is
not application-specific.
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The project has been successfully finalized. Theasueement, test, and
characterization of the antenna system have beere do the anechoic chamber of
Electromagnetics (EM) Group at TU/e.

8.1.2 Problem description

The limited coverage of wireless communication te millimeter-wave frequency
band due to large free-space path loss, i.e. Eigyal attenuation, has been a major problem.
Furthermore, shadowing and small scale fading neaygce the received signal even more.
Moreover, the number of owned wireless devicesuger has been ever increasing. Not only
will the wireless devices connect people to pedple,also people to machines and machines
to machines. Thus, the limited bandwidth around @Hz (ISM-band) cannot support the
higher data rate if the band has to be shared amamy potential users. The availability of 7
GHz around 60 GHz (ISM-band) is able to accommodedgi data rate communication.
Furthermore, the propagation condition in the 60zG#ireless channel enables frequency
reuse. This frequency reuse is mainly enabled du¢h¢ large amount of path losses
experienced by the propagating electromagnetic svaiieerefore, the electromagnetic wave
does not interfere with other waves generated eyntighboring 60-GHz wireless systems.

However, this interesting property comes not onlghwthis advantage. In this
frequency band, the wave is highly attenuated ao tthe front-end devices of the receiver
end have to be very sensitive, otherwise the wailk b& effectively undetected. This
situation thus limits the communication distancerammge of 60-GHz and other millimeter-
wave applications.

A high gain antenna with a broad scan range isqeeg in this project as a solution
to the aforesaid problem. Furthermore, its perferteashould be uniform over the scan range.

8.1.3 Goal and results

The ultimate goal of this project is to design ateana system for millimeter-wave
application. The designed antenna prototype hasve high gain and broad scan range. The
manufacturing cost is one of the considerationgadize a competitive product in the market
of millimeter-wave application. In the followind)e deliverables for this project are listed.

The deliverables of the project will be:

Definition of the design specification.
Simulation result.

Measurement result.

A manufactured prototype of the antenna.

PwbrE
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5. Test and measurement results of the antenna syateéenna & RF MEMS switch).
6. Report on the design and the result.
7. Final presentation.

Moreover, the reports include:

1. Study of the several antenna structures that caet niee requirements and
specifications (in a separated report).

The design flow and the necessary analysis oftenaa and RF MEMS.

Simulation methodology, verification, and resultshee antenna and RF MEMS.
Fabrication process of the antenna demonstrator.

Test and measurement result of the manufactureshaatdemonstrator.

akrwnN

The final presentation is outlined in the following

1. Introduction.
2. System overview.
3. Simulation result.
a. 60-GHz antenna design;
b. Integration of the 60-GHz RF MEMS and antenna;
c. 11-GHz antenna demonstrator.
4. Measurement result.
a. Switched-beam antenna array at 11 GHz.
5. Conclusions.

8.1.4 Delimitation

It is not part of the project to design the wholeck of communication system.
Some off-the shelf components already exist. Theréite whole RF front-end part needs not
to be built.

For this project, the demonstrator of the rod améeis then prepared for 11-GHz
operating frequency, because of the commercialabiliiy of the RF MEMS switch at that
frequency and the availability of the measuremeuigment at TU/e at the time this project
is performed. In addition, the size of the antedamonstrator has to be accounted as well.
However, the design of the antenna and the RF MB&ESbeen completed successfully at 60
GHz. Also, the delimitation of this project is theafabrication of this MEMS will take a long
technology flow and time. Hence, in this projebe MEMS design is finalized through the
working simulation, with considerations for the fighation process.
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8.1.5 Project phases

The phasing plans include several steps which aegled in the project. Those are
listed as follows:

1. Initialization phase
» Kick-off meeting with the project owner and membéthe project.
* Familiarize with the working environment by attemgli regular formal
meeting and informal discussion.
» Set the project goal and desired result.
* Anticipate the project risk and delimitation.
» Make concept or initial project plan.

2. Definition phase
e Study and research available materials for suitabiienna and RF MEMS
switch design and its feasibility for intended apgtions.
» Familiarize with the available simulators and tbé&ware tools.
« Attend related tutorial or workshop for the useha equipment.
» Specify the antenna and the RF MEMS switch forraafiapplications.

3. Design phase
* Choose the appropriate antenna and RF MEMS swibch &vailable design.
* Propose criteria for improvement.
» Design and simulate the antenna and the RF MEM&Iswiructure.
* Analyze and investigate the antenna and the RF MEM&h design.
» Define and choose the necessary equipment or devimgy or to make.

4. Preparation phase
* Prepare the measurement setup.
» Verify the simulation results.
» Prepare the layout of the antenna design.
* Anticipate for the iteration of the antenna design.

5. Realization & testing phases
» Fabricate the antenna.
» Test and measure the antenna and the RF MEMS switch
e lteration.
» Integrate the antenna and the RF MEMS switch.
» Test and measure the antenna system.
* Write the final report and prepare the final preagan.
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8.1.6 Capacity and time plan

Table 8.1. Time plan: DEVURO project — Switched+beantenna array design for
millimeter-wave applications

Phases Duration Description Outcomes
Initialization 4 Weeks Literature study Project plan v1.0
Definition 6 Weeks Specification, literaturg Documents (introduction)
study simulation files
Design 8 Weeks Simulation, optimization, Documents (design and
analysis, report analysis), simulation files
Preparation 12 Weeks Simulation verification, Designed prototype,
measurement calibration], simulation files, documents
report (simulation)
Realization & ~15.8 Weeks| Fabrication, iteration, Measurement files, final
Testing measurement setup, document (results and
measurement report | conclusions), demonstratgr,
presentation
Holiday 2 Weeks - -
Total 47.8 Weeks

Table 8.2 Gantt chart for project phases and involved capacit

Phases (1-7) & | - o Finish | Durati

Oct 2010 Nov 2010 Dec 2010 Jan 2011 LFeb 2011 Mar 2011 I Apr 2011 May 2011 I Jun 2011 Jul 2011 Aug 2011 <d

Coree €19 [TITITTITT I TP T T T TP B T Tl LT T T T T T 1

1 | Initialization 01/1022010| 28/10/2010| 4w !1

2 | Definition 29/102010| 091122010 6w L»_’_—]

3 | Design 10/122010{ 21122010 16w L>-j

a || 05012011 17/0212011| 64w N
(cont’d)

5 | Preparation 180222011 12/05/2011| 12w L>_’_—]

6 | Realization 13/052011| 31/08/2011| 158w b ——————
& Testing

7 | Holiday 221122010| 040012011 2w [ ]

8

o | N Rousstin, 1. 1/10:2010{ 31/08/2011| 7.5 | (S
M.

10 | 88 MELAT 1102010 31/08/2011| 475w | (S
Herben

11 | A.CF. Reniers | 01/10:2010f 31/08:2011( - 47.3vv | (I
i ECA.

2011 23/08/2 ]

B[t 011072011 23/082011|  7.6w

13 | B.van Veghel | 01/07:2011( 08082011 54w I

14 | MEM-vande | 110010 31012011 174 |
Mortel
ing. AR. van il

B[t 17082011 23082011 1w m
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8.1.7 Organization

The people and company who are involved in thigegtare as follows (see Figure 8.1):

=

M. W. Rousstia, MSc: designer from TU/e Electronmetgs Group;

2. Prof. Dr.-Ing. L. M. F. Kaufmann: director of SAGT program at TU/e;

3. dr. ir. M. H. A. J. Herben: scientific researchendasupervisor from TU/e
Electromagnetics Group;

4. A. C. F. Reniers: supervisor and lab expert fromelBlectromagnetics Group;

5. ing. A. R. van Dommele: technical staff and meas@® expert at TU/e
Electromagnetics Group;

6. P.C. M. A. van de Mortel: MSc-student at TU/e Eemagnetics Group;

7. ir. E. C. A. Dekkers: designer and manufacturemfi®@TD; and

8. B. van Veghel: manufacturer from QPI Group in Hetrtio

prof. Dr.-Ing. L. M. F.
Kaufmann
SAI-ICT Director

[ dr.ir. M. H. A. J. Herben
Scientific researcher/
Supervisor

ing. A. R. van Dommele
Technical staff

A. C.F. Reniers M. W. Rousstia, M.Sc. ir. E. C. A. Dekkers

. Supervisor/ Lab expert Designer ' Mechanical designer (GTD) |
\;\\ Y \\\ 7 7 /,,,
P. C. M. van de Mortel B. van Veghel
MSc-student Manufacturer
(QPI Circuits B. V.)
\ / N y

Figure 8.1. Project organization.
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8.1.8 Money

Salary of the designer: 1681 €/month (gross).

Salary of the involved experts in the project: Besor: 6k €/ month (gross).

Overhead cost: office room, office equipment, eleity, maintenance, etc~200

€/month).

4. Shared license of a simulation softwaxd Qk €/year).

5. Cost of the computer to perform simulation (> 2k €)

6. Cost of used equipments and devices (RF MEMS etialuadboard: 550 USS$,
electronic components as shown in Figure 8.6(b)2 €3 connectors: 9 x 3.76 € =
33.8€).

7. Fabrication and manufacturing expenses (planarcation: 800 €, drawing: 16 hours
x 35 € = 560 €, launchers: 120 €, holders+stands=r@DO0 €).

8. Travel expense (< 10 €).

wnNPE

The PDEng traineeship is cofinanced by the Dutchnidiy of Education and
Electromagnetics Group at TU/e (i.e. the second yeaject). The total estimate of the
traineeship is in the amount of 120k €.

The earlier paragraph summarizes the involved tarsfabrication of the antenna
demonstrator. For the 60-GHz design, some expeimsethe initial development can be
estimated:

« MEMS fabrication (e.g. at DIMES, TU Delft) (incluti process flows +
development + test) is ~ 5k-30k €.

* Antenna fabrication is comparable to the costlierdemonstrator (see remarks in the
following paragraph).

* The new measurement setup: VNA/network analyz200k US$; anechoic chamber:
60k €; cables, motor, etc: 10k €.

For the antenna fabrication, the used materialg alaimportant role in determining
its cost. Basically, the LCP material is a low costterial (~5 US$/f), but its yield product
can be as low as 10% due to the blistering. Thetdslng may dramatically increase its cost,
if stacked LCP panels are used without care. Irdéeegn, only 2 stacked panels are needed,
and the panel area is 4x5 rhper element. A small area can decrease the piipabit
blistering may occur. Although the cost of the L@R&terial is not yet competitive with very
low cost FR-4 material, it is expected that itstomsl drop as the production level grows.
Moreover, the cost of the 3D-structure in the angepart is reported to be in the order of few
cents for a large-scale production. The PS matindhe rod has a low cost as well.

Probably, the cost from the MEMS part is the madtedninant for manufacturing a
low-cost switched-beam antenna. While MEMS switdiege the potential for very low cost
manufacturing in a large scale production, one raddtthe cost of packaging. In this design,
the hermetic cavity sealing (single-chip packagirsgused. With this technique, achieving
cost efficiency and high productivity are recemntiported to be possible. An additional cost
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comes from the high-voltage drive chip. Only onduictor is used for this chip as seen in
Figure 8.6(b), and this inductor requires a langgman a chip production. Since the cost of a
chip is determined by the used area in a partidetmology e.g. 65 nm (6 cents € / 2.5 )m
the use of the inductor has to be minimized. Alttguall those efforts, it is still hard to beat
a US$0.3-0.6 diode switch (tested, packaged, alikded).

Despite its broadband characteristic, the flip-ctephnology used for attaching the
MEMS to the antenna board costs 1.5 to 5 times ntioaa the counterpart bondwire.
However, the production of this MEMS can be dorntegadther with the other RF front-end
devices to reduce its production cost. Finally, theet market determines the profit of a
product. As this antenna is designed for application the consumer product, a low-cost
product is necessary.

8.1.9 Quality

To meet the quality of the designed prototype, s#h\activities are performed:

1. The results and the delimitations are clearly nogvetd in the baseline document and
have been approved by the supervisors and projaw

2. A sufficient amount of time has to be reserveditienations of the design;

3. The prototype’s specification has to be verifiedr@intained during the design steps;

4. The prototype has to be tested in an anechoic ckamitd with the pre-calibrated
measurement devices.

8.1.10 Progress control

1. Internal reports and presentations are deliveredyegprogress meeting with dr. ir. M.
H. A. J. Herben and A. C. F. Reniers. The progmassting is performed, at least,
once per month.

2. The informal meeting and discussion are performéti the lab expert during the
measurement or per email.

3. The baseline document is evaluated by the Projase® Management coach.

4. The final report will be evaluated by the superssand the SAI-ICT director.
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8.1.11

Risk list and risk management

Table 8.3Possible risks and their priorities.

Possible Risks Effect Occurrence Priority
Room/equipment 3 1 3
unavailable
Inaccuracy 3 2 6
simulation
Inaccuracy in 3 3 9
measurement resujt
Simulator 2 1 2
unavailable
Supervisor 3 2 6
unavailable
Priority= Severity * Occurrence
whereby:
Effect: 1-low; 2-medium; 3-high
Occurrence: 1-rare; 2-sometimes; 3-frequently
Table 8.4Risk management plan.
Possible Risks Management Plan Is it done?
Room/equipment | Discussion and early arrangement Yes
unavailable
Inaccuracy in Comparing with other available Yes
simulation simulation approaches, using high
accuracy simulation criteria
Inaccuracy in Reserving time  for iteration, Yes
measurement result performing calibration
Simulator Consulting with experts in the field, Yes
unavailable looking into other available simulators
Supervisor Anticipation of the supervisors’ Yes
unavailable leaving and holiday plan
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8.2 Antenna demonstrator

MATERIAL
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Figure 8.2. Structure of the 11-GHz antenna dennatust
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Figure 8.3. Surface current of the transition ushregSMA connector
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Figure 8.4. Design template for various heightshef cylindrical rod If;;) in the frequency
range from 9.5 to 12 GHz: (a) the realized gaind(at 0) for ¢ = 90, (b) the half power
beamwidth forp = 90, (c) the radiation efficiency, and (d) the sideldével forp = 90. The
rod height in figures ik for the antenna demonstratéy € 11 GHz)
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Figure 8.2 shows the detailed structure of theeram demonstrator including its
dimensions and materials. Points 1 to 5 are thedstae PCB, the launcher, the rod, and the
holder, respectively. Figure 8.3 shows the surfageent during the transition from the SMA
connector to the CPW. The surface current tentlsite larger magnitude in the outer part of
the conductors. Figure 8.4 provides the design katefor the antenna demonstrator.

8.3 DC-DC converter for actuating the MEMS

Figure 8.5. Bird's-eye view of the SP3T.
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Item Ref. Des. Description Part Number Manufacturer | Quantity | Package
U, Adjustable DC-to-OC con- Maxim IC
1 troller MAXT74CSA 1 SMD8A
Q, P-Channel MOSFET, 150V, International
2 13A IRF6215LPBF Rectifier 1 TO-262
D, Ultra-fast rectifier diode, Diodes, Inc.
1A UF1003-T 1 DO-41
4 Ri 150 k02, 0.25W resistor N/ A Generic 1 1206
5 R, 9.1 MQ, 0.25W resistor MN/A Generic 1 1206
R; 0.10, 1W, 5% current Ohmite
6 sense resistor RW1SOBAR100JE 1 2512
G 150 pF, 10V, 100m{l ESR Kemet
7 tantalum capacitor 495-1531-1 1 2917
€ G 0.1 wF, 50V, polyethylene Panasonic ECG
8 capacitor PCF1148CT 2 1913
Cy 10 pF, 160V, aluminum Cornell Dubilier
9 electrolytic capacitor AEB106V10 Electronics 1 6767P
Ly Panasonic Elec- 12 mm W X
470 uH, 580 mA, 690 mQ tronic Compa- 12mmLX
10 shielded inductor ELL-CTV471M nents 1 4.2mmT

(b)

Figure 8.6. (a) Schematic of the MAX774 DC-to-DCneerter, and (b) the list of its
components.

The RF MEMS switch (SP3T) in Figure 8.5 requireB@-DC converter to actuate
the MEMS. Figure 8.6(a) shows the schematic of twaiverter. It is based on Maxim IC
MAX774, which takes a +5 ) input and converts it to a -90s0output. Figure 8.6(b) lists
all the components to build the converter for a destration (see Figure 8.7). To build a
commercialized MEMS, this converter is integratatbia chip together with the MEMS
structure.
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Figure 8.7. MAX774 DC-to-DC converter (the rightard) used in the measurement setup
for actuating the MEMS switch (the left board).

8.4 System overview of the 60-GHz wireless communication
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Figure 8.8. Antenna and RF MEMS switch along with RF front-end system

Figure 8.8 gives a overview of the 60-GHz commutibcafront-end system. The
antenna and RF MEMS switch can be found as a paheowhole system. Every block in
this system contributes to the typical value of tioése figure NF) used in the link budget
analysis in section 1.5. In addition to that, theédor propagation model is used between two
communicating 60-GHz devices. The power loss coefiit value ) is shown in Table 8.5.
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Table 8.5. Power loss coefficient valuég, for the ITU site-general indoor propagation
model.

Frequency Residential Office Commercial
900 MHz - 33 20
1.2-1.3GHz - 32 22
1.8-2GHz 28 30 22
4 GHz - 28 22
5.2 GHz - 31 -
60 GHz* - 22 17

* 60 GHz is assumed to be in the same room



