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Abstract

The design of the Cerro Chajnantor Atacama Telescope (CCAT) is progressing within the
international astronomical community. This thesis examines the feasibility of using CMOS
technology to implement a 460 GHz SIW slot antenna for the CCAT Heterodyne Array
Instrument.

A 46 GHzbroadbandigh-gainSIW slotantennavasdesignedandtestedo verify the
SIW slotantennalesignprocedureThatdesigndemonstrategoodagreemenbetweerthe
simulatedand measuredesults. The antennahasa measuredjain of 7.8dBi at 46.2 GHz
and bandwidthof 4.72GHz.Thendesignof a 460GHzSIW antennawas conductedn a
65nmCMOS processSeveralmethodswvereusedto simplify the designandsim-ulations:
an inductoridentificationlayer was introducedto minimize the design-rulere-strictions,
andan equivalentdielectriclayer wascalculatedto reducethe computationalesourceor
3D electromagnetisimulations.The proposedantennéhasa gainof 0.09dBi, efficiencyof

29.1% and bandwidth of 25.3GHz.
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Chapter 1

I ntroduction

Human beings have always been fascinated by and never stopgerving and discover-
ing the Universe. Many legends from both east and west abbat thhe Universe looks
like and how it was created show humans’ curiosity with theverse. From Stonehenge
to the great Pyramids, from the native North American stmed at Chaco Canyon in New
Mexico to the mysterious mounds of Bronze Age Britain, itlsac that the Universe, and
the sky, was important to humanity. The observational astmy is a branch of science
dealing with collecting data pertaining to various aspeétthe Universe evolution. Ob-
servational astronomy is continuously benefited and evéimat revolutionized by new
developments in astronomical instrumentation. Sincel&alalilei improved the tele-
scope and implemented it into the astronomical observatistnument, the development

of observational astronomy has been accelerating.

1.1 Astronomy and Electromagnetic Spectrum

Observational astronomy is subdivided into regions of fleeteomagnetic spectrum: the
radio astronomy, infrared astronomy, optical astrononityaviolet astronomy, X-ray as-
tronomy and gamma-ray astronomy. These regions as paw efelstromagnetic spectrum

are illustrated in Figuré&.1l The visible band stretches from waveleng#h@m to 0.7 um,

1?24 1I022 1I020 1018 1016 1014 1012 l(I)IO 1I08 1I06 1I04 f (HZ)

Infrared Radio waves
Y rays X rays Mlcrowave

(THz
107 10 10712 10*“’ 10* B '10*6 10*2 10° 10 10t M (m)

it V|S|b|e spectrum

Figure 1.1: The electromagnetic spectrum, showing the gamma ray, ,xuléaviolet,
visible, infrared and radio bands.



and the infrared band starts froniv@um to 1 mm. The infrared band is so broad that it is
often subdivided into a near infrared. G- 3um) band, a mid-infrared (3 30um) band,
a far infrared (30- 200um) band, and a submillimetre (2601000um) band [].

The infrared radiation was first discovered by William Héslcin 1800 P—4]. How-
ever, infrared astronomy progressed extremely slowly lier next 150 years. Jansky’s
discovery of the radiation from the Milky Way in 1933 is seetlae birth of the new sci-
ence of radio astronomyp[6]. X-ray astronomy began in 1948 with the first detection
x-rays from the Sun by using a captured German V2 rocKefl[he father of submillime-
tre astronomy was Frank Low, who invented the gallium-dogeananium bolometer in
1961 B,9].

Optical astronomy mainly studies the surface of the stadsresarby gas ionized by
those stars where the temperature brings thermal radiatiorthe visible range. X-ray
astronomy deals with much hotter regions, where tempearst@ach 1 million to 100 mil-
lion degrees Kelvin (K). Infrared astronomy studies thelaooverse, where the temper-
atures are in the range 3K (at the wavelength of 1 mm) to 10Q&tKhe wavelength of
3um) [1]. The average temperature of the Earth in 2013 accordingASANis 288K
(15 C). Therefore, the main radiation from the Earth is in thedrdd band, which makes
the sky extremely bright in the infrared making astronormnadzservations difficult. This
is one reason why the infrared astronomy progressed sléwlgther two reasons are the
slow technological development and a very strong absargifahe Earth’s atmosphere.
Strong absorbers such as water and carbon dioxide moleaitdgaiate infrared and sub-
millimetre radiation significantly, and very little of it aehes the ground. The atmospheric
transmission across the electromagnetic spectrum igrdiesl in Figurel.2 To improve
the atmospheric transmission and reduce the attenuatithre ahcoming radiation, a high
and dry location, like a mountain top, is preferred for amasimical observatory espe-

cially for infrared and submilimetre astronomi(.
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Figure 1.2: Atmospheric transmission across the electromagnetidspec

1.2 Ground-Based Infrared and Submilimetre Telescopes

From the late 1970s, large near infrared and submillimefiestopes were built on high
altitude sites, especially on the 4200 m dormant volcarakmé Mauna Kea, Hawaii. Such
telescopes include the United Kingdom’s 3.8-metre Infiafelescope (UKIRT), NASA's
3-metre Infrared Telescope Facility (IRTF) and so on. ThatBd’ole Telescope (SPT)
is a 10m diameter telescope at the 2800 m altitude Antartaie®u, which was designed
for conducting large-area millimetre and sub-millimetr@w surveys of faint, low contrast
emission 11]. The James Clerk Maxwell submillimetre telescope (JCMPgrated by a
partnership among Canada, United Kingdom, and the Netidgs]as currently the largest
single-dish telescope (diameter of 15m) designed spetyficeoperate in the submillime-
tre region located at an altitude of 4092 m Mauna Kea, Hawajil[3]. The Atacama Large
Millimeter/Submillimeter Array (ALMA) is the largest astnomical project in existence,
composed of 66 high precision antennas located on the Gitajrglateau, 5000 m altitude
in northern Chile 14-16]. Some other ground-based telescopes are in an advanges sta
of planing, with parts of their construction already undexywthe European Extremely
Large Telescope (E-ELT) with a mirror diameter of 3917]| the Thirty Meter Telescope
(TMT) [18], the Giant Magellan Telescope (GMT) consisting of sevdnrBetre-diameter

telescopes]9], and the Cerro Chajnantor Atacama Telescope (CC20). [



Figure 1.3: CCAT concept view at 5600m Cerro Chajnantor, Chile. The ieniagaken
from CCAT website: www.ccatobservatory.org.

1.3 CCAT and CCAT Heterodyne Array Instrument (CHAI)

CCAT will be a next-generation, 25 m diameter single diskgebpe operating in the 2
to 0.2 mm wavelength range that will enable a broad range of astnaral studies, partic-
ularly those focused on the origins of stars, galaxies, addxy clusters. CCAT will be
located at 5600 m altitude on Cerro Chajnantor in northeriteGR1, 22], where submil-
limetre observing conditions are better than on the 500Gitudé of Chajnantor plateau
where ALMA is located 23]. Figure1l.3shows the concept view of the CCAT observatory
at Cerro Chajnantor.

CCAT is presently a joint project between a number of coestand organizations:



Cornell University, Caltech, the University of Coloraddatulder, the University of Cologne
and the University of Bonn, McGill University, McMaster Weirsity, the University of
British Columbia, the University of Calgary, the Univeysaf Toronto, the University of
Waterloo, Dalhousie University, the Western Universityd &ssociated Universities, Inc.

The initial plan for facility instruments for CCAT includéwo large format bolometer
cameras: a 32000-pixel short submillimet290— 650um) camera using transition edge
sensed bare bolometer arrays, and a 45000-pixel long wayteleamerg850um— 2 mm)
that uses slot dipole antenna coupled bolometer a@3ly Epectrometers, both direct de-
tection and heterodyne, are also under considera2@n A 57160-pixel Short Wavelength
Camera (SWCam) for CCAT was presentedad][ which consisted of 7 sub-cameras: 4
subcameras at 3%fim, 1 at 45Qum, 1 at 85Qum, and 1 at 2mm wavelengths. A design
of a Long Wavelength Camera (LWCam), the long-wavelenggmjimg camera for CCAT,
was proposed in25]. LWCam will provide a 20 field-of-view with background-limited
sensitivity in six bands: 750m, 850um, 1mm, 13mm, 2mm, and 3mm. A result of a
design study for a multi-beam X-Spec survey spectrometegrary 190— 520 GHz under
development for CCAT was presented 26].

CCAT Heterodyne Array Instrument (CHAIRY] is also one of the first-light instru-
ments for CCAT, which has two 64-pixel cameras for high nesoh heterodyne spec-
troscopy. Specifically, CHAI is a modular, dual-frequen@nd array receiver covering
460GHz and 830 GHz for simultaneous observations with- @ékel arrays each, which
is larger than any of the heterodyne array instruments wotlyrén operation. The de-
velopment of CHAI involves many countries and organizagiodniversities of Cologne,
University of Bonn (Germany), Cornell University, Califoa Institute of Technology, and
Jet Propulsion Laboratory (JPL) (US), University of Calgand University of Waterloo
(Canada).



1.4 Thesis Goals

The subject of this thesis is an evaluation of the possybilftbuilding a CMOS antenna
for the CHAI to serve as either a feeding structure to a maitional horn antenna, or
to replace the horn antenna. So far, a design of a 470 GHz moemrad for CHAI was
reported in 28], which presented a smooth-walled horn design. This amtéras a gain
of 31.3dBi. The horn is 46 mm long with an aperture diameter aBh2m. The size of
the horn and its gain are larger than what would be possilflbiicate in CMOS process.
Therefore, it is not expected that the CMOS antenna coulderfarm the horn on its own
but the integration of smaller CMOS antennas with the reshefreceiver circuitry on a
single integrated circuit (IC) could significantly increathe number of CHAI pixels and
compensate for lower gain of each individual antenna.

This thesis sets out to develop a front-end antenna on CMO&ps. This work is a
pilot project to investigate the feasibility of designing@0 GHz on-chip antenna with the
purpose of integrating with entire CHAI receiver on the sdf@eWhile this work is not
officially a part of CCAT CHAI development, it may provide @thatives to cost-effective
implementation of CHAI.

In addition, due to limitations of our laboratory equipmanthe start of the project, it
would have been impossible to measure a 460 GHz antennaefdhesra 46 GHz antenna,
which is a down-scaled prototype of the 460 GHz antenna, wagyded, fabricated, and
measured first for a verification of the design conc@f}.[The 460 GHz antenna was also

designed but not fabricated.

1.5 ThesisOutline

The rest of this thesis is structured as follows:

» Chapter 2 gives the relevant background information ostibstrate-integrated waveg-

INote that CHAI frequency range has not been finalized yet hakfore slightly different frequencies
have been selected by different groups.



uides (SIW) and slot antennas and discusses CMOS and pcinted-board (PCB)

antennas previously designed by others.

» Chapter 3 proposes a design of a 46 GHz SIW slot antenna asémnis simulated

and measured results.

» Chapter 4 presents a 460 GHz SIW slot antenna based on a 6@ @rocess.

» Chapter 5 provides conclusions, contributions, and ssigwes for future work.



Chapter 2

Selection of CM OS Compatible Antenna Topology

This chapter describes the selection procedure of an aatumnology, which can be
integrated on a CMOS integrated circuit (IC) and which hasgromise of having high
efficiency and gain. After a literature review of the propstof commonly used tera-
hertz (THz) antennas in Secti@iland a review of previously published CMOS-integrated
millimeter-wave and THz antenna designs in Subse@iari, a substrate-integrated-waveguide
(SIW) slot antenna is selected for this thesis. A SIW and lbeasitenna are discussed in
more details in Section®.2and2.3. Section2.2 begins with a short review of the advan-
tages of SIWSs, explains the propagation modes supportetiebBiW, and gives an ex-
pression for calculating the effective width of the equérdlrectangular waveguide. Next
Section2.3 introduces the slot antenna. In Secti®:3.1the Babinet’s Principle is pre-
sented. Sectio2.3.2explains how a slot antenna operates and gives an exprdssion

calculation of the impedance of a longitudinal slot radiato

2.1 Terahertz Antennas

Generally, THz antennas can be made through the dimensicalalg of their low-frequency
counterparts. However, the fabrication process and useatdnmmals can be quite different.
Table 2.1 lists the comparison of the distinct properties of the moshimonly used THz
antennas30]. Some other antennas may also be designed as THz antetnat mcluded

in the Table2.1 For example, dipole and dielectric resonator (DR) antenmdaich will
be demonstrated in the next subsection. The 460 GHz anteéstiasded in this thesis is
expected to be implemented in a standard CMOS process, whrcbws down the candi-
dates of antennas: only slot array, patch and dipole ansetarabe fabricated on a CMOS

process.



Table 2.1: Comparison of different millimeter-wave and terahertzanias [30].

Reflector Slot array Horn Dielectric Patch
integrated lens
Frequency Any <05THz <1THz Any <0.1THz
Gain High++ High Average Low+ Low
Bandwidth  Wide- Narrow Wide Average Narrow
Cost High++ High Average+ Low+ Low
Fabrication Difficult+ Average Difficult Easy+ Easy
Size Large++ Large+ Average Small Small
Weight Heavy++ Average Average++ Light Light

2.1.1 Antennasin CMOS Process

On-chip antennas are an essential building block in rewifully integrated transceivers.
However, achieving high efficiency and high gain is ratheallemging. CMOS on-chip
antennas with the operating frequencies from 24 GHz to THizbei demonstrated next
and summarized in TabR2

[31] reported a 24 GHz dipole fabricated on a 2-inch wafer witpper metalliza-
tion process, which achievedl17dB impedance bandwidth from 20GHz to 30GHz and
a gain of —8dBi. Inverted-F and Yagi antennas operating at 60 GHz wfihiency be-
low 10% and gain below-10dBi were reported in3d2-34]. A 60GHz SIW integrated
high-gain horn antenna fed by co-planar waveguide (CP38) With CMOS-compatible
micro-fabrication steps achieved a gain of@dBi. However, the area of the horn is more
than 500mrA. Another 60GHz Ql3um CMOS patch antenna, which has a peak gain
of —3.32dBi, efficiency of 15.9%, and size of 12 x 1580um, was reported in36|.
Two 60 GHz CMOS dipole antennas with measured gain aretind- —9dBi (far below
the simulated gain) were reported B and [38].

On-chip DRASs, which are dielectric resonators attached @MS IC with opera-



tion frequency below 150 GHz, were reported 343]. Placing the dielectric resonator
precisely on such tiny IC chip is a challenge. The simulatiof44] indicated that plac-
ing a 12mm diameter hemispherical quartz lens on a 90 GHz CHlQffical slot antenna
could increase the antenna efficiency from 7% to 30%, bartiwiidm 3.1% to 4.4%
and gain form—5.7dBi to 15dBi. A 140GHz tapered slot antenna fabricated ifb ar
CMOS process was presented #4b]l This antenna has a gain ef25dBi and occupies
180um x 100um of die area. A 270GHz circular-polarized SIW antenna wibhner
slots 6] was shown to have a broadside radiation pattern with a ghin@5dBi and

a radiation efficiency of 21.4%, when designed in a 65nm CM@£gss occupying an
area of 017mn?. A 410 GHz CMOS patch antenna with a simulated directivit{ @nd
efficiency of 22% was presented id7. A 434GHz SIW slot antenna with a transmit-
ter/receiver chip-set was fabricated in SiGe BICMOS prscesich had a simulated gain
of —0.55dBi and efficiency of 49.8%B]. Another 054 THz CMOS planar dipole antenna
with a simulated gain of B3 dBi and efficiency of 28% was reported 49)].

Overall, the patch, dipole, Yagi, and Inverted-F antenrsag hower gain and efficiency
than other antennas. Although the dielectric resonatorl@msl antennas have high effi-
ciency, they require post-processing to attach them ontM®E IC, thus increasing the
fabrication complexity and cost. Only slot antenna appeara good candidate for this

project. Therefore a slot antenna feed by means of a SIWestsel in the thesis.

2.2 SIW

Over the last decades, the constantly increasing demandwfe and more compact elec-
tronics devices and for more and more broadband radio coneations services have been
nudging their implementations to ever higher frequencydsarto keep up with this fre-

guency increase, new technologies are required that caateps high frequencies. The
substrate integrated waveguide (SIW) technology is onbehew emerging technologies,

which has been developed rapidly for use in millimetre-waven-wave) and terahertz
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Table 2.2: Comparison of on-chip antennas.

-10dB N Chip
Ref. Process | Antenna Type| Frequency BW Gain | Efficiency| gjze
CMOS _
[31] | Compatible Dipole 24 20-30* -8 NA 1.53
Back End of Inverted-F 61 55-67.5 -19 3.5% 0.38
[32] | Line Quasi-Yagi 65 55-65 -12.5 5.6% 0.55
0.18um _
[33 CMOS Yagi 60 55-65 -10 10% 1.05
0.18um
[34] CMOS Inverted-F 60 55-65 -15.7 10% 0.58
CMOS
[35] | Compatible SIW Horn 60 56.9-63.2| 144 NA 518
0.13um
[36] CMOS Patch 60 0.81 -3.3 15.9 1.93
90nm _
[37] CMOS Dipole 60 58-70 -7 4.6% 0.35
[39] CMOS DRA 135 126-144 3.7 62% 0.63
0.18um
[40] CMOS DRA 130 123-137 4.7 43% 0.72
0.13um o
[44] CMOS Elliptical Slot 90 90-93 -5.7 7% 2.25
With Dielectric Lens 90 89-91 15 30% NA
65nm
[45] CMOS Tapered Slot 140 NA -25 NA 0.02
Circular-
[46] 65nm Polarized 270 251.5- -0.5 21.4% 0.17
CMOS SIW 283.6
45nm
[47] CMOS Patch 410 NA 0.41 22% 0.04
0.13um
[48] SiGe SIW Slot 434 ~15 -0.55 | 49.8% 0.11
BiCMOS
40nm _
[49] CMOS Dipole 540 NA 1.33 28% 0.05
CMOS Bowtie Slot 90 NA -1.5 NA 1.26
CMOS Slot 140 136-141 | -1.4 NA 0.72
[50] CMOS SIW Slot 140 NA -1 NA 1.2
CMOS Patch 140 138-148 -2 NA 0.49
0.18um
[51] SiGe Patch 65 62-65 NA NA 2.21
BiCMOS

* —17dB bandwidth
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Top metal

Dielectric substrate Bottom metal

Figure 2.1: Geometry of a SIW.

(30— 10000 GHz frequency ranges3p, 52].

Figure2.1shows a typical geometry of a SIW when implemented on a PCB saime
of its critical dimensions are: heiglht width w, via diameterd, and via spacing. A
SIW is an integrated rectangular waveguide-like structwt@ch is synthesized in planar
form by using rows of conducting vias or slots embedded iretedtric substrate with the
metalized top and bottom broadside walis8][ In this way, the non-planar rectangular
waveguide can be made in planar form, making it compatibté wexkisting planar pro-
cess, such as printed circuit board (PCB) and low-temperato-fired ceramic (LTCC)
processes. The intrinsic advantages of the planar cirasgsiumerous: small size, low
weight, low cost, relatively simple manufacturing pro@ssaccurate implementation, and
ease of mass production. Whereas, most traditional plarants lack the high power car-
rying capacity and high-frequency quality-factors of cemtronal waveguides, SIWs not
only preserve the advantages of planar circuits but alsp keest of the advantages as-
sociated with conventional waveguides: electromagnédtielding (eliminating radiation
losses), low insertion loss, high power carrying capaaiiy kigh quality-factor. The most
significant advantage of SIW technology is ease of integgadll components on the same

substrate.
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Slots on the
side wall

Figure 2.2: Surface current distribution of the TEmode in a rectangular waveguide with
vertical slots in its side wall.

The propagation characteristics of a SIW is similar to tHaeotangular waveguides.
A SIW can be seen as a special rectangular waveguide filldddiglectric substrate and
with some slots created by vias along its side walls. FiguBshows surface current
distribution of the TEg mode in a rectangular waveguide with vertical slots in itesiall.
As can be seen, the vertical slots do not interrupt the seiacrents of the T mode.
Thus, TR mode can propagate in the SIW. The higher,dEhodes have similar surface
current distribution and therefore Jj& modes can propagate in SIYfvth=1,2,---) as
well. However TM modes produce longitudinal surface cusemwhich are interrupted
by the presence of vertical slots, and hence TM modes woulskecsignificant amount of
radiation through side walls and these modes cannot be geppoSimilarly, the same
situation happens for T modes, fom = 0. As a result, only Tk modesim=1,2, ---)
can propagate in SIW. A plot of the amplitude of the electmtdfiof the dominant mode

(TEqq) simulated at 46 GHz in HFSS is presented in FigRrg It illustrates how the

13



Figure 2.3: Plot of the amplitude of the electric field of the fundame®BV mode(TEo)
in HFSS.

electric field intensity varies across the SIW. The fieldsdepicted as a grayscale map
using white for maximum intensity and traversing to black fieinimum field intensity.
As can be seen, the radiation leakage can be neglected whemathare closely spaced.
A summary of propagation properties of the dominant m@tE; ) in the rectangular
waveguide is shown in Appendi.

Due to the similarity between a SIW and a rectangular wavkgan empirical relation-
ship for calculation of the effective widthe s  of the rectangular waveguide was proposed
in [54] as

d? d?

Weff:W—l.OSF‘i‘O.lW (2.1)
wherew is the width of SIWd is the diameter of via and is their longitudinal spacing as
shown in Figure@.1 It was also demonstrated that whefd < 3 andd/w < 1/5, Equation
2.1is very accurateg4]. From Equatior2.1, it is clear that the width of the rectangular
waveguide is a little smaller than that of SIW.

Given a SIW with itsw, d and p, the width of the equivalent rectangular waveguide

14



can be obtained. Sometimes a SIW needs to be transferredafrentangular waveguide,

wherew is needed by transferring the Equati@i to

2
Wetf+ 1.08“'—52 + \/<Wef f+ 1.08d—52) —0.4d2

W= 5

(2.2)

Therefore, a design based on a rectangular waveguide caaslbe teansferred to SIW by

using Equatior2.2

2.3 Slot Antenna

A slot antenna is one of many aperture antennas, with thangatar slot being one of
the most common omnidirectional microwave antennas. 3ltrmas often combine the
feeding and radiating structures together by placing tots sh the wall of a waveguide,

such as a SIW. The following subsections explain the prie@pslot antenna operation.

2.3.1 Babinet’s Principle

Babinet’s Principle states that when a field behind a scradmanm opening is added to
the field of a complementary structure, then the sum is equtid field where there is
no screen$95. H.G. Booker extended Babinet’s Principle from optics adio frequen-
cies p6] by showing that the slot has the same radiation pattern agaedof the same
dimensions as the slot but with its E-field and H-field are gveajas illustrated in Figure
2.4. In other words, a slot appears as a magnetic dipole ratharah electric dipole. As
a result, its polarization is rotated 90Thus, the radiation from a vertical slot is polarized
horizontally. For example, a vertical slot has the sameatauh pattern as a horizontal
dipole of the same dimensions. Therefore, a longitudiralislthe broad wall of a rectan-
gular waveguide radiates like a dipole perpendicular testbein the same plane.

Moreover, Booker’s extension of Babinet’s Principle carubed to find a complemen-
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Figure 2.4: Babinet’s Principle.
tary impedance of the slot from:
n2
ZsiotZdipole = 7 (2.3)
u

p— _— 2.4
n=1/% (2.4)

whereZsjot andZgipole are input impedances of the slot and dipole antennas, resglgc
n is the intrinsic impedance of the media in which the struetaimmersed, ang ande
are the permeability and permittivity of the media respetyi

2.3.2 Impedance of Longitudinal Slot Radiators

A longitudinal slot cut into the broad wall of a waveguidedirupts the transverse current

flowing in the wall, which forces the current to travel arouhd slot thereby introducing
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Figure2.5: Electromagnetic field for T mode of a rectangular waveguide.

an electric field in the slot. The position of the slot in thereguide determines the current
flow. Therefore, the position determines the impedanceeptes to the transmission line
and the amount of energy coupled to the slot and radiated tierslot.

Figure2.5shows the electromagnetic field distribution forpEEnode of a rectangular
waveguide. The electric field is iy direction and its distribution is symmetrical about the
centerline of the rectangular waveguide. The electric fielchponent equation is shown in
TableA.1 in the AppendiXA. The current in the walls of the waveguide are proportional t
the difference in electric field between any two points. Elfiere, a slot in the exact center
of the broad wall of the waveguide does not radiate as thargdeld is symmetrical
around the center of the waveguide as illustrated in Figusand thus is identical at both
edges of the slot. As the slot is moved away from the centertime difference in electric
field intensity between the edges of the slot increases. intesrupts the flow of more
current, which couples more energy to the slot and increhsasdiated power. However,
since the sidewalls are short circuits for the electric figllen a slot is placed too close
to the sides of the waveguide, the electric field is very sinadl the induced current must
also be small. Thus, longitudinal slots far from the centendt radiate significantly.

From the point of view of the waveguide, the slot is a shuntedgnce, or an equiva-
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Figure 2.6: Longitudinal slot in a broad wall of rectangular waveguidgi@s to a shunt
impedance across the transmission line.

lent admittance, across the transmission line loadingrrestnission line as illustrated in
Figure2.6. The following equation first obtained by A. F. StevensbA [ndicates that the
normalized conductance of a resonant longitudinal shutiislthe broad wall of a rect-
angular waveguide is approximately equal to a constantstittne square of the sine of an
angle proportional to its offset
GEO _ [2.09‘2’—%2 cod (’;—ﬁ)] sinanX (2.5)

in which (8 is the propagation constant for the JgEnode,k is the wave numbelx is
the offset from the center line of the broad wallandh are the width and height of the
rectangular waveguide, respectively.

There is an assumption made when deriving Equa2i&that the network elements

are purely real, the slot is resonant, and the length of thieisinearA /2. A. A. Oliner

re-developed the theory but now for any slot lendi§ jas

5 amdh {1— (ﬁ—i)zr {1—0.374(%’)2%.130(%’)4]
Zy 3% sir? (™) cog (%)

(2.6)

whereA is the free space wavelengthy is the guide wavelengtlx,is the offset of the slot

from the center line of the rectangular waveguieeis slot length, andv andh are the
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width and the length of the rectangular waveguide.
It was found that Equatio2.6 can be used directly in the analysis of dielectrically

loaded waveguides as long as changing the following paesiet

Ag = Age =
o (%) 2.7)

)\:>)\0

whereAge is the guide wavelength in the dielectrig is the wavelength in the free space,
& is the relative dielectric constant ands the width of the rectangular waveguide, which

also means that Equati@6 can be used for SIW.

2.4 Chapter Summary

After a comparison of the properties of THz antennas and geoison of many antenna
designs in CMOS process, this chapter identified a SIW sletara as the antenna technol-
ogy that is capable of producing an efficient CMOS integrargénna that does not require
any post-processing. Then, the advantages of SIW strigctaraparing with conventional
waveguides and planar circuits were discussed. Next, MesBucture was presented and
the reason for SIW supporting only FiE=modes were explained. This was followed by the
review of the principles of slot antenna operations, whigtiuded the Babinet's Principle

and derivation of the impedance of longitudinal slot raafisit
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Chapter 3

46 GHz SIW Slot Antenna Design

As mentioned in Sectioth.4, a 46 GHz SIW slot antenna is first designed, fabricated, and
tested to verify the design concept, which is a down-scatetbpype of the 460 GHz SIW
slot antenna. After a brief literature review in Secti®ri, a design of a 46 GHz SIW
slot antenna is presented in Sect®A In Section3.3 several parameters, which increase
the gain of the antenna, are discussed. Se@idrexplores the effect of the fabrication
tolerances on the impedance of the antenna. Se8t®demonstrates the experimental

results of the fabricated antenna and shows a good agreevitbrsimulated results.

3.1 Brief Literature Review

To put this antenna in the context of previously publishegm@mmas operating in a similar
frequency range, this chapter starts with a quick liteetexiew of previously published
antennas operating at frequency below 100 GHz as shown Ie 3ab

A W-band SIW horn antenna was presentedb#®|,|which was fabricated on a PCB and
produced 1 GHz of bandwidth with a simulated gain of 9 dBi,ligca WR— 10 waveguide.
Another W-band SIW slot antenna with measured return 1026 dB was reported ir6p).
[60] presented a 79 GHz SIW single slot, longitudinal slot areand four-by-four antenna
array using a flexible PCB process, which have achieved gdi@s8 dBi, 6.0 dBi, and
11.0dBi and bandwidths of 4.7%, 5.4% and 10.7%, respectivel\y{61] a 94GHz SIW
32 x 32 slot array was proposed with the maximal gain of82Bi and fed by WR-10
waveguides. A 27 GHz SIW H-plane horn antenna,>a4Lhorn array and a & 8 horn
array were fabricated on PCB process and tested to achiéve gla575dBi, 1375dBi
and 1565 dBi, respectively§4]. [62] presented a 4 4 SIW slot array antenna at X-band
with a bandwidth of 8 GHz and a gain of 13 dBi. An X-band dual-slot broadband SIW

antenna was presented B8]. The antenna has a bandwidth of 8.5%, the maximum gain
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Table 3.1: Comparison of SIW Antennas.

Ref. Process | Antenna Type I(:(;?_?Zu)enq -10dB | Gain | Efficiency
BW (dBi)
[59] PCB SIW horn 84 1.2% 9 -
SIW slot 4.7% 2.8 47%
[60] FPCB 1 x 4 slot array 79 5.4% 5.8 43%
4 x 4 slot array 10.7% | 11.1 38%
[6]] PCB 32x 32slotarray | 94 - 25.8 75%
67 |pce | 4x4SIWslt 4, 6% | 157 | -
array
[63] PCB SIW dual-slot 10 8.5% 8.1 75%
SIW H-plane Horn - 5.8 -
[64] PCB 1x 4 SIW H-plane | 27
- 13.8 -
Horn array
1 x 8 SIW H-plane ) 15.7 )
Horn array
2 x 2 patch array 10% 13.6 73%
2 x 4 patch array 12% 16.7 73%
[65] PCB 4 x 4 patch array 12.5 11.5% | 19.5 70%
8 x 8 patch array 13% 24 50%

of 8.14dBi and efficiency of 75%86p] reported SIW cavity-backed microstrip patch arrays
of 2x 2,2x 4, 4x 4, and 8x 8 with measured gains of 18dBi, 1665dBi, 1946dBi and
24dBi at 125 GHz, respectively.g7] presented an X-band SIW leaky-wave antenna with
transverse slots, which supports a leaky mode, a properguale mode, and a surface-

wave mode, depending on the frequency region.

3.2 46 GHz SIW Slot Antenna Design

First, SIW was designed for the SIW slot antenna. A thicknéd$ mil Rogers RT/duroid
5880 was chosen for the substrate, which has a dielectrist@otz, of 2.2 and loss tan-
gent of 0.0009. The SIW structure simulated in HFSS is shawRigure3.1 The final

dimensions of the SIW are presented in the last four rows bfefa.2 As discussed in
Section2.2, a SIW can be equivalent to a conventional dielectric-filectangular waveg-

uide. From Equatio2.1, the width of the equivalent rectangular waveguide is setbas
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Top metal

Dielectric substrate Bottom metal

Figure 3.1: Configuration of a SIW.

2.48mm, which has a cutoff frequency of 41GHz for the dominant mod€rE;p). This
cut-off frequency is sufficiently low to propagate the dedid6 GHz signal but also suffi-
ciently high to reduce antenna width and prevent other gapan modes. The simulated
S11 and $; of the SIW are shown in Figurg 2

In the HFSS simulation, a wave port was setup to excite thensiats shown in Figure
3.3 An integration line from the center of the bottom plane t® tlenter of the microstrip,
also shown in Figur8.3, defines the portimpedance. The width of the wave port is Bgim
the width of the microstrip and the height of the wave portQdgifines of the height of the
substrate. There is an air box around the antenna to defimadraion boundary, which is
one wavelength away from the antenna surfaces.

In this design, the slot length is chosen to be approximaidigplf wavelength in free
space § = 0.48}). The final antenna layout is shown in Figid. Also the dimensions
of the antenna are listed in TabB2 The resulting normalized resistance of the shunt
resistorR/Zy = 0.85 computed from Equatio®.6 demonstrated in the previous chapter.
This means the equivalent resistance of the slot matchesefttize SIW.

The top view of the SIW antenna fed by the microstrip is showfigure3.4. The

distance between the shorted end wall and the slot of a integ#iple of a one-quarter
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Figure 3.2: Simulated §1 and $1 of the SIW.

Figure 3.3: Excitation for the HFSS simulation.
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Figure 3.4: Top view of the SIW slot antenna and the microstrip feedline.

Table 3.2: Antenna dimensions of the 46 GHz SIW slot antenna.

Variable Dimensions (mil)

Slot offsetx 4
Slot lengtha’ 124

Slot widthb 4
Top metal lengthyop 266
Top metal widthwop 180
Bottom metal widthwyottom 500
Via diameterd 12
Via spacingp 24
SIW widthw 102
Substrate thickneds 10

wavelength is needed, in most publications three-quaréeelength was used because of
the fabrication limitation. In this design, the cutoff freency is close to the operating

frequency and the dielectric constant of the substratevis thereby making the guide
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Figure 3.5: Simulated peak gain and radiation efficiency of the SIW shdéana.

wavelength larger than the free space wavelength and pergtite fabrication of a quarter
wavelength spacing. The simulated peak gain and radiaffasieacy from HFSS are
presented in Figur8.5. In the frequency range from 45GHz to 49 GHz the peak gain of

the antenna is over 8dBi and the radiation efficiency is muoae 85%.

3.3 FactorsImproving the Antenna Gain

The width of the top metalvo, affects the antenna radiation significantly as shown in
Figure3.6. Figures3.6 (a) and (b) give the E-plane and H-plane radiation patteritis w
different widths of the top metal laye%op at 46 GHz. Whemyop is 180 mil and the width

of bottom metaMyiom is 500 mil, the antenna has a maximal gain d @Bi, which is
7.6dB higher than fomwyaitom= 134 mil due to the radiation from the longitudinal edges
of the top metal generated by the leaking currents througlgéps between adjacent vias.

Figure 3.7 shows the surface currents of the antenna, which prove hiea¢ tare some
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Figure 3.6: Simulated radiation pattern for varying width of top meta4é& GHz. (a)
E-plane. (b) H-plane.
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Figure 3.7: Surface currents of the proposed antenna from HFSS.

currents flowing out of the SIW and radiating at the longihadiedges of the top metal.
The front-to-back ratio is 18 dB due to the large ground plaf@ygiiom= 500 mil), which
provides good isolation for keeping radiation from back.shswn in Figure3.6, the back
lobe decreases when the width of top metal increases.

Another important factor, which affects back lobe, is thdtiof bottom metaioitom
The comparison of the back lobes for different widths of tb#dm metaigitomis illus-
trated in Figure3.8. Although the back lobe splits from one lobe into three sraddées in
the E-plane as the width of ground plane increases, for tge lground plane the back lobe

decreases by 10dB and the main lobe increases by 4dB wheracedp an antenna with
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Figure 3.9: Simulated reflection coefficients of the SIW antennas wiffedént widths of
top metal.

Whottom= 180 mil.

The width of top metalvop also affects the reflection coefficient of the SIW slot antenn
as shown in Figur8.9. One difference between a traditional waveguide slot ar#elesign
and a SIW slot antenna design is that there is an extensiaratiee top and ground metals
beyond sidewalls or the vias. This extension area is usigligred in SIW slot antenna
designs. The large ground plane is able to compress the bbhekak presented in Figure
3.8 Proper dimensions of the top metal result in higher gainaatter impedance matching

as illustrated in Figur8.6and3.9.

3.4 Fabrication Tolerance Test

The PCB manufacturer may have as much as%mil error on the via placement. This

error was observed from previous PCBs fabricated by the $2@k fabrication facility.
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Figure 3.10: Top view of the simulation model for via fabrication tolecan The black
square dot is the center of the original via.

Therefore, some simulations were done to investigate thesimce of the fabrication errors
on the antenna performance. In the simulations, each vidogated with a random offset
within 5mil range in both horizontal and vertical direct®rFigure3.10shows the top view
of the PCB modeled in HFSS. The black square dot is the cehtbewriginal via. The
set-up data for each via is presented in the T8e Figure3.11compares the simulated

S11 of the original antenna with antennas with offset vias . Asloa seen, antennas whose
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Figure 3.11: $;40f different via offset of the SIW slot antenna.

S11 is represented by curve 3 and 4 have larger bandwidths, abemrennas with$
represented by curve 1 and 2 have smaller bandwidths. Howavd6 GHz all curves
exhibit S of better than -10 dB and therefore it was assumed that tlemaatwould not

be significantly affected by fabrication tolerances.

3.5 Experimental Performance of the Antenna

The photographs of a fabricated antenna are shown in Fjui2e The width and length of
the PCB are 500 mil and 616 mil, respectively. The antennaddf/ a microstrip with the
width of 25mil and length of 350 mil. The dark gray substrat¢he Figure3.12a) is the
10-mil-thick RT/duroid 5880 substrate. There are two estild-ground copper layers on
a FR4 substrate attached to the bottom of the antenna t@sethe thickness and stiffness
of the antenna. These two copper layers are connected totiera ground with vias. A

photograph of the bottom ground plane is shown in Figuideb). All vias are through
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Figure 3.12: Photographs of the fabricated SIW slot antenna. (a) Top.\ie\Back view.

holes from top layer to bottom layer. The total thicknessha PCB is 62mil. A 2.4-
mm RF connector as shown in FigBel2a) was used for measurements. The measured
and simulated § are shown in Figur&.13 The measurements were performed with an
R&S ZVAG67 vector network analyzer (VNA). The1l0dB S1 bandwidth was measured
as 472 GHz from 4308 GHz to 4780 GHz, which is close to the simulated bandwidth of
4.80GHz. The measured $Sshows a ® GHz frequency shift comparing with the simula-
tions. This discrepancy is likely because of fabricatider@ances and the presence of the
connector, which was not included in the simulations.

The radiation pattern was measured on both E-plane and mé&glam 43 GHz to
47 GHz to compare with the simulated results as shown in Ei§ut4 Theoretically,
the E-plane and H-plane radiation patterns‘ai@ identical. Due to measurement errors,
the measured E-plane and H-plane radiation patternste@ small difference as shown
in Figure 3.14 which is acceptable. However, from 2%5Hz to 461 GHz the measured

antenna gain shows same drastic ups and downs in E-plane-plasthéland co- and cross-
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Figure 3.13: Simulated and measured;®f the antenna.

polarizations. Since the measurements were conductecduatldeEques Laurin laboratory
at Ecole Polytechnique de Montréal, it was not possible $aoudetermine the exact cause
for these anomalies. However since antenna does not hally Ingggonant structures that
could cause such a drastic variation in the antenna gaise theomalies are attributed to
measurement errors.

The test was performed in azimuth. The feed antenna (thespwas placed on a
rotary actuator. There were two scans for each frequency.theofirst scan E-field of
the feed antenna was oriented vertically, and for the sesoad the E-field was oriented
horizontally. Two antennas were tested: a standard gamdnaienna and the 46 GHz SIW
slot antenna. By comparing the measured gain of the stam@énchorn antenna and the
gain from the data sheet, the difference of the gain was ddai Adding the difference
to the 46 GHz antenna measurement results, the gain of theH#46n@as calculated. For

the 46 GHz SIW slot antenna measurement, the antenna (t)ensls placed vertically
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Figure 3.14: Simulated and measured antenna gain from 43GHz to 47 GHzCda)
polarization. (b) Cross-polarization.
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first. After measuring all frequencies, the antenna wagedtto horizon position around
the center of the slot. The measurement was repeated at@liéncies again. Finally the
E-plane and H-plane co-polarization and cross-polaomnatiere obtained.

The frequency range from 45.2 GHz to 46.1 GHz was skippedenfadhowing dis-
cussion. The measured co-polarization gains agree witlsithelated ones except from
452 GHz to 461 GHz as shown in Figurd.14 (a). However, Figur&.14 (b) shows that
the measured cross-polarization gain is larger than thelated result above 48GHz. To
find the reason why the cross-polarization gains are hidter the simulation, the radia-
tion patterns at 4@ GHz were studied. The antenna achieved the measured gaBdBi
at 462 GHz while simulated gain was®dBi. The simulated and measured E-plane and H-
plane radiation patterns for co-polarization and crodsspration are shown in Figui&@ 15
and3.16 respectively. In Figur®.15(a) the HPBWs are 45and 63 for simulated and
measured co-polarization patterns, respectively. Medawh Figure3.15(b) the HPBWs
are 56 and 63 for simulated and measured co-polarization patternseaisely. There
is a good agreement between the measured co-polarizati@tioa pattern and simulated
patterns for both E-plane and H-plane. Ripples can be fonridd measurements, espe-
cially in the angular regions where the radiation is weakegehare likely due to reflections
in the test setup. The 2.4-mm RF connector was found to iserd@ cross-polarization
in both the H-plane and the E-plane significantly as illustlan Figure3.15 In HFSS a
short coax cable and the connector were modeled and sirduiatie the antenna model,
which consists of four layers of copper as shown in FigBuE/. In Figure 3.16b) the
cross-polarization gain is 10dB higher than the simulatd gf the antenna without the
connector in the H-plane below60 region, where the connector blocks the radiation of
the antenna. Moreover, in the E-plane the cross-polanizajain is about 5dB higher as
compared to the simulated cross-polarization gain fromatitenna without the connec-
tor. The measured cross-polarization gain and the sintigde with the connector agree

well. From this, it is concluded that the real cross-pokian of the antenna without the
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0 250 500 (mil)

Figure 3.17: The antenna with a connector and a short piece of coax cahldatied in
HFSS.

connector is expected to be close to the simulated resuttslpthe antenna.
The antenna performance summary and comparison with ottiéa8tennas is given

in Table3.4.

3.6 Conclusion

The design and experimental results of the 46 GHz broadbigiddain SIW slot antenna
are presented in this chapter. The antenna ha$@dB S; bandwidth of 480 GHz from
HFESS simulation, which agrees with the measured bandwidtti7@ GHz. The simulated
gain is 96dBi and the simulated efficiency is 96% at.26Hz. The measured gain is
7.8dBi at 462 GHz. The measured antenna pattern agrees with the siongattomparing
with other SIW slot antennas, this antenna has a larger hdtitand a higher gain due
to the optimized dimensions of top metal and the large grauethl. It was found that
properly selected dimensions of the top and bottom metainapertant to achieve high

gain and large front-to-back ratio.
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Table 3.3: Vias offset from original coordinates in the simulations.

Via # Test 1 offset Test 2 offset Test 3 offset Test 4 offset
x(mil) y(mil) x(mil) y@mil) x(mil) y(mil) x(mil) y(mil)
Vial 0 3 -1 1 -1 2 3 3
Via2 0 -2 1 -2 -3 3 -1 -3.5
Via3 0 3 15 4 -5 0 2.5 -1
Viad 0 -3 3 -0.5 -1 3 -1 1.2
Via5 0 -2 -2 -2 3 0.5 0 -2
Viab 0 1 0 3 -1 -2 -0.5 0.5
Via7 0 3 -1.5 -1 1.5 -3 3 1.5
Via8 0 0 -3 0 1.5 4 1 -0.5
Via9 0 0 2 3 -1.5 -1 2 -0.5
Vial0 0 0 0.5 1.5 -3.5 0 0.5 -2
Viall 0 0 3.5 1 -2 -1.5 4 1
Vial2 0 0 -1 -2 -2 3 -3 4
Vial3 0 2 4 -2 1 -3.5 2 -0.5
Vial4d 0 -3 0 0.5 2.5 -1.5 -1.5 4
Vial5 0 3 -3 -2 -1 0 2.5 -1
Vial6 0 -1 3 -1 1 -2 0 2
Vial7 0 1 15 -4 -1 4 1 -1.5
Vial8 0 -3 1.5 1 -3 -2 -2 2
Vial9 0 2 -2 -3 15 2 -1 -3
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Table 3.4: Performance summary and comparison of SIW antennas.

Reference 39 [60] [63] Thiswork
Process PCB FPCB PCB PCB
Antenna Type Horn Slot Dual-slot Slot
Frequency 84 GHz 79 GHz 10 GHz 46 GHz
Bandwidth 1.2% 4.7% 8.5% 10.3%
Gain 9dBi* 2.8 dBi 8.14 dBi 7.8 dBi
Efficiency - 47%* 75% 96%*

* Simulated
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Chapter 4

460 GHz CMOS SIW Slot Antenna Design

In the previous chapter, a 46 GHz PCB SIW slot antenna wagmediand tested to verify
the design procedure. Since that design demonstrated gmwedraent between the simu-
lated and measured results, it was concluded that the desigrepts were proven. This
chapter first describes the 65nm CMOS process design-rsigcteons and the way to
minimize the restrictions for the SIW slot antenna desigB8éation4.1. Sections4.2and
4.3 present the 460 GHz SIW slot antenna design and the simulesedts, respectively.
At last, Sectiort.4analyzes the antenna efficiency and loss mechanisms withudagion

in which different loss mechanisms are implemented.

4.1 65 nm CMOS Process Design-Rule Restrictions

In order to facilitate integration with the entire receivélre 460 GHz SIW slot antenna
was designed in a TSMC (Taiwan Semiconductor ManufactuCiognpany) 65nm CMOS
process. Figurd.1lshows the cross-section of the TSMC 65nm process metalizatid
dielectric layers. There are 10 metal layers in 65nm prochkl M2, --, M10. M10
is an aluminum layer and all other layers are copper layeiso,Ahere are 9 different
vias connecting the adjacent metal layers. For examplél, domnects M1 and M2. In
addition, there are 35 dielectric layers: DO,-D1 D34. Some layers are very thin, about
several 102 um thick. Figure4.1shows 4 different gray colors for the dielectric layers,
which stand for 4 different dielectric constants of the 3éleftric layers. M1 and M10
are selected to be the top and bottom metals of the SIW raegplgctThe SIW via-walls
comprise of the via stack from M1 to M10. The side view of viasdal in HFSS is shown
in Figure4.2

An SIW layed out in a CMOS process is somewhat different frahepprocesses due

to limitations imposed by the CMOS technology design rulesparticular, the CMOS
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Figure4.1: A schematic cross-section of TSMC 65nm process. Differesgsrale shows
different dielectric constant for the dielectric layer<D34).

metal density rules significantly impact the SIW design. Teximum metal density of
M1 is 80% in each 10Qm x 100um window, in steps of 5Qm. To satisfy the maximum
metal density rules, square holes (i x 10um , spacing 1m) were created in the M1

as shown in Figurd.3(a). The reduced M1 density to 76.2% over the whole antera® ar
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Figure 4.2: Side view of vias.

For the internal metal layerdVi2 — M9) a minimum metal density is 10% in each
75um x 75um window, in steps of 3bum. In this case when this rule is not satisfied
with a given layout, some small “dummy” metals have to be @taan the M2 to M9 layers
to increase the metal density and pass the minimum densjtyreanents. Since inside of
a SIW the metal density is ideally zero, some extra “dummytaisehave to be added in
the final layout of the SIW antenna. The “dummy” metals in th&/Slielectric do not
only change the SIW dielectric constant but also increasedmplexity of the simulation
model. To reduce the impact of the “dummy” metals, the ardenas identified as an
inductor. This is done with a special identification layeatthells TSMC that some of
the design rules can be relaxed. In most RF designs, indiagtouts are covered with
such an identification layer to keep their self-resonaneguencies as high as possible by
reducing the amount of metal under inductors. In this wosk &b reduce the internal metal
(M2 —M9) density requirements, most of the SIW slot antenna was dkéis@n inductor

using the inductor identification layer as shown in Figdr&(b). In the final design there
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are 95 pieces of “dummy” metals (Bn x 3um, spacing 12m) placed on each of 8 metal
layers M2 to M9 as shown in Figure3(b). In the antenna layout, displayed in Figdrd,
this inductor identification layer is shown to cover mostlod intenna area. With this, in
the final antenna layout, the metal density for the interagéts including the “dummy”
metals and vias is only 5.2%. More specifically, the densitydommy” metals is only
0.7% in the SIW instead of the minimum requirement of 10%.

The slot is cut in the M10 layer, which is the top metal thatdoet have to follow
strict metal density. However, there are two dielectricelayabove M10 in the TSMC
65nm CMOS process as shown in Figdrd. Although they can be removed above M10
by identifying the top layer as a bondpad, in the slot wher®hidIemoved the two dielec-
tric layers remain. Figurd.5shows the cross-section of the SIW slot antenna. The two
dielectric layers are thinner than metal M10, so the antaiotas not completely filled by

the dielectric. The slot antenna can be considered as attieleovered antenna.
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Figure 4.3: (a) Layout of M1 layer with 308 square holes. (b) The induadentification
layer and 95 pieces of square dummy metalgr(Bx 3um, spacing 12im) filled in the
antenna.
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Table 4.1: Cutoff frequencies of the rectangular waveguide.

Mode Cutoff Frequency (GHz)

TE10 351.7
TE2o 703.4
TEo1 8587
TE11, TM11 8595

4.2 Antenna Design

The TSMC CMOS process limits and sets some design parameders of them is the
height of the SIW, which has to be the thickness between MIND@ metal layers. The
maximum size of the via (Via9) is8m x 3um. The minimum space {3m) between Via9

is selected in the design of the SIW. With these, a SIW can biggded by using Equation
2.1, from which the width of the equivalent rectangular wavelguwas calculated. The
width (w) and heightl) of the SIW are 215 m and 8805um, respectively. The dielectric
of the SIW is so thin that the width of 21Bn allows the SIW to support the presence of
only a single moddTE;p). The cutoff frequencies of different modes in the equivalen

rectangular waveguide are given by Equatof

= 5 (o) (7 @

wherec is the speed of light in free spacs, is the dielectric constant of the dielectric

filled in the waveguidew andh are the width and height of the rectangular waveguide, and
mn=0,1,2---. Table4.1demonstrates the cutoff frequencies of the TE and TM modes
for the equivalent rectangular waveguide of the SIW. Theusated propagation constant
(y) for the first two modes are shown in Figuteb. The cutoff frequencies are 3B4GHz

and 7095 GHz for T mode and Tky mode, respectively, which are very close to the
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The imaginary parts (phase const@f)tare the lines with up triangles (15 and down
triangles (Tkyo), respectively.
theoretical value listed in Tabke 1
To save space and reduce the cost of the IC, it is better tgrasmall on-chip antenna.
A shorter slot results in a small area of the antenna not oetabse of the slot itself, but
also because the distance between the slot center and tbé®iVil needs to be a quarter of
the guide wavelength as shown in Figdt&. If the slot was a half of the guide wavelength,
the slot would interact with the end of the SIW perturbing diperation of the antenna.
For the SIW in the TSMC 65nm CMOS process, the guide waveteoigbO1lum was

calculated from the equation in Tab#el in AppendixA. For a dielectric-filled guide, the
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Figure 4.7: Top view of the SIW slot antenna.

slot length can be approximated I88]:

_ Ao
= 2(& +1) (4-2)

Although comprehensive theory has been developed forafielecovered antenna since
1960s B9, 70, this design is a little different as: the dielectric isiohs the slot and does
not cover the top of the slot as shown in Fig4r®. Instead, a numerical method was
used to analyze the antenna in this work. Figdr@compares the {3 of the SIW slot
antenna with and without dielectric in the slot. The figurendestrates that the dielectric
in the slot reduces the resonance frequency of the antenraaldition, the comparison of
radiation patterns are shown in Figute, which give the same conclusion as ifi]: in
the E-plane patterns it is evident that the dielectric indloé reduces the normal electric
field component along the surfa¢é = 90 and 270), and in the H-plane the presence of
the dielectric has very small overall effect.

The top view of the antenna in HFSS is shown in Figdré The antenna model
consists of 3 parts: a 50 Q microstrip, a quarter-wave transformer, and the SIW slot
antenna. The SIW slot antenna part was designed first. Thendesbetween the center of

the slot and the end of SIW is a quarter-guide wavelengthed parameters: the length
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Figure 4.8: Comparison the § of the SIW slot antenna with and without dielectric in the
slot.

of the slotL, the width of the sloW, and the displacement of the slot from the center line
of the SIWX are important for the design. The comparison gfsSor different sizes and
positions of the slot are shown in Figu#4.0 4.11, and4.12 These three figures illustrate
that the resonant frequency increases when the slot leetglsgorter, the width gets wider,
or the slot gets more offset from the center line. This cosiolu is used to optimize the
impedance matching for the SIW slot antenna.

The characteristic impedance of the SIW slot antenna is (614Q at 460 GHz from
HFSS simulation as shown in Figu4el3 It agrees with the theoretical result of the char-

acteristic impedance of the SIW

h
Zs\w = V_V— (43)
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Figure 4.9: The comparison of radiation patterns for slot antenna withwithout dielec-
tric in the slot. (a) E-plane. (b) H-plane.
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Figure 4.10: Simulated $;0f different slot lengths.

whereh is the height of the SIWy is the width of the SIW, and is the wavelength in free
space, which is derived from the characteristic impedaridbeorectangular waveguide
with the power-current definitiorvp]. The equations, which are used for the derivation of
Equation4.3, are presented in Appendi. The characteristic impedance in HFSS was set
to Zpi, which is also based on the power-current definition as Eouat3. In Figure4.13

the imaginary part of the propagation constant is close o atall frequencies. The small
difference between simulated and theoretical values igaltlee error of equivalent width

of the rectangular waveguide.

The characteristic impedance and the effective dielectritstant of a microstrip are

given approximately by73]:
60 gh W
—eln w ) a8 for wyn/h<1
Zg=4 V* <W ) (4.4)

120m
/Ee|Wim/h+1.393+0.66 71N (Win/h+1.444)] for wm/h>1
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&g+1 &-1 1
gr: +
2 2 \/1+12h/wp

wherew, is the width of the microstrip lineh is the thickness of the substratg,is the

(4.5)

relative dielectric constant of the substrate.

Since the height of the SIW is only.&5um, the width of microstrip line is larger
than the height. Thewy/h > 1 is used in the design of the microstrip. With the effective
dielectric constand; of 3, the width of the microstrip of 1m for a 50— Q microstrip can
be calculated from the Equatiodstand4.5. The wavelength in the microstrip is 3@
at 460GHz. According to the impedance of quarter-wave foanmeer Z; = /ZgR_, the
guarter-wave transformer is implemented between the inpartostrip and the SIW slot
antenna. The antenna dimensions are listed in TaRle

As mentioned in the Sectiahl, the “dummy” metal inside the dielectric change the di-

electric constant of the SIW. By using the inductor idendifion layer the “dummy” metals
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Figure 4.12: Simulated $;0f different slot offsets.

were significantly reduced in the SIW. Figutel4compares the simulated Sor the pro-
posed antenna and the antenna without “dummy” metals. kigest that the “dummy”
metals in the SIW do not impact the impedance of the SIW. Thedtor identification
layer works well to minimize the impact of the “dummy” fill. laddition, the simulated
S11 for the antenna without holes in M1 layer is also presentédgnre4.14 The presence
of the holes in M1 changes the impedance of the SIW, which mtileeresonant frequency
of the SIW slot antenna decrease 7 GHz from 467 GHz to 460 GHe dielectric layer D1
and D2 are at the same level as M1 as shown in FiguteTherefore, D1 and D2 fill in the

holes after square holes are created in M1. This changegtineaéent dielectric constant

of the SIW as demonstrated in the following section.
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Figure 4.13: Simulated and theoretical impedance of the proposed SIW.

4.3 Simulation Results

Given the sheet resistance and the thickness of each mg¢as lkom the TSMC 65nm

CMOS design rules, the conductivity of each metal layer isudated from Equatiod.6,

=== (4.6)

whereo is the conductivityp is the resistivityRs is the sheet resistance, anid the sheet
thickness. The bulk conductivity of M1, M2;-, M7, M10 and Via9 are a little lower
than that of aluminum. The bulk conductivity of M8 and M9 ariiide lower than that of
copper. With all dimensions, metal conductivity and digieconstants, the design can be
precisely modeled in HFSS.

However, the accurate model is not appropriate for all satiohs. There are 30 di-
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Table 4.2: Antenna dimensions of the 460 GHz SIW slot antenna.

Name Dimensiorfum)
Microstrip length 94.5
Quarter-wave transformer length 94.5
Microstrip width 16.4
Quarter-wave transformer width 41.2
Dummy square size 3
Dummy spacing 12
M1 square hole size 10
M1 square hole spacing 10
Via size 3
Via spacing 3
Slot lengthL 250
Slot widthwW 20
Slot offsetX 10
Entire chip length 577.8
Entire chip width 224

electric layers between M1 and M10 in the 65nm CMOS processaeSayers are only
about several 1& um thick. Electromagnetic 3D simulations of such a complexctire
requires significant computational resources and a veny somulation time. Therefore,
to make 3D EM simulations feasible, an equivalent model awsing of a single dielectric
layer was investigated for simulations. By considering38lidielectric layers as a series

combination of capacitors as shown in Figdt&5 the total capacitance is calculated by

Sl e I e 4.7)
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Figure 4.14: Comparison of & for the SIW slot antenna with and without “dummy”
metals in the dielectric and holes in the M1.
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Figure4.15: Multi-dielectric layers can be equivalent to a series carabion of capacitors.

By calculating the dielectric constant, which makes thglgirtapacitor formed between

the top and bottom layers equal to total capacitance, thiwaqut dielectric layer is found

from

C=— (4.8)
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Figure 4.16: Simulated S-parameters of 30 layers and an equivalenttligléayer.

whereeg is the permitivity of the dielectricA is the area of the parallel metallic plates, and
d is the thickness of the dielectric. Then the equivalentetiggic constant of 3.93 can be
calculated. A comparison of S-parameters between 30 dieléayers SIW and an equiv-
alent dielectric layer SIW is shown in Figudel6 The simulated § is almost identical
for both 30 layers and equivalent single layer model. In @oldlj Figure4.17 illustrates
3D HFSS simulations of 3 of a SIW slot antenna, which was modeled with an equiva-
lent dielectric layer and with 30 dielectric layers. The slations of the antenna modeled
with the complete 30-dielectric-layer structure requif&® GB of RAM. However, only
21.5GB of RAM was needed for the single equivalent-dieledaiger-antenna model. It
was concluded that the equivalent dielectric model redoeasory requirements signifi-
cantly while keeping the simulation precision. This eglewa dielectric was used for all
antenna simulations.

The simulated gain of the final antenna i8®dBi at 460GHz. The co-polarization
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Figure4.17: Simulated of $; for antennas with both 30 dielectric layers and an equitalen
dielectric layer.

and cross-polarization radiation patterns are shown imr€ig.18 using Ludwig’s third
definition of cross polarization7d]. The HPBWs are 102and 73 in E-plane and H-
plane, respectively. The simulated peak gain for both dafation and cross-polarization
and radiation efficiency are shown in Figwtdl9 The peak gain and radiation efficiency
do not change much from 450GHz to 470GHz. The cross-potarizés 20~ 23dB
below the co-polarization in the frequency range. The serfaurrents distribution of top
metal is shown in Figurd.20 which is similar distribution to that of the 46 GHz antenna.
The currents are depicted as a grayscale map using whitedwimmm current intensity
and traversing to black for minimum current intensity. Th2 i&diation pattern with the
antenna model from HFSS is presented in Figugd.

There is a~ 0.5mm dielectric substrate under the M1 in the 65nm CMOS pmoces

To determine the impact of the CMOS silicon substrate on ttierma performance, the
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Figure 4.18: Radiation patterns of the proposed antenna at 460 GHz. farte radiation
pattern. (b) H-plane radiation pattern.
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Figure4.19: Simulated radiation efficiency and the peak gains of theg@sed antenna for
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simulated $; of the proposed antenna with and without the silicon sutesisgoresented in
Figure4.22 With the substrate the resonant frequency shifts fromX4G®6iz to 4576 GHz.

The bandwidth of & below —10dB increases from 20GHz to 253 GHz. The gain and
efficiency are listed in Tablé.3. Also, the simulated radiation patterns of the antenna with
and without the silicon substrate are shown in Figlu23 As can be seen, with the sub-
strate the gain drops from&6 dBi to Q09 dBi. The radiation efficiency drops from 30.1%
to 29.1%. In addition, Tabld.3 compares the proposed antenna with 4 other simulated

terahertz on-chip CMOS antennas.

4.4 LossAnalysis

The antenna radiation efficiency is affected by two dissgpamechanisms: ohmic and

dielectric loss. Ohmic losses are due to the finite conditgtand the roughness of the
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Figure 4.20: Surface currents distribution of the top metal.

metal layers and vias. Dielectric losses are due to thepdisen caused by the dielectric

material (loss tangent). In the previous section the lasgdat was 0.001 for the dielectric

and conductivity of metal layers were calculated from theigie rules, which resulted in

conductivity nearly that of aluminum and copper.

To find out the cause for reduced antenna efficiency and gaminitial sets of simu-

lations were performed: one was to check material losseshendther one was to check

the “dummy” metals and holes influences. The first simulaitiotie first set investigated

the effect of ohmic loss, by using perfect electric condu(@&C) instead of the finite con-

ductivity of the metals in the CMOS process. The second sitiaul investigated the loss
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Figure4.21: Antenna model and 3D radiation pattern from HFSS.

tangent of the dielectric material by setting loss tangersero for the no-dielectric-loss

case. The results are shown in the first 4 rows of Tablevhere for comparison a lossless
case (row 1) and the practical case (row 4) are also includsda:an be seen most of loss
is due to ohmic loss.

To investigate the effect of “dummy” metals and square holdhe bottom metal, in
addition to the first two simulations another 3 simulatiorsr@vconducted. In the first
simulation of the second set all metal “dummies” were rendoteeinvestigate their af-
fect on antenna performance. In the next simulation, all Mie& were removed, which
was followed by the last simulation where both “dummies” &wtes were removed. The

comparison of radiation efficiency and peak power gain tediffom the three additional
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Figure 4.22: Simulated $; of the SIW slot antenna with and without silicon substrate
underneath.

simulations are shown in the fifth to seventh rows of Tab#

At last another loss test was performed on bottom metal. ilBecthere are many holes
in the M1 layer, it was suspected that it may not be a good gtonetal. Therefore, M2
was connected to M1. The same hole sizey(iOx 10um ) was created on M2 as shown
in Figure4.24(a) while keeping the holes in M1 and M2 non overlapping. Tog\tiew
of M1 and M2 combined together is shown in Figdr24(b). M1 and M2 are connected
by Vial, which are in horizontal rows. The simulated gain affetiency are listed in the
last row of Table4.4. As can be seen combining M1 and M2 improves the gain.lBylB
and efficiency by 3.5%. However, this model conflicts with dlesign rules and cannot be
fabricated.

The loss analysis for the SIW shows the same result: a SIWtvétsame width and

height of the proposed antenna was simulated in HFSS. PEQoasdangent of 0.001
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Table 4.3: Comparison of simulated on-chip antennas.

Thiswork?! [48] [49)1 [47] [46] 1
Antenna ) SIW corner
type SIW dot SIW slot Planar dipole Patch slots
Frequency 460 GHz 434 GHz 540GHz 410GHz 270GHz
) 0.86 dBi, _ _ ) _
Gain 009dBi2  —055dBi  1.33dBi? 0.41dBi3 —0.5dBi
Radiation 30.1%, . ) ) .
efficiency 20.1% 2 49.8% 28% 22% 21.4%
0.13um
Process 65 nNm SiGe 40 nm 45 nm 65 nm
CMOS BiICMOS CMOS CMOS CMOS
Antenna 380 um x 450um x 170um x 200um x 410um x
area 224 um 250um 4 300um 200um 410um

1 Satisfy the metal density rules

2 With the silicon substrate

3 Calculated from directivity and efficiency

4 Estimated from the microphotograph of the chip-set

Table 4.4: Efficiency and gain for different loss set-up SIW slot an&nn

Antenna loss set-up Efficiency Peak Gain (dBi)
Lossless 100% 6.0
Only metal loss 31.5% 1.1
Only dielectric loss 95.4% 5.8
Both metal and dielectric loss 30.1% 0.86
Without “dummies” 33.6% 1.3
Without holes in M1 37.5% 2.0
Without “dummies” and holes 41.8% 2.3
Combining M1 and M2 as bottom metal  33.6% 1.25
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Figure4.23: Comparison of simulated radiation patterns for antenngamil antenna with
CMOS substrate model. (a) E-plane. (b) H-plane.
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are set for metal and dielectric material respectively. attenuation is 14 Np/m due to
dielectric loss, which is identical to the result calcuthter dielectric loss of a rectangular

waveguide fromT3]

o k2tand
d - 2[3 9

(4.9)

wheref3 is the propagation constarktjs wave number and tanis the loss tangent of the
dielectric.

To simulate the attenuation due to conductor loss, the Esgent was set to 0 and
the conductivity is calculated from data in the 65nm CMOSigiesule manual. The

theoretical attenuation of 21&Np/m for a rectangular waveguide is obtained fraf§|{

_ Re(2hm?+wK?)
Q= " \ngkn

(4.10)

whereRs is the surface resistivity of the metalg is the permeability of free space, and
n= \/T/s is the intrinsic impedance of the material filling the wavielgyw andh are
the width and height of the rectangular waveguide, respelgti However the simulated
attenuation due to metal loss was found to be 259 Np/m, wkibfgher than the theoretical
value. The reason could be that M1 metal is too thin, is ordytilnes the skin depth of M1

at 460 GHz, and some extra loss from the silicon substrateibates to the attenuation.
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Figure 4.24: (a) M2 layer model from HFSS. The dark squares are holes inWwhch
are 1Qum x 10um. Vias connecting M1 and M2 are in horizontal rows, which Zyen x
3um. (b) Both M1 and M2 layers model from HFSS. The white squaresholes in M1,
and the dark squares are holes in M2. Both are algond@ 10um.
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45 Conclusion

A design of the 460GHz SIW slot antenna on 65nm CMOS procepsoosed in this
chapter. Some methods are developed to simplify the desidrsimulation: an inductor
identification layer is introduced to reduce the metal dgnsquirements from 10% to
0.7%, an equivalent dielectric layer that accurately metied effects of multiple dielectric
layers is investigated to reduce the RAM needed from 752 GR.toGB for 3D EM sim-
ulations, and the top metal layer identified as a bondpad vethsome dielectric covering
the antenna top. When implemented on.arm Si substrate, the proposed antenna has
a gain of 009dBi and efficiency of 29.1%. The impedance bandwi{®h < —10dB) is
25.3GHz. The ohmic loss is the dominant loss contributor infturegy the antenna gain
and efficiency. Also, the “dummy” metals and holes in the motmetal, which are needed
to satisfy the design rule requirements, decrease effigzibpd 1.7% and gain by.4dB.

In the simulation combining M1 and M2 as the bottom metal @ofs higher gain and
radiation efficiency than using M1 layer only. However, doedesign-rule restrictions

combining M1 and M2 is not fabricatable.
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Chapter 5

Conclusions, Contributions and Future Work

5.1 Thesis Summary

The design of a 460 GHz CMOS SIW slot antenna inspired by thkieldpments of CCAT
CHAI is presented in this thesis. This work is not officiallgrpof the CHAI development
but may provide alternatives to implementation of CHAI. @teal introduced the infrared
astronomy science, discussed the avalable electromagpectrum for the science, and
reviewed some ground-based observatories, such as CCAT.CHA

Chapte2 provided literature review and explained the selectiomefdubstrate-integrated
waveguide (SIW) slot antenna for this work. Chafealso introduced SIW technology
and its operation principles. In addition a brief introdantof slot antennas was given with
discussions of the Babinet’s Principle and the impedanedafgitudinal slot in the broad
wall of a rectangular waveguide.

Chapter3 presented the design of a 46 GHz SIW slot antenna, which isva-dcaled
prototype of the 460 GHz SIW slot antenna. A 46 GHz SIW sloeana was designed
and tested to verify the design concepts, which are iddrtticénat of the 460 GHz SIW
slot antenna. The antenna fabricated on PCB was presenkedure3.12 The compar-
isons of the simulated and experimentg)sSand radiation patterns were given. There are
strong agreements between simulated and measured reghilth, verified the design and
simulations approaches and supported.

Chapter4 demonstrated the design and simulations of a 65nm CMOS 460 &W
slot antenna. The chapter started with a discussion of th©8Mrocess design-rule re-
strictions, which make the design of SIW slot antenna monegtwated than for its 46 GHz
PCB counterpart. An inductor identification layer was idroed in the design to minimize
the design-rule restrictions, which reduced the “dummytaheequirements from 10% to

0.7%. The effect of the slot size and its placement on the StWahtenna & were
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demonstrated. The final antenna dimensions are given ire #iabl The SIW slot antenna
simulation results and comparison with other similar anésnare listed in Tablé.3. At

the end of the chapter, the loss mechanisms were investigdtee final conclusion was
that the metal loss was the most significant contributor wodatenna efficiency with the

analysis results presented in Tadld.

5.2 Contributions

The 46 GHz SIW slot antenna presented in this thesis :
* Minimized the back lobe by oversizing the bottom ground
» Achieved large gain by properly selecting dimensions efttp metal
* Was published inZ9]

The 460 GHz CMOS SIW slot antenna presented in the thesis:

Introduced an inductor identification layer in the layoutéduce the internal metal

density requirements significantly

* Found an equivalent dielectric layer that accurately nwtlee effect of multiple
dielectric layers is used to reduce the RAM needed signifigéor the 3D EM sim-

ulations

Ran HFSS from command mode remotely on the HPC (High Pedocen Com-

puter) “Bigbyte” computer and provided the scripts for tatser
» Had been submitted tdicrowave and Optical Technology Letters

Other published contribution during the author's M.Sc.dstg is a joint report{5] co-
authored with three other graduate students and facultybaestworking on various as-

pects of CCAT CHAIL.
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5.3 Future Work

This thesis demonstrates the feasibility of using a CMO8&rtetogy to implement an an-
tenna operating in the frequency range of the CCAT CHAI. Wiilis shown that the
460GHz SIW slot antenna can be fabricated in a 65nm CMOS psotkere are several
areas that need improvement and additional examinatiam fwifinalizing the design of
the SIW slot antenna.

The first major area relates to the feed of the SIW slot ante@narently in the simu-
lation the feed network is a 59Q microstrip and the matching network is a quarter-wave
transformer. When connecting the antenna with the CHAlivecethe signal would come
from transistors, which are connected to on M1 metal layerthis case, the microstrip
may not be an optimum choice. A pin in the SIW through a hole éfddnnecting to the
transistor may be a better option to excite the antenna.isnctise, the antenna will be a
SIW cavity-backed slot antenna.

Another major area relates to fabrication and testing sfdlesign. Although the design
concept has been proved correctly with a 46 GHz SIW slot awatem is desirable to test
the 460 GHz SIW slot antenna directly.

The gain of the proposed SIW slot antenna is not very highlaa&iPBW is not narrow
enough to illuminate CCAT CHAI reflector. Slot arrays therefshould be investigated to
increase the gain and narrow the beamwidth.

At last the CMOS design-rules restrictions limit the an@mperformance. From the
loss test it was determined that ohmic loss is the dominastdontributor influencing the
antenna gain and efficiency. Ways of reducing conductoeksBiould be investigated. Al-
ternatively, dielectric resonator antennas (DRA) havesiloeonductor loss76] and either
DRAs or dielectric lens attached to the CMOS slot antenna beag way of improving

efficiency.
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Appendix A

Summary of Dominant Mode (TE,) of the Rectangular Waveguide

The electric field and magnetic field lines of JgEnode for a rectangular waveguide with
a width ofw and height oh are shown in Figuré.1. In addition, TableA.1 lists summary
of TE;o mode results for a rectangular waveguide.

From equations listed in the Tabfel and the relationship between the frequency and

the wavelength,w = 2rtf = 2715, Equatiord.3 can be obtained.
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Table A.1: Summary of Tkg mode for rectangular waveguide.

Quantity Name Equation
z component of magnetic field H, = Ajocosie1P?
x component of magnetic field Hy = J"%VAlosin"WXe*jBZ
y component of electric field Ey = _"%"Alosin"wxe*jﬁz
Other components d&, H field Ex=E,=Hy=0
Cutoff frequency foyo = ﬁ
Guide wavelength Ag= %"
Propagation constant B=k—k2
Wave number K= w,/HE
Cutoff wave number ke=12
Wave impedance ZTE = %’7
Intrinsic impedance of the dielectric in the waveguide n= %
Maximum power Prmax= W 1— <2v3&§)2
Attenuation (dB/m)* o = 8886 7%9(%”)2
—(2w)
Characteristic impedance power-current definition Zpi = 465\% g—:%
Characteristic impedance power-voltage definition Zpy = 754\% ‘s‘—r’%
Characteristic impedance voltage-current definition Zyi= 592\% ’;—:%

* Rg is the skin depth of the metaRs = |/ ¥

20
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(b)

FigureA.l: (a) Field lines for TEg mode of a rectangular waveguide. (b) Surface currents
for TE1o mode of a rectangular waveguide.
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