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Abstract

A New Low-Cost Microstrip Antenna Array for 60 GHz Applications

by

Darwin J. Joaquin, Master of Science

Utah State University, 2016

Major Professor: Dr. Bedri A. Cetiner
Department: Electrical and Computer Engineering

In this thesis, the design, fabrication, and characterization of a 2×8 microstrip planar

antenna array operating at the 60 GHz band for Wireless Gigabit Alliance (WiGig) appli-

cations are presented. The trade-offs among low production costs, performance, and ease

of fabrication were considered. Full-wave electromagnetic (EM) analysis is implemented

for the antenna design by using ANSYS R©High Frequency Structural Simulator (HFSS), a

finite-element EM solver. The antenna structure consists of two layers, where each array

element is a Conductor-Backed Coplanar Waveguide (CB-CPW) loop-fed patch antenna.

The bottom layer houses the transmission line and feeding circuitry, while the patch an-

tennas are built on the top layer. The transmission line is designed on microfabrication-

compatible quartz substrate, and the patches on a Rogers RO3003 Printed Circuit Board

(PCB) substrate. The CPW network’s right-angle bends are optimized with chamfered

lines. Air bridges are used to suppress the parasitic coupled slot line mode of the CPW

line divisions. Results of the EM analysis show that the array covers the United States

(US) 60 GHz unlicensed band (57-64 GHz), and has a maximum realized gain of 18 dB

at 61 GHz on the broadside direction. The antenna design is later fabricated combining

microfabrication and standard PCB procedures.

(45 pages)
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Public Abstract

A New Low-Cost Microstrip Antenna Array for 60 GHz Applications

by

Darwin J. Joaquin, Master of Science

Utah State University, 2016

Major Professor: Dr. Bedri A. Cetiner
Department: Electrical and Computer Engineering

The use of telecommunications and the amount of data exchanged continue to grow

at exponential rates. New technologies allowing for higher data transfer speeds while keep-

ing the products affordable are required. Among these technologies, the WiGig protocol

promises to be a shorter-range complement for high-speed Wi-Fi. One of the most impor-

tant elements in a communication system are the antennas. For this reason, it is of great

interest to have antennas that keep on pace with the other elements of the system. It is

important to have affordable and high performance antennas to expand the use of the tech-

nology. This research deals with the design, fabrication, and characterization of one such

antenna. The trade-offs between low production cost, ease of fabrication, and performance

are considered. This thesis describes the techniques used for improving the performance

of the antenna feeding. The combined use of inexpensive microfabrication and standard

Printed Circuit Board (PCB) fabrication procedures allow the antenna to maintain low

costs without considerable compromise in performance.



v

To my beloved family...



vi

Acknowledgments

I would like to thank my advisor Dr. Bedri Cetiner. He is the one that gave me the

opportunity to work on this research as a part of his group. He gave me the tools and support

necessary to advance my work and to learn how to be a good researcher and professional.

Dr. Cetiner and the colleagues in Turkey also took responsibility of the microfabrication

process. All information and pictures regarding said process have come from them.

I would also like to thank all my friends here in Logan. They have been like a family

to me. I appreciate all the support and the unforgettable moments. They made my stay

here a highlight of my life. I want to thank my beloved family, who would always show

their care and support from afar. Even if they didn’t like me being away for so long, they

would always understand and help in any way they could. Without them I wouldn’t even

think of being here.

I am very grateful to the government of the Dominican Republic, who by way of their

Ministry of Higher Education covered most of my expenses while was here. I am also

thankful to everybody in the International Programs division of the USU Office of Global

Engagement for their constant personal, economic, and general social support. They have

made this experience possible.

Darwin J. Joaquin Pimentel



vii

Contents

Page

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Public Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 Single-element Wireless Gigabit Alliance Antenna . . . . . . . . . . . . . . . . . . 4
2.1 Transmission Line and Material Selection . . . . . . . . . . . . . . . . . . . 4
2.2 Antenna Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3 WiGig Antenna Array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1 4-Element Antenna Array . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 16-Element Antenna Array . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

5 Conclusion and Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.1 The PCB Alternative . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26



viii

List of Tables

Table Page

2.1 Comparisons of Rogers substrates . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Design parameters of the single-element quartz + PCB WiGig antenna (all
dimensions are in mm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

5.1 Design parameters of the 16-element PCB antenna array (dimensions in mm) 29



ix

List of Figures

Figure Page

1.1 Atmospheric attenuation at millimeter waves . . . . . . . . . . . . . . . . . 3

2.1 3-D view of the single-element antenna with upper wafer separated for the
sake of illustration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Simulated radiation pattern plots showing the realized gain of the PCB an-
tenna at 60 GHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3 Simulated reflection coefficient of the PCB single antenna . . . . . . . . . . 9

2.4 Schematic depicting the materials of the 60 GHz antenna . . . . . . . . . . 9

2.5 Radiation pattern plots showing the realized gain of the antenna at 60.7 GHz 9

2.6 Simulated magnitudes of electric field components on broadside direction at
60 GHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.7 Reflection coefficient and realized gain across frequency on the broadside
direction of the Single Antenna . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.1 Schematic of the 2 × 2 antenna array. A close look at (b) the T-junction
divider, slot loop, and (c) impedance transition are shown . . . . . . . . . . 12

3.2 Realized gain across frequency for the 4-element antenna . . . . . . . . . . . 14

3.3 Effect of air bridges on T-junctions of the 4-element antenna array reflection
coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.4 Effect of air bridges on T-junctions of the 4-element antenna array radiation
pattern at 60 GHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.5 Coplanar waveguide right-angle bend with chamfered corners and air bridges 16

3.6 Effect on impedance bandwidth of adding air bridges to the chamfered corners
of the array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.7 Effect on the radiation pattern at 60 GHz on the broadside direction of adding
air bridges to the chamfered corners of the array . . . . . . . . . . . . . . . 17

3.8 3-D View of the 2× 8 Antenna Array Model . . . . . . . . . . . . . . . . . . 19



x

3.9 3-D Radiation pattern of the simulated 16-element antenna array at 61 GHz 19

3.10 Reflection coefficient of the simulated 16-element antenna array . . . . . . . 20

3.11 Simulated realized gain across frequency for the 16-element array . . . . . . 20

4.1 Representation of the blank quartz wafer to be used in the microfabrication 22

4.2 A model of the microfabricated quartz wafer with CPW, loop and bonding
alignments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.3 Addition of the conductor-backing ground to the quartz wafer. It is repre-
sented here as a red layer on the bottom . . . . . . . . . . . . . . . . . . . . 23

4.4 Schematic of the PCB substrate with the patch and bonding alignment marks 24

4.5 Simulated 3-D view of a fabricated single-element antenna. The bonding
alignments are not shown . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.6 A simulated view of the final 2× 8 antenna array . . . . . . . . . . . . . . . 25

5.1 Simulated reflection coefficient of the 16-element antenna array design on PCB 27

5.2 Simulated radiation pattern of the 16-element PCB antenna on yz plane at
61 GHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

5.3 Simulated realized gain across frequency on the broadside direction for the
16-element PCB antenna . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

5.4 3-D view of the simulated 16-element PCB antenna array . . . . . . . . . . 29



xi

Acronyms

HFSS High Frequency Structure Simulator

CPW Coplanar Waveguide

CB Conductor-Backed

PCB Printed Circuit Board

RF Radio Frequency

WiGig Wireless Gigabit Alliance

PEC Perfect Electric Conductor

3-D Three-dimensional

BW Bandwidth

EM Electromagnetic

VNA Vector Network Analyzer



Chapter 1

Introduction

Telecommunications have experienced an exponential growth over the past three decades.

The amount of data the average person uses keeps increasing at exponential rates in the

present day [1]. This growth is more noticeable when looking at the evolution of wire-

less communications [2]. The needs for higher speed have increased accordingly, making

researchers search for means to improve the data rates.

The portion of the electromagnetic (EM) spectrum that is currently used for mass

wireless communications (cellular, Wi-Fi, Bluetooth, etc.) sits around the 0.5-6 GHz region,

which is a fraction of the spectrum, and considerably crowded. This is a limiting factor

even when considering the great advances made in spectral efficiency [3]. Engineers and

scientists have been working for a long time studying other portions of the spectrum that

can be used to develop wireless technologies [4]. The unlicensed 60 GHz band is one of

these portions. Previously used only for point-to-point radio links (e.g. satellite-to-satellite

communications), this band currently houses several short-range high-throughput wireless

technologies. Among these are WirelessHD and Wireless Gigabit Alliance (WiGig, the trade

association that developed the technology).

WiGig allows devices to communicate at multi-gigabit-per-second speeds [5]. It has

received a considerable commercial boost thanks to the acquisition of related start-up com-

panies by technology giants. Other smaller ventures keep appearing, which allow for a

diversification of the offered compliant devices. Several WiGig chipsets are already sold

online [6–8]. As a parallel to this, research on the WiGig systems has become widespread in

the past couple of years [9–12]. A greater expansion can be achieved with antennas designed

with a balance of price and performance. Among the components of a wireless communi-

cations systems, the antenna plays an essential part for the performance and integration.
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At 60 GHz, the rain attenuation is high, and the electromagnetic losses are significant.

More importantly, at this exact frequency there is a peak in oxygen absorption [13]. Figure

1.1 shows the atmospheric attenuation at millimeter-wave frequencies. Hence the use of

WiGig for indoor coverage.

There is as much as 9 GHz of bandwidth in this unlicensed band, depending on the

country. In North America the 60 GHz band covers from 57 to 64 GHz [5]. An antenna

compatible with these applications needs to have a large bandwidth that covers the entire

WiGig band. The short-range applications work as point-to-point radio links, and as such

need a high directivity and gain.

The objective of this research is to design a new model of antenna for use in WiGig

communications. This antenna should be able to compete with comparable antennas in

performance, while also keeping a lower-cost manufacturing process. Antennas for 60 GHz

have been designed and fabricated years before the standardization of WiGig [15–17]. With

the recent peak in research, antennas have started being designed using a wide variety of

materials, feeding networks, and fabrication techniques [18–21], trying to get the balance of

performance and cost. A maximum gain of 18 dB, and a bandwidth that covers the entire

US WiGig band are targeted. The designed product is a Microstrip (patch) antenna, with a

total thickness under 1 mm. The accessibility of the materials and ease of manufacturing are

taken into account, as well as the effect of these on the performance. The research follows on

the steps of previous works on 60 GHz antennas made by members of the research team [22].

This thesis documents the steps followed to obtain a 60 GHz antenna with the desired

features. For the whole design process, full-wave EM analysis is done by using ANSYS’s

High Frequency Structural Simulator (HFSS) [23], a finite-element EM solver. Keysight’s

Advanced Design System (ADS) [24] is also used in the design and calculation of the trans-

mission lines. Initially, a single antenna is designed. Although its figures of merit do not

comply with the expected values for gain and bandwidth, it serves as a main building block

for a larger antenna array. The design process of the single-element antenna is detailed in

Chapter 2. Later, the larger array is designed based on the single antenna. This a planar
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Fig. 1.1: Atmospheric attenuation at millimeter-waves. Source: Crawford and Hogg [14]

array with 2 × 8 elements. The complex feeding network and the design challenges are

explained in Chapter 3. The fabrication process is included on Chapter 4. The conclusion

and commentary on the next research steps are done in the last chapter.
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Chapter 2

Single-element Wireless Gigabit Alliance Antenna

2.1 Transmission Line and Material Selection

The accurate design and full-wave EM analysis of a single-element antenna is the pri-

mordial step on the design of the antenna array. A single microstrip patch antenna cannot

achieve the goal for total gain that is required for WiGig applications. However, it is the

basic building block of the antenna array. After comparing the performance of the antenna

with different feeding mechanisms (such as microstrip line, inset coaxial line, aperture cou-

pling, and coplanar waveguide) the decision was made to use a Conductor-Backed Coplanar

Waveguide (CB-CPW) loop-feed. Among the reasons for the choice are: the ease of fab-

rication, the lower radiation loss, and the fact that the characteristic impedance can be

determined by a ratio [25]. This last item facilitates size modification at higher frequencies.

The CB-CPW is a variation of the conventional CPW with a lower ground plane [26]. The

lower ground provides mechanical strength for thin and fragile substrates. More importantly

for the present project, it serves to achieve a directional radiation pattern. This antenna

structure consists of two substrate layers: one lower layer that includes the 50−Ω CPW-fed

loop, and an upper layer that contains the radiating coupled patch antenna (see Figure

2.1). The CPW line consists of the main conductor strip (S), and the two adjacent slots

(W) that separate the center conductor from the coplanar grounds. A design specification

that needs to be followed is to keep the width of S at 0.191 mm. This assures that the

fabricated antenna is compatible in size with the available micro-probes. The probe station

interfaces to a Vector Network Analyzer (VNA), which is used to measure the reflection

coefficient and radiation patterns of the antenna. The loop in the lower layer is a rectan-

gular slot which enables EM energy to couple to the patch on the top layer. The patch is

a rectangular-shaped metal built on top of the upper substrate.
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Fig. 2.1: 3-D view of the single-element antenna with upper wafer separated for the sake of
illustration
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Initially, the design was made using microfabrication compatible quartz substrate

(εr = 3.9, tan δ = 0.0002) for both layers. This material has been previously used for

60 GHz antenna design by members of the same research team [22, 27]. The lower layer

was designed on a 525-µm-thick substrate and the upper layer on a 200-µm-thick substrate.

These substrates are coated by a 2-µm-thick copper layer by a thin film metal deposition

process. The decision was made later to change the design material of both layers to printed

circuit board (PCB) material. That would lower the antenna costs for materials and fab-

rication. The feed network type remained the same. The 50−Ω CPW transmission line,

loop, and patch dimensions would be calculated for the new material. Several options were

explored for the material selection. The Rogers R©RO3003 substrate was selected because of

its favorable properties for millimeter-wave fabrication, its affordable price, and because it

possesses the lowest losses among Rogers’s commercial line level laminates. The RO3003

also comes with an option for rolled copper as the cladding, which according to the manu-

facturer helps decrease the insertion losses. For the PCB design, there is a lower amount of

thicknesses that can be accomplished because of these being fixed in a purchased laminate.

With the goal of having similar dimensions to the all-quartz antenna, the thicknesses se-

lected were 0.508 mm for the bottom layer and 0.254 mm for the top layer. Table 2.1 shows

a summary of the properties of the PCB materials that were considered for the project.

2.2 Antenna Design

The dimensions of the loop are based on the half-wavelength resonance Equation

Ll + Lω/2 ∼ λg/2 (2.1)

Table 2.1: Comparisons of Rogers substrates

Material Dielectric Constant Dissipation Factor Relative Price

Rogers RO3003 3.00 0.0010 2

Rogers RO3203 3.02 0.0016 2.1

Rogers RO4003C 3.38 0.0027 1

Rogers RT/duroid 5880 2.20 0.0009 6
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where Ll and Lω are the length and width of the loop, respectively (see Figure 2.1). λg is

the guide wavelength on quartz at the design frequency. The patch metalization is centered

over the loop, and its calculated dimensions are given by the following equations [28]:

Pl ∼
c

2 ∗ fp ∗
√
εr

(2.2)

Pl < Pω < 2Pl (2.3)

where Pl and Pω represent the patch length and width (see Figure 2.1), c is the speed of

light in vacuum, fp is the patch design frequency, and εr is the relative permittivity of the

material. The loop and patch antenna dimensions are optimized so that they share the

same resonance frequency. It should be noted that the upper substrate length is shorter

than the lower one (Lp < LQ). The main advantage for that design decision is the added

room to access the feeding line for measurement purposes.

Early simulation results for the single antenna showed a realized gain of 7 dB on the

broadside direction (see Figures 2.2(a) and 2.2(b)). The impedance bandwidth shows to be

narrower than expected (Figure 2.3). After the finalization of the design process for the PCB

antenna, a fabrication limitation arose: the commercial PCB manufacturers are not capable

of producing the feed network with the specified dimensions (CPW 50−Ω transmission line

slot with 20 µm width) by standard procedures. Although fabrication is possible, the cost

is prohibitive to try this solution. To overcome this issue, it was decided to change the

lower substrate from PCB to quartz. Doing so would allow the use of the microfabrication

techniques already mentioned before to fabricate the feed network of the antenna while

keeping the price low. The RO3003 was kept as the upper substrate, which maintains the

uniqueness of the design and allows that the radiating layer remains easy and accessible

to fabricate. The parameters and dimensions for both the CPW loop-feed and the patch

antenna were modified for an optimal impedance bandwidth and radiation pattern. The

final dimensions are shown in Table 2.2. A simple schematic of the antenna layers is shown

on Figure 2.4.
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Table 2.2: Design parameters of the single-element quartz + PCB WiGig antenna (all
dimensions are in mm)

Parameter Value Parameter Value

S 0.191 W 0.02

Ll 1.2 Lω 1.05

Lt 0.05 Pl 1.20

Pω 1.7 LP 2

WQ 7 LQ 7

(a) Realized gain pattern in the yz plane (b) Realized gain pattern in the xz plane

Fig. 2.2: Simulated radiation pattern plots showing the realized gain of the PCB antenna
at 60 GHz

The maximum realized gain of the quartz + PCB single antenna on the broadside

direction is 7.2 dB at 60 GHz. An increase in the gain can be attributed to the fact

that quartz has less material loss than the PCB substrate previously used for the bottom

layer. Figure 2.5 shows the 2-D radiation pattern of the single antenna on the YZ and XZ

planes. The simulated radiation patterns also show the antenna to be linearly polarized (see

Figure 2.6). Figure 2.7 shows the reflection coefficient of the single antenna. It presents an

impedance bandwidth of close to 6 GHz around the main 60 GHz frequency. The realized

gain across the frequency range of interest for the single antenna in the broadside direction

is presented in the same figure. The gain remains over 5 dB for the whole frequency range.
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Fig. 2.3: Simulated reflection coefficient of the PCB single antenna

Fig. 2.4: Schematic depicting the materials of the 60 GHz antenna

(a) Realized gain pattern in the yz plane (b) Realized gain pattern in the xz plane

Fig. 2.5: Radiation pattern plots showing the realized gain of the antenna at 60.7 GHz
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Fig. 2.6: Simulated magnitudes of electric field components on broadside direction at 60
GHz

Fig. 2.7: Reflection coefficient and realized gain across frequency on the broadside direction
of the Single Antenna
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Chapter 3

WiGig Antenna Array

The goal of the project is to design, fabricate, and characterize an antenna array with a

realized gain around 18 dB and an impedance bandwidth (reflection coefficient < −10 dB)

that covers the 57-64 GHz WiGig band. The final product is a 2× 8 planar array based on

the single-element antenna described in the previous chapter.

3.1 4-Element Antenna Array

For explaining the different elements that comprise and improve the feeding network,

it is better to picture the 16-element array as a linear combination of four 2 × 2 antenna

arrays. As such, the element separation remains identical when increasing the amount of

elements from 4 to 16. The modeling of the 4-element array helps explain the 16-element

array in a less convoluted way. A 3-D view of the 4-element antenna array is shown in

Figure 3.1(a)

The array uses a corporate CPW feed network [29], with each single element being

a CPW loop-feed patch antenna as previously described. The 50−Ω CPW feed line (S =

0.191 mm, and W = 0.02 mm as previously indicated) is divided into two 100−Ω lines (S

= 0.0145 mm, W = 0.02 mm) by using a CPW T-junction power divider. The junction is

formed by connecting the three center strip conductors on a T shape (see Figure 3.1(b)).

The change in impedance is accomplished by changing the center strip’s width while keeping

the side slots width constant. As noted in the dimensions the value of W remains 0.02 mm

while the value of S is changed from 0.191 to 0.0145 mm.

The 100-ohm impedance lines are transformed back to 50-ohm with quarter-wavelength

transformers (see Figure 3.1(c)). The transformer impedance is given by
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(a) 3-D view of the 4-element antenna array

(b) CPW T-junction with air bridges, plus a close
look of the right-angle bend an slot loop

(c) Impedance transition and chamfered right-
angle bend

Fig. 3.1: Schematic of the 2× 2 antenna array. A close look at (b) the T-junction divider,
slot loop, and (c) impedance transition are shown
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ZT =
√
Z0ZL (3.1)

where ZT is the transformer’s characteristic impedance, Z0 is the input impedance (100

ohm), and ZL is the load impedance (50 Ω). This results in a transformer section with

a characteristic impedance of 70.7 Ω. In addition to the transformer, short tapered lines

are used to make a smoother transition between the different impedances (seen in Figure

3.1(c)). Although the use of the tapering improves the transition performance, increasing

its length has a negative effect on the impedance resonance. Each of these tapered lines

was designed with a length shorter than λ/10, where λ is the effective wavelength in the

fabrication material. The length was optimized to get an overall better impedance matching

of the transmission line. Each branch of the transmission line goes through three right-angle

bends on its path to the slot-loop (as shown in Figure 3.1(a)). Figure 3.1(b) also shows

a close look at the slot loop with the immediate right-angle bend. A total of 8 bends are

found in the 2 × 2 array. This number increases to 38 for the 2 × 8 antenna array. The

reactance of these bends can cause performance degradation. Chamfering the corners is a

simple and commonly used method that compensates for the bend reactance [30]. In Figure

3.1(c) the chamfer in the side ground plane is defined by the ratio of the distances m/mmax,

and takes a value between 0 and 1.

For a given S/W (where S is the CPW signal strip width and W is the slot width, as

explained in the previous chapter), the optimum chamfer for minimum return loss is given

by

(
m

mmax
) =


0.2102 ln( S

W ) + 0.7677 for 0 6 S/W 6 2,

1 for S/W > 2.5.

(3.2)

For this antenna’s transmission line the signal strip is much wider than the slots and

therefore the latter case is used. After this the chamfering values have been optimized for

a better impedance matching of the whole structure. The chamfers are applied to the 50-Ω

bends, but not to the 100-Ω bends. The reason behind this is that through simulations of
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the effects of the latter it was determined that the negligible difference in performance did

not validate the added fabrication complexity.

The optimal mutual coupling between individual antenna elements was obtained when

the element separation was 0.65-λ0. Here λ0 is the wavelength in the air at the design

frequency of 60 GHz. At this separation, the best impedance and radiation performances

are obtained. When using a CPW T-junction, discontinuities arise on the side ground

planes. Moreover, an unwanted coupled slot-line mode is present in these cases. Air-bridges

are used to suppress the parasitic coupled slot line mode, enforcing the single CPW mode

operation of the microwave circuit. More importantly, the air bridges maintain continuity

between the separated ground planes of the circuit. In the simulation environment, the

air bridges are modeled as PEC structures of infinitesimal thickness (previously shown on

Figure 3.1(b)), and a height between 3 and 30 µm. The width is chosen as 20 % over

S+2*W, and slightly optimized for gain and bandwidth.

In theory, a four-element antenna array has a 6-dB gain over the base gain of the single-

element antenna. Taking that into account, our 2 × 2 array has a theoretical gain of 13.2

dB (7.2 + 6 dB). The transmission line of the array introduces more losses into the overall

radiation, and the 2× 2 array’s actual maximum realized gain is 12.3 dB (for transmission

line losses of 0.9 dB, and an overall increase of 5.1 dB over the single element). Figure 3.2

shows the realized gain across the desired frequency band on the broadside direction.

The effect on performance of adding air bridges to the T-junctions of the 4-element
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Fig. 3.2: Realized gain across frequency for the 4-element antenna
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array is presented in Figures 3.3 and 3.4. The effect can be noted in both the impedance

bandwidth and the realized gain. For the 4-element array, a 1.5 dB decrease in gain (from

12.3 to 10.8 dB) is observed if removing the air bridges. Although the total bandwidth does

not decrease, the resonance with bridges has much better matching.

Air bridges can be found in literature used on the CPW right-angle bends with cham-

fered corners to suppress the parasitic slot line mode (see Figure 3.5). The effect of adding

such air bridges was studied on the antenna array model. Figures 3.6 and 3.7 show the

effects on impedance bandwidth and radiation pattern, respectively. The comparisons show

that the addition of the extra bridges reduces the bandwidth of the antenna. The real-

ized gain is also negatively affected, going from 12.3 dB with no extra bridges to 11.7 dB

when adding them to the chamfered corners (an additional loss of 0.6 dB). Considering

those effects it was decided to not add the extra bridges for the bends. The addition of

those increases the complexity of the fabrication process while not showing performance

improvement.

3.2 16-Element Antenna Array

The 16-element array is a linear combination of four of the presented 2×2 arrays. These

4-element arrays are combined with each other by using a CPW transmission line and the

same power division techniques mentioned before. Figure 3.8 shows the full 16-element 3-D
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Fig. 3.3: Effect of air bridges on T-junctions of the 4-element antenna array reflection
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Fig. 3.4: Effect of air bridges on T-junctions of the 4-element antenna array radiation
pattern at 60 GHz

Fig. 3.5: Coplanar waveguide right-angle bend with chamfered corners and air bridges.
Source: Simons [30]
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Fig. 3.6: Effect on impedance bandwidth of adding air bridges to the chamfered corners of
the array
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Fig. 3.7: Effect on the radiation pattern at 60 GHz on the broadside direction of adding air
bridges to the chamfered corners of the array
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model.

The finished simulated model has a maximum realized gain of 18.1 decibel on the

broadside, with gain above 15 decibel across the entire desired band (see Figure 3.11).

Figure 3.9 shows the 3-D radiation pattern of the antenna on the simulated environment.

The model also shows an impedance bandwidth (reflection coefficient below -10 dB) that

covers the entire WiGig frequency band. The reflection coefficient in the desired band is

shown on Figure 3.10. The theoretical gain for the array is 19.2 dB. This value is obtained

from the sum of the gain of the single antenna plus the array gain (GSingleAntenna+10 log 16

= 7.2 + 16 = 19.2 dB). Based on the calculated gain, it is determined that the transmission

line losses are 1.1 dB.
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Fig. 3.8: 3-D View of the 2× 8 Antenna Array Model

Fig. 3.9: 3-D Radiation pattern of the simulated 16-element antenna array at 61 GHz
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Fig. 3.10: Reflection coefficient of the simulated 16-element antenna array
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Fig. 3.11: Simulated realized gain across frequency for the 16-element array
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Chapter 4

Fabrication

The fabrication process includes several stages. Due to the use of different materials

for the antenna, each of these requires a specific fabrication procedure. The lower layer,

which is built on RF-compatible quartz substrate, is built by a series of microfabrication

processes. These processes are done at the Institute of Materials Science and Nanotech-

nology in Bilkent University, Turkey [31] (where USU has an ongoing joint Research and

Development project). The process starts with a blank quartz wafer (represented in Figure

4.1). Then, the CPW transmission line and loops are fabricated, as well as a pair of bonding

alignment marks. This is accomplished by depositing a thin (2 µm thick) copper layer via

electron-beam deposition technique. The patterns of the CPW transmission line and loop

are formed by a lift-off process on the metal. This is accomplished by adding a layer of

copper by thin film deposition, while covering the desired slot areas of the design (Figure

4.2). The bonding alignments marks will be later used to align the lower and upper layers

into one prototype.

Another layer of copper is added to the bottom of the quartz wafer by using the

electron-beam technique. This represents the conductor-backing ground (see Figure 4.3,

where the dark film on the bottom indicates the new ground layer). Afterwards, the quartz

wafer is diced into pieces with the dimensions needed.

The microstrip antenna top layer includes the patch metalization. This layer is fabri-

cated on a Rogers RO3003 PCB wafer (εr = 3.0, tan δ = 0.001) by standard PCB fabrication

techniques. A pair of bonding alignment marks identical to the ones on the lower layer are

also added (see Figure 4.4). The PCB is then cut into the desired dimensions. The separate

substrate layers are later bonded. The alignment marks are used to carefully place both in

the correct position. A 3-D simulated view of the resulting single antenna is shown (Figure
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Fig. 4.1: Representation of the blank quartz wafer to be used in the microfabrication

Fig. 4.2: A model of the microfabricated quartz wafer with CPW, loop and bonding align-
ments

4.5).

For the antenna array, the larger feeding network is fabricated following the same

procedures from the single antenna. The fabrication of the array does add one more step

to the process: the air bridges, which are not present in the single antenna. For practical

purposes an air bridge can be substituted by wire bonds between the ground planes. The

ends of the wire are bonded to the location where the air bridges make contact with the

ground planes (refer back to Figure 3.1(b)). Putting a line of gold (or a similar metal) wire

between the coplanar grounds where necessary, the sides are connected. The wire bonding
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is done before the substrate bonding, which remains the last step. A simulated view of the

final array is shown on Figure 4.6.

Fig. 4.3: Addition of the conductor-backing ground to the quartz wafer. It is represented
here as a red layer on the bottom
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Fig. 4.4: Schematic of the PCB substrate with the patch and bonding alignment marks

Fig. 4.5: Simulated 3-D view of a fabricated single-element antenna. The bonding align-
ments are not shown
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Fig. 4.6: A simulated view of the final 2× 8 antenna array
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Chapter 5

Conclusion and Future Work

The antenna array that combines micro-fabricated quartz and PCB substrate proves

to be a viable low-cost addition to the WiGig antenna market. With less than 1 mm of

total thickness and a maximum gain of 18 dB, as well as more than 11% BW, the antenna

accomplishes the desired design goals for its use in 60 GHz applications. One trade-off on

the fabrication of this device is that it combines separate methods for making each of the

layers. The components are fabricated in different facilities. This adds more steps to the

process and consequently makes it a more complex fabrication than the PCB version and

other comparable antennas.

As a next step, the addition of reconfigurability and other smart-antenna techniques

to the current antenna remain to be explored. A reconfigurable antenna is one that can be

reconfigured in its structural geometry. With this, properties such as its main frequency,

polarization, and/or radiation pattern can be changed [32]. This makes the antenna more

useful for current high-throughput wireless communication technologies. Reconfigurable

antennas add a degree of freedom to a communication system [33]. There are several meth-

ods that can be explored for creating the reconfigurable antenna. The research group has

knowledge in the use of MEMS switches, PIN diodes, and parasitic layers [27]. Studying the

addition of a parasitic layer and subsequently researching on other means of reconfigurability

are the following steps.

5.1 The PCB Alternative

The PCB model was discarded and not fabricated because the smaller dimensions (dis-

tances as short as 10 µm) of the transmission lines could not be obtained by commonly

available PCB fabrication processes. The designed PCB antenna shows comparable per-
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formance parameters to the finished PCB + Quartz product, with room for improvement.

The impedance bandwidth covers the entire 59-66 GHz band (see Figure 5.1).

A maximum realized gain over 18 dB is observed on the broadside direction (see Figure

5.2). Although fluctuating, the gain remains over 15.5 dB across the entire frequency band

(Figure 5.3).

With a PCB fabrication technique which enables features as little as 10 µm in width,

the designed PCB model can be fabricated. This antenna would have a shorter and cheaper

fabrication process when compared to the Quartz + PCB antenna. If a wider probe is

available, the transmission line dimensions can be modified and the array can be fabricated

with a milling machine. For the sake of documentation, the critical design parameters of

the PCB antenna array are given in Table 5.1. Figure 5.4 shows a simulated model of the

PCB antenna.

On the early stages of the design process several types of transmission lines were tried

before settling on using CPW. An aperture-coupled 2×1 array (on quartz) with a Wilkinson

power divider is among these. As presented earlier, the CPW feed network needs the

addition of air bridges or wire bonding. That is a complex part of the fabrication. It is of

interest to keep developing low-cost high-performance antennas, especially if the fabrication

process can be made simpler and faster. Hence the development of an array on quartz or

PCB using aperture coupling is an immediate research interest.
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Fig. 5.1: Simulated reflection coefficient of the 16-element antenna array design on PCB
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Fig. 5.2: Simulated radiation pattern of the 16-element PCB antenna on yz plane at 61
GHz
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Fig. 5.3: Simulated realized gain across frequency on the broadside direction for the 16-
element PCB antenna



29

Table 5.1: Design parameters of the 16-element PCB antenna array (dimensions in mm)

Parameter Value Parameter Value

S 0.191 W 0.022827

Ll 1.15 Lw 1

Lt 0.04 Pl 1.1

Pw 1.8 LQ 26

WQ 33 Separation 3
4λ0

Fig. 5.4: 3-D view of the simulated 16-element PCB antenna array
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