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Abstract
Recently, 60GHz system is a hot topic for its large unlicensed bandwidth and small
component size. However, some components could not be integrated into the 60GHz
communication subsystem either because of their large size or poor performance after
integration. One of the most popular ways to build a planar device at high frequency with
low cost is to use substrate integrated waveguide (SIW). To make a planar device with
low loss at the millimeter waveband, first a 60GHz substrate integrated waveguide with
taper transitions from microstrip lines are designed and fabricated. Although planar
ferrite isolators based on SIW have been successfully built, all of them work below
20GHz because the ferromagnetic resonance frequency of the traditional ferrite, Yttrium-
Iron-Garnet (YIG) is low. Here, to develop a 60GHz isolator based on SIW, a novel C-
axis M type Barium thin film ferrite is used. The experimental results proved that the
ferromagnetic resonance frequency of this thin film ferrite is much higher than the
traditional ferrite materials. In this way a 60GHz H-plane resonance isolator based on
SIW is realized with low insert loss and high isolation in the working waveband.
Moreover, by integrating a ferromagnetic thin film with ferroelectric thin film, a tunable
60GHz isolator based on SIW was realized. The working frequency of the isolator can be
varied with the voltage bias. This method makes it possible to build voltage controlled

ferrite devices at 60GHz, which is important for large bandwidth systems.
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CHAPTER 1
INTRODUCTION
1.1 Background and Motivation

High speed and high quality wireless communication is a very hot topic in the recent
yeas, the reason is that nowadays wireless devices such as smartphones, tablets and smart
hardwares are becoming very popular. Traditional wi-fi systems work at 2.4 GHz and
other frequencies to 5.9 GHz. To increase the data rates of the wireless communication
system, a large bandwidth is needed [1]. Although ultra-wideband (UWB) technology is
proposed to increase the bandwidth [3], it faces strict power limitation at the certain
frequency. For example, to avoid interference the Federal Communications Commission
(FCC) power spectral density emission limit for UWB transmitters is —41.3 dBm/MHz
from 3.1GHz to 10.6GHz [4], which limits the usage of communication system.

Recently, 60GHz is drawing attention because it has a large usable bandwidth.
Comparable to UWB, this technology has a comparable bandwidth and less power
restrictions [5]. The unlicensed band around 60GHz in different countries are shown in
figure 1.1. At least 5GHz continuous bandwidth can be used at 60GHz worldwide [2],

which is one of the largest bandwidth in the frequency range.
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Figure 1.1: Worldwide spectrum availability at the 60 GHz band

Another advantage of using 60GHz system is the high frequency. The high frequency
means that the size of the radio-frequency (RF) component is small, and the appearance
of Complementary metal-oxide—semiconductor (CMOS) technology makes it possible to
produce small size components at high frequency [6], which allows integrating all the RF
components into a tiny chip-set. Other benefits of using 60GHz includes inherent
security, low interference and high transmit power [7-8].

However, the high frequency also brings challenges. Because of the strong oxygen
absorption [9], the power loss at 60GHz is large. This requires the component working at
60GHz must have a high performance especially have a low loss. Besides, for mass-

production, the fabrication processes should be low cost [10]. Moreover, some RF
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components could not be integrated into the 60GHz system, either because of their large
size or poor performance after integration [11].

One of the most promising ways to build a high performance device with low cost at
millimeter waveband is using the substrate integrated waveguide (SIW) technology. The
SIW structure is first proposed in a patent in 1994 [12]. The SIW combines the traditional
metallic waveguide structure and planar technologies. Comparable to the traditional
rectangular waveguide, SIW converts the heavy and bulky structure into light and
compact planar form. Meanwhile, the metallic waveguide gives SIW a lower loss and a
better quality factor than the traditional planar stuctures [13]. Moreover, the existing
fabrication technologies such as standard printed circuit board (PCB) [14] and low-
temperature co-fired ceramic (LTCC) [15] make SIW to be low cost and highly reliable.
Recently many components have been built using SIW technology, including filters,
antennas and receivers [16-18]. Moreover, several system-on-substrate integrations are
realized using SIW [19-20]. SIW not only makes it possible to fabricate the low cost
60GHz components with high performance, but also helps solve the tiny chip-set
integration problem.

Ferrite devices are used many in communication systems including phase shifters,
filters, isolators and switches. Among all the ferrite components for 60GHz system, the
isolator is the one of the most desired one. The ideal isolator is a two-port device which
makes the transmission only occurs in one direction [21]; it is widely used in radio
frequency (RF) systems as the duplexer, multiplexers, and signals generate/transmit

protections. Although some isolators have been developed using SIW technologies [22-



24], most of them are below 20 GHz. The reason is that the performance of the isolator
relies on the magnetic material, and most of the isolators use yttrium iron garnet (Y1G)
ferrites. However, the ferromagnetic resonance frequency (FMR) of YIG is only around
4GHz [25]. The common way to increase the working frequency of the isolator is using a
large magnetic bias. In most of the cases electromagnets are employed because of the low
FMR of ferrite material [26-27]. But the electromagnet is bulky and expensive, which is
not suitable for planar devices. To make small size 60GHz ferrite devices, a new M-type
Barium ferrite (BaM, BaFel12019) is considered to be the future of high frequency ferrite
devices. Previous reports prove that the FMR of BaM ferrite is around 60GHz [28],
which makes it possible to make ferrite devices working at high frequency with low cost.
Meanwhile, the 60GHz communication system is a wide bandwidth system, and the
wide bandwidth communication system has a great need of frequency tunable
components especially for voltage biased tunable isolators. However, the traditional
isolator could not satisfy the requirements because the working frequency depends on the
ferromagnetic resonance (FMR) of ferrite material in the device, and usually the FMR of
the certain ferrite material is fixed. To solve this problem, many tunable isolators have
been designed. Some of them use the matching circuit to change the working frequency
[29], which is complex. Some papers design a ferrite device structure in the waveguide to
tune the center frequency [30-31], but the device needs a bias magnetic field. Without the
changing of the ferrite material, it is unlikely to realize a voltage biased tunable isolator.
By combing the ferromagnetic material and a ferroelectric material together, one can get

a multiferroic heterostructure. Reports demonstrate that the FMR of the multiferroic



heterostructures can be modified by varying the electric filed [32-33]. The reason is that
the dielectric constant of the layers changes with the bias voltage [34]. The appearance of

multiferroic heterostructure makes it possible to build a tunable ferrite device.

1.2 Research Objectives

The main objective is to build a planar isolator working at 60GHz. The SIW is used
as the waveguide because it can be built on a thin substrate. To make the device work
functionally at 60GHz, the SIW is expected to have a low insertion loss at the working
band. Besides, the key to making the isolator work is to use a BaM thin film with a high
FMR frequency than the tranditional ferrite material. To achieve this goal, the thin film
ferrite should have the minimum defects after the coating. Another difficulty of building
a planar isolator at high frequency is that the loss increases with the distance. To solve
this problem, the BaM thin film should be put at the optimized position so that the
isolation is the largest and the device length is the smallest. In this way, by using the SIW
structure together with an optimized BaM thin film strip, the 60GHz planar isolator can
be made. The planar isolator is expected to have an isolation larger than -10dB at the
working frequency without a magnetic bias or only with a small magnetic bias.

Furthermore, based on the 60GHz planar isolator structure, an electric fieled tunable
isolator can be realized. Since it is possible to get a FMR response at 60GHz with a small
magnetic bias using a BaM ferrite thin film, if the BaM ferrite thin film is combined with
a ferroelectric material, it is possible to make a multiferroic heterostructure with the
electric tunability at 60GHz. Reports have found that the FMR response of
Barium/Platinum/Barium Strontium Titanate (BaM/Pt/BST) heterostructure shows an

5



electric tunability at millimeter wave frequencies [35-37]. So using the BaM/Pt/BST
heterostructure can help make a tunable ferrite device working at a high frequency even
with a small magnetic bias. Besides, with the SIW structure, the ferrite device will be
small and fit in a tiny chip-set. The tunable isolator is expected to have a low loss as well

as a high isolation in the working band other than electric tunability.

1.3 Thesis Overview

First the structure of SIW is introduced in chapter 2. The simulation results on 60GHz
SIW with microstrip lines and taper transitions are given, and different SIW structures are
compared. Then the fabrication process of building a SIW on alumina substrate with
Platinum coating is presented, and a test platform for 60GHz measurement is designed.
The measurement results are discussed later and compared with the simulation results.

In chapter 3, a 60GHz planar isolator based on SIW structure is presented. The
principle of self-biased thin film ferrite is introduced, and different kinds of ferrite
isolators are compared. Two kinds of 60GHz H-plane resonance isolator based on SIW
structure are designed and fabricated, one has single-side ferrite strip and the other one
has double-side ferrite strip. The performance of these two isolators is measured using the
60GHz test platform and compared.

Chapter 4 discusses the 60GHz tunable isolator based on SIW structure. The electric
tuning property of multiferroic films heterostructure is introduced. A 60GHz voltage
biased tunable isolator is built using this kind of heterostructure. And the tunability of the

device at 60GHz is presented.



Finally, the conclusions are given and the future work suggested for 60GHz

microstrip line isolator is discussed in chapter 5.



CHAPTER 2
THE 60GHZ SUBSTRATE INTEGRATED WAVEGUIDE
2.1 Substrate Integrated Waveguide

A substrate integrated waveguide (SIW) is a dielectric substrate with conducting
layers on top and bottom surfaces, and the conducting layers are connected by two rows
of metalized cylindrical holes which function as the wall of the waveguide [13]. The
structure is shown in figure 2.1.

The SIW combines the traditional metallic waveguide structure and planar
technologies together. Compared to the traditional rectangular waveguide, SIW converts
the heavy and bulky structure into light and compact planar form. Besides, the metallic
waveguide properties make SIW has lower loss and better quality factor compared to the

lossy planar structure [38].

Metal post

Top metal layer

Dielectric substrate

Figure 2.1: The geometry of SIW



The wave propagation in SIW is similar to the traditional rectangular waveguide. For
TEmMO mode wave, the surface current flows vertically along the top and bottom metal
surfaces. When the gap between the posts is small, the metal posts function as the wall of
the rectangular waveguide [39]. So the radiation microwave signal power is retained
inside the SIW and there will be no leakage. But this rule doesn’t fit the other modes due
to the specific geometry property of SIW, when the surface current is not vertical on the
side walls [13].

Sometimes people use the equivalent rectangular waveguide model is used to analyze

the wave propagation in the SIW, and the equivalent width is [40]:

dZ
0.95s

Weff =w — (2.1)

Here, Weff is the width of the equivalent rectangular waveguide, d is the diameter of
the metal posts and s is the space between the posts.

A more accurate method is to use full wave electromagnetic model [41]. This method
first considered the unit cell of the SIW and then applies it to the periodic structure.
Different approaches have been used to solve the full wave model, such as finite-
difference time domain (FDTD) method [42], boundary integral-resonant mode
expansion (BI-RME) method [43], integral equations [44] and surface impedance concept
[45].

Based on the SIW models, the design rules of SIW can be obtained by considering the
loss, the leakage as well as the band gap. Here the band gap effect is caused by the

periodic post structure of SIW [47].



Due to the similarity between rectangular waveguide and SIW, the width w is decided
by the cutoff frequency fc of the waveguide. For TE10 mode, the cutoff frequency (fc)10

can be got by the following equation [48]:

1

(10 = 5= |G (2.2)

The other dimensions of SIW are decided by the following rules [49]:

s>d (2.3)
Ai < 0.25 (2.4)

S

P <2 (2.5)
s>A./20 (2.6)

The first equation is to avoid the metal posts intersection. The second equation is to
avoid the band gap effect. The third equation is to minimize the radiation leakage, and the
last equation is to avoid over-perforated substrate [50].

The operation frequency of the SIW is determined by the following three dimensions:
the width of the waveguide w, the diameter of the posts d and the space between the posts
s. Moreover, the thickness h plays no role in the wave propagation [51], which makes it

perfect for planar device.

2.2 Different SIW Structures at 60GHz
Based on the different post shapes and substrate layers, the SIW may be separated
into several groups: the half-mode SIW [52-55], the substrate integrated fold waveguide

[56-59], substrate integrated slab waveguide [60-63] and substrate integrated ridge
10



waveguide [64-68]. Some of these SIWSs can reduce the substrate size, and some of them
aim to reduce the cut off frequency. In our project, since the working frequency is
60GHz, the component size is already small. So only the traditional SIW will be
considered.

Since the device is working at high frequency, alumina substrate is used in this case.
SIW on alumina substrate is designed and simulated in Ansoft HFSS program (Ansoft

Inc.).

2.2.1 SIW with Single-layer Posts

The first kind of the SIW is with single-layer posts. According to the calculation, the
maximum parameters that can be used on alumina substrate are d=0.37mm, s=0.74mm,
and w=1.48mm. Considering the machining tolerance (0.02mm), d=0.35mm design is
used on alumina substrate instead of d=0.37mm. The geometry of SIW of the alumina
substrate is shown in figure 2.2. The result of the simulation is plotted in the graph of
propagation constant  against frequency and is shown in figure 2.3. Figure 2.4 is the
simulation result on reflection coefficient (S11) and transmission coefficient (Sz1) in a 50
Ohm system. The results of figure 2.3 and figure 2.4 imply that at 60GHz signal can be

propagated through the SIW on alumina substrate.
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Figure 2.3: Propagation Constant TEq vs frequency (SIW with single-layer posts)
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2.2.2 SIW with Double-layer Posts

However, to decrease the attenuation constant (o) at 60 GHz, a large SIW surface
area is needed. So figure 2.2 needs to be improved to get a larger surface area. SIW with
double-layer posts is designed to increase w. The geometry of is shown in figure 2.5, the
parameters are d=0.25mm, s=0.5mm, and the maximum w is increased to 1.8mm. The
result of the simulation is plotted in graph of propagation constant against frequency and
is shown in figure 2.6. The result in figure 2.6 is almost the same as figure 2.3, which
means the SIW with double-layer posts can work as well as SIW with single-layer posts.
Nevertheless, according to Pozar’s book [69], figure 2.7 will give a smaller attenuation

constant (o) compared with figure 2.4.
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Figure 2.5: Geometry of SIW with double-layer posts
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Figure 2.6: Propagation Constant TE o vs frequency (SIW with double-layer posts)
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Figure 2.7: S13 and Sy; vs frequency (SIW with double-layer posts)

However, laser processing technology needs to be used for drilling holes on alumina
substrates. By consulting with the laser processing company, the space of SIW with
double-layer posts is too small (s=0.5mm), and the substrate will be likely to crack during

the fabrication. As a result, SIW with single-layer posts is used in the project.

2.3 Microstrip Lines and Taper Transitions

During the test, the SIW must be connected to the other connectors or equipment. The
microstrip line is widely used in the microwave applications for its small size and ease of
integration. As a result, a microstrip line is needed to connect the SIW with the
connectors. Besides, to reduce the loss from microstrip line to the SIW, a taper transition

between these two transmission lines is employed.
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2.3.1 60GHz Microstrip Lines

Since the connectors need to be soldered on the microstrip lines, if the line parameters
are too small it will be difficult to solder. Although the thickness of the substrate has no
influence on the SIW, the thickness of the substrate does affect the dimensions of the
microstrip lines. Through the calculation of microstrip lines, it is found that with the
decreasing of substrate thickness both the line width and taper width will decrease. So
initially, it is assumed that a thicker substrate should be used.

As a result, 0.5mm thick alumina substrate was first proposed for the SIW and the
microstrip line. The microstrip line length is I=0.82mm and line width is wms=0.7mm.
However, the simulation result in figure 2.8 shows that in this case, the cutoff frequency
of TEyo drops to 33GHz, and at 60GHz both TEjg and TEy exist. The change of cut off

frequency on the first higher mode is caused by the substrate thickness.
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Figure 2.8: Propagation Constant TE o vs frequency (0.5mm thick alumina SIW with

microstrip line)

The cut off frequency of first higher mode is [13]:

300

fe = VEr (2w+0.8h)

2.7)

The frequency where significant coupling occurs between the quasi-TEM mode,
which is the first microstrip mode and the lowest order surface wave mode is given by

[13]:

fr =22 |2 tan~1(g,) (2.8)

" 1h e—1

And the cut off frequency of first higher mode is [13]:

300

fe = VEr(2w+0.8h)

(2.9)

Here, f. is the cut off frequency of the first higher mode and fy is the frequency where
the coupling occurs.

To meet the requirement of the working frequency, 60GHz for this project, should be
smaller than both fr and f;. Since fr is smaller than f;, assume that fr=60GHz, it is found
that the minimum substrate thickness for both alumina (&=9.6) is around 0.5mm.
Considering the thickness of metal coating on the substrate and substrate roughness, at
60GHz the substrate thickness should be less than 0.5mm, to make sure that the
microstrip has only the fundamental mode. As a result, the thickness of the alumina

substrate is set to be h=0.25mm.
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The dimensions of the 1.85mm connectors also affect the dimensions of the
microstrip line. It is found that the microstrip connector is about 2mm long. As a result,
the microstrip line should at least 2.5mm to launch the microstrip connector. However, if
the length is too long, the insertion loss will be increased. So the length of the microstrip

line is set to be 2.8mm and the corresponding width of the microstrip line is 0.3mm.

2.3.2 The Design of Taper Transitions

To connect SIW with microstrip and reduce the discontinuity effects, a taper
transition is designed. The taper transition connects the conductor of the microstrip lines
to the top surface of the SIW, while the ground planes of the two components are also
connected together. The transitions can make full wave transitions without optimization
[70]. To get the optimum width Wiper OF taper transition, the microstrip line is modeled

equivalent TEM waveguide with a width of we. The following equations are used to

calculate we:
60 h
1 n—h1n<8w +o.25%)
— taper
We 1207 (2.10)

Nh|Weaper/h+1.393+0.667 In(Wegper/h+1.444)]

Here, 1 is the intrinsic impedance and h is the substrate thickness. The first part of the
equation is used when Wipe/h is smaller than 1 and the second part is used when Wiaper/h

is larger than 1. And w, can also be obtained by this equation:

&
~0.627g 31 5= T
1 4.386 2 2 \/1+12h/Wtaper

We Ae

(2.11)
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Using equation 2.10 and equation 2.11, the optimum width Wiper Of the taper
transition can be solved.

Taper length should be chosen as a multiple of quarter wavelength [71]. According to
these equations, for w=1.4mm SIW, a. is about 1.2mm, Wpe=1.8216*h mm,
laper=0.58*n mm (n=1, 2, 3...). Figure 2.9 shows the microstrip and taper transition on

SIW.

Figure 2.9: Microstrip line and taper transition on SIW

2.3.3 Comparison of Different Taper Lengths

The different taper length will give a different insertion loss. To minimize the
insertion loss at 60GHz, five taper lengths are tested: A/4, M/2, 3A/4, 5A/4 and 7A/4. The
simulation results on reflection coefficient (S11) and transmission coefficient (S21) at
different taper lengths are shown in figure 2.10.

Simulation results show that with the taper length increase, S11 is decreasing. And
when taper length is 51/4 and 7A\/4, the results are almost the same as 3A/4. So the taper

dimensions are: lape=3A/4=1.74mm and Wiaper=0.6mm.
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Figure 2.10: S11 and S21 of the 60GHz SIW vs frequency for 0.25mm thick alumina
substrate: (a) SIW with microstrip line and A/4 taper transition; (b) SIW with microstrip

line and A/2 taper transition; (c) SIW with microstrip line and 3A/4 taper transition; (d)
SIW with microstrip line and 5A/4 taper transition; © SIW with microstrip line and 71/4

taper transition.

2.4 Fabrication Process

The sketch of the final device is shown in figure 2.11. The length of the SIW is
21mm, and 2 rays of 30 holes will be drilled on the alumina substrate to form this
structure. Considering the dimensions of the microstrip lines and the taper transitions, the

total length of the substrate is 29mm and the width is 4mm.

22



For the fabrication, first a 2 inches by 2 inches alumina sheet was cut into 5 pieces of
29mm by 4mm alumina substrate, then 2 arrays of 30 holes was drilled on the alumina

substrate. After that the top surface and the ground plane were coated by sputtering with

Platinum.
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Figure 2.11: Sketch of SIW on a 0.25mm thick alumina substrate.

To make a successful 60GHz isolator, several tests need to be done before the
fabrication process. Since the holes will be drilled on the alumina substrate by laser
processing, the first test is to see whether the laser drilling will cause any damage,
including cracks in the the substrate, a pair of holes (d=0.35mm, s=0.35mm) are drilled
on a 0.25mm thick alumina substrate by Laser Processing Technology Inc. Pictures of

the holes on the substrate taken by microscope are shown in figure 2.12.
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(b)

Figure 2.12: (a) Drilling holes on 0.25mm thick alumina substrate by laser; (b) a detail

look of d=0.3mm hole.

Figure 2.12 shows that the holes edge is smooth and without any cracking due to the
laser drilling. But one problem about laser drilling is that this process will create some
scratches on substrate surface, as is shown in figure 2.12 (a).

The second test is to prove that most of the surface roughness is caused by the laser
processing process. The nanofabrication will not cause any damage to the device. To

prove this, a test on alumina substrate using ion milling is performed. The ion mill test
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shows that the etching rate of alumina is about 5A/min, which is much slower than the
etching rate of Platinum. Compares to the laser drilling results in figure 2.12, it is found
that the damage caused by ion mill is much less than by laser drilling.

The third test is coating a Platinum layer on d=0.35mm holes. This test is to see
whether we can make the entire hole surface be covered by Platinum by sputtering.
Because the holes need to be conducting, this step can help us to see whether the sputter
process will deposit Pt over the walls of the holes.

The third test was successful on a 0.25mm thick alumina substrate. The alumina
substrate used in the first test was coated with Pt. The size of the substrate is 29mm by
4mm, which is as same as the 60GHz SIW. And the dimensions of the holes are also the
same. A 50nm thick Platinum layer is sputtered on this substrate, all the surface
especially the sidewalls inside the holes were coated successfully. DC test shows that the

holes are conducting after the sputter test. The coating result is shown in figure 2.13.

BT IR PN T

Figure 2.13: Platinum sputter result on alumina substrate with d=0.35mm holes.

The final substrate is shown in figure 2.14. To avoid the skin effect losses [48], the
substrate is coated with a lum Platinum layer. The equation used for the thickness

calculation is:

8 =/ 1/nfuc (2.12)

The thickness of the Platinum layer should be larger than the skin depth 3s.
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Figure 2.14: The 60GHz SIW with microstrip lines and taper transitions.

2.5 60GHz Test Platform

Since the length of the 60GHz SIW is less than 3cm, it will be difficult to directly
connect the device to the test equipment. So a test platform is designed. The 1.85mm
connectors are soldered on the test platform instead of the device. The sketch of the test
platform is shown in figure 2.15. The 60GHz device will be inserted into the holes of the
test platform. 1.85mm connectors are soldered on the microstrip lines of the test platform.
The top surface of the device will be connected to the conductor of the microstrip lines on
the test platform, while the ground plane of the device will be connected to the ground
plane of the microstrip lines of the test platform. Besides, the test platform can be used in

other 60GHz tests without soldering the connectors.

/ Microstrip

Microstrip \

(@)

60GHz device
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Figure 2.15: (a) The top view of the test platform; (b) the side view of the test platform.

The microstrip lines are first designed for test platform. To make a larger microstrip
line on the test platform, Rogers RT5880 (er=2.2) substrate is used for design and
fabrication. According to Linecal (Agilent.Inc), the microstrip line width is 1.28mm on a
0.38mm thick Rogers RT5880 substrate, and both fT and fc will be larger than 60GHz in

this case. The microstrip line dimensions are shown in figure 2.16.

w=1.28mm

W

T € |=7mm
Figure 2.16: Microstrip line dimensions for Rogers 5080 substrate at 60GHz

However, the simulation result at 60GHz in HFSS is not successful. The reason is that

in HFSS, the simulation result on microstrip line depends on the port size, the result
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varies with the change of port size. How to set a suitable port size is the key to get a
successful simulation result in HFSS. On one hand, to get a reasonable simulation result,
usually the port width should be at least 3 times of the microstrip line width, and the port
height should be at least 4 times of the microstrip line height. So a large microstrip line
means a large port size. On the other hand, with the working frequency increases, the port
size can be used in HFSS decreases and there is a port size limit in HFSS. If the port size
is beyond the software limit, HFSS will return an incorrect simulation result. The port
size limit makes it to be impossible to get a successful result for 60GHz on Rogers
RT5880, because the microstrip line width is too large, which means the port size in this
case will be too large to be used in HFSS.

To get a reasonable simulation result, a scale model is used in HFSS. It is known
when that the geometry model changes, the working frequency will also change by the
same ratio [72]. As a result, we can use a scale model working at 10GHz in HFSS by
scaling up the 60GHz geometry model. If the scale model at 10GHz works in HFSS, the
60GHz geometry model will also work.

In this case, considering the substrate is RT5880 (er=2.2), the width (wms) depends
on the substrate thickness and characteristic impedance (Z0), only line length (Ims)
influences the working frequency. At 60GHz, 2n phase shift is about 3.5mm, scaling it up
by a factor of 6, line length becomes 21mm and working frequency drops to 10GHz. The

dimensions and the simulation results for 10GHz microstrip line are shown in figure 2.17.
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Figure 2.17: (a) L0GHz microstrip line on a 0.38mm thick Rogers 5080 substrate; (b)
microstrip line dimensions; (c) propagation Constant TE o vs frequency;(d) S;; and Sy

vs frequency

Simulation results in figure 2.17 show that the microstrip line (w_ms=1.17mm,
I_ms=21 mm) could be used at 10GHz. According to the discussion before, the 10GHz
simulation results in figure 2.17 imply that the microstrip line in figure 2.16
(wms=1.28mm, Ims=7mm) would work successfully at 60GHz.

Since the SIW alumina chip is 29 mm long and 4 mm wide, the size of the test
platform is set to be 43mm by 8mm. A central slot will be cut in the substrate to drop the
device chip init. The ground plane of the test fixture will be extended to join the ground
plane of the 60GHz device in the slot using copper tape. The microstrip lines of the test
fixture will also be connected to the chip microstrip lines. The dimensions of the

platform structure are shown in figure 2.18.
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Figure 2.18: (a) Altium design for isolator test platform; (b) test platform dimensions.

The 60GHz test platform is made by a milling machine. Two 1.85mm connectors are

soldered on the microstrip lines of the platform. The picture of the test platform is shown

[ S

Figure 2.19: The 60GHz test platform with 1.85mm connectors

in figure 2.19.

2.6 Results and Discussion
The performance of 60GHz SIW is tested by 67GHz R&S ZVA vector network

analyzer (Rohde & Schwarz Inc.).
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The return loss is shown in figure 2.20. The return loss shows the power reflected in

the measurement system. The equation of return loss is:
P.
T
Here, Pi is the incident power and Pr is the reflected power

For the 60GHz SIW, the return loss is under -20dB.

0

— « = return loss
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dB
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Figure 2.20: Return loss of the 60GHz SIW

The insertion loss of the 60GHz SIW with test platform is shown in figure 2.21. The
insertion loss shows the power loss caused by the SIW during the transmission. The

equation is:

IL(dB) = 1010g10§ (2.14)

Here, Pt is the power transmitted to the load.

For the 60GHz SIW, measurement result shows that the insertion loss is about -8dB.
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Figure 2.21: Insertion loss of test platform with 60GHz isolator

The insertion loss in figure 2.21 looks large for a 60GHz device. But a deep thinking
into the results find out that the insertion loss is combined by two parts: the insertion loss
of the 60GHz device and the insertion loss of the 60GHz test platform. Therefore, the test
result in figure 2.21 doesn’t give the insertion loss of the 60GHz device.

Since the device is connected with the 60GHz platform during the test, the insertion
loss of the test platform is measured. Figure 2.22 is the test platform with 60GHz
microstrip line. According the test result in figure 2.23, the insertion loss of the 60GHz
test platform is about -3 dB. Figure 2.21 shows that the total insertion loss is about -8dB.
Considering about the insertion loss of the test platform in figure 14 (-3 dB) and the
copper tape transitions (about -1 dB), the insertion loss of the 60GHz SIW is about -4dB,
which meets the simulation results of the 60GHz SIW with microstrip lines and taper

transitions in figure 2.10.
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Figure 2.22: Test platform with 60GHz microstrip line
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Figure 2.23: Insertion loss of test platform with 60GHz microstrip line

A summary of the measurement results is shown in table 1. Based on the
measurement results, it can be found that the 60GHz SIW works functionally at 60GHz,
and the test results in accordance with the simulation results. As a result, the 60GHz SIW

can be used as the transmission line of 60GHz devices.
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Insertion loss of 60GHz device with test platform -8 dB
Insertion loss of 60GHz test platform -4 dB
Insertion loss of 60GHz device -4 dB
Return loss of 60GHz device Under -20 dB

Table 2.1: Summary of test results on 60GHz isolators
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CHAPTER 3
THE 60GHZ ISOLATOR BASED ON SIW
An ideal isolator is a two-port device where low loss transmission only occurs in one

direction. The S matrix of isolator is [73]:

S = ((1’ 8) (3.1)

In this chapter, a 60GHz planar isolator based on SIW is designed and its

performance is measured.

3.1 The Principle of Isolators
According to the Maxwell’s equations, the magnetic flux density B is a response to
the magnetic field intensity H by[48]:

B = uH (3.2)
where, p is the permeability of the material. Depending on the different responses,
materials can be classified as: 37 aramagnetic, ferromagnetic, ferrimagnetic and
diamagnetic [74]. The isolator is a ferrimagnetic device. Ferrites are polycrystalline
magnetic oxides, and there are mainly three kinds of ferrites: the spinels, the garnets and
the hexagonal ferrites [75]. Among them, hexagonal ferrites are used mostly for
millimeter wave applications.

For a ferrimagnetic material, the magnetic moments have different directions, but
when a DC biased magnetic field is applied, the moment of the magnetic dipole will

change [76]. The DC external field HO will first bring a torque to the magnetic dipole:

—
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where, m is the moment, y is the gyromagnetic ratio and s is the spin angular
momentum.

Note that torque can be also expressed as:

E—7E—T—[J0m><HO (3.4)
Then,
dm — 77
—; = “HoyYm X Hy (3.5)

For N unbalanced electro spins, the net magnetization is:

M = Nm (3.6)
As a result, formula becomes:
d_) — —
d—": = —pgyM x H 3.7)

where H is the internal applied field.
When the magnetic bias is applied to an un-magnetized ferrite, with the biased field
increase, the magnetization M will also increase until a saturation Ms is achieved. And

beyond this point, M will not change. So for ferrite, formula is:
B = uy(H + M) (3.8)
In CGS system, it is:

B =H + 4nM (3.9)

When ;I is an AC field, the total magnetic field is:

Hiotar = Hpc + Hgr (3.10)
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Assume that HDC is in z direction, the magnetization becomes:

Miotar = MsZ + M (3.11)
In tensor form one can get:
_ o [Xex Xxy 07
M =[xIH = |xyx xyy O|H (3.12)
0 0 O

[x] 1s the tensor susceptibility. As a result, for ferrite with an AC magnetic field and a

bias in z direction, permeability is also a tensor form:

p o je 0
[u] =|—jx wu O (3.13)
0 0 o
_ WoWm
p=po(1+ wg_wz) (3.14)
_ WoWm
K = U wF—w? (3.15)

From the formulas, it is found that the tensor permeability depends on the frequency,
Ms and Ho.

When a plane wave is propagating in the ferrite, if the propagation is in the direction
of the bias, it is called the Faraday rotation [77]. When the rotation is transverse to the
bias, two solutions exist. The first solution is not affected by the Hy and is called the
ordinary wave. The second solution is affected by the ferrite and propagation constant

becomes:

Be = W/ HUe€ (3.16)

And the effective permeability is given by:
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(3.17)

For a ferrite loaded rectangular waveguide shown in figure 3.1, considering that the

TE mode wave is propagating in the medium.

H
Y, T"'

b —t d

Figure 3.1: Ferrite-loaded rectangular waveguide

In this case, e; =0 and 0/0y=0, applying Maxwell’s equations, the following general

solutions are got:

Asink,x for0<x<c
ey, = Bsinks(x — c) + Csinkf(c+t—x) forc<x<c+t (3.18)
Dsink,(a — x) forc+t<x<a
(JkaA/wug)coskyx for0<x<c
h, = (j/a)uue){Kﬁ[Bsinkf(x —c) + Csinkg(c+ t — x)]} forc<x<c+t
(—jkaD/wug)cosky(a — x) forc+t<x<a

(3.19)
Where, Kk, is the cutoff wavenumber in the air region and ks is the cutoff wavenumber of

the ferrite:
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ki = w?p e — 2 (3.20)
kZ = ki — B> (3.21)

By applying the boundary conditions, ABCD can be substituted and eliminated, and

the transcendental equation for propagation constant f is:

ke\2 (kB k k ko)
(—f) + ( B ) — kacotkac( ! cotkyt + B ) — (—a)
Ue Ul, Uglle UgUll, Ug

ky kB
X cotk,ccotk,d cotkst — =
UgU, UgUU,

(3.22)

An approximate result is:
AS .
By —pP- = ZkCE?SanRCC (3.23)

Where, B+-p- is the difference between the phase shift, AS/S is the filling factor and
ke=n/a is the cutoff frequency of the empty waveguide.

And the forward attenuation constant a+ and the reverse attenuation constants - can
be expressed as:

S o (3.24)

F Ko o sin 2k x) .

Formula (3.24) implies that the attenuation constants are determined by the ferrite
load space ratio AS/S, the propagation constant Po, the cutoff frequency k. and the
susceptibilities complex y. If the ferrite slab is inserted at the optimum position inside the
waveguide, the forward attenuation constant a+ will be small while the reverse constant

a- will be huge, and the isolation will be achieved.
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When the usual TE1p mode propagates in the ferrite loaded rectangular waveguide, it
will have a circular polarized component with the Hx and H; fields. An interaction with
the ferrite slab now has a circular polarized wave in the same rotation direction, while in
the opposite rotation direction the interaction will be much weaker. If the operation
frequency is near the gyromagnetic resonance frequency, the attenuation constant will be
large. However, the attenuation constant of the plane wave in the opposite direction is

small. Such a device is called the resonance isolator [78].

3.2 Self- biased Thin Film Ferrite
Sometimes three-port circulator is used as an isolator, this property can be found in its

S matrix [73]:

00 1
s=[(1 0 o (3.25)
010

However at 60GHz, the size of the ferrite disk becomes so small that the microstrip
lines could not fit in [79]. As a result, ferrite slab loaded waveguide isolator is used.

Although some isolators have been developed using SIW technologies, most of them
have low FMR. The reason is that most of the isolators use YIG ferrites. The common
way to increase the working frequency of the isolator is using a large magnetic bias, in
most of the cases electromagnets are employed because of the low FMR of ferrite
material, which is not suitable for this project because it is not suitable for planar device

and the Barium ferrite is used for 60GHz planar devices.

3.2.1 C-axis Barium (BaM) Thin Films
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In order to achieve strong coupling at millimeter wave frequencies, the ferrite needs
to have a large saturation magnetization value, high permeability, and narrow FMR
linewidth. C-axis M-type BaM (BaFe;,019) is particularly attractive because it can be
magnetically self-biasing, which allow for the design of ferrite devices working at 60GHz
without the need for heavy and expensive magnets [80]. A sketch of BaM crystalline

structure is shown in figure 3.2 [81].
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Figure 3.2: The BaM crystalline structure

The BaM thin film can be coated on the polycrystalline alumina substrates substrate
by a chemical solution deposition (CSD) process. In this technique, solutions of the
compounds are mixed at the desired ratio to form a coating solution. This coating
solution is deposited on a substrate by dip-coating to produce a wet film, which is then

heated to first remove any solvent and organic component that did not evaporate during
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the deposition step and then to decompose the metal-organic or metal-salt precursors and
subsequently crystallize the materials. It is found that the starting ratio of Ba2+:Fe3+ ions
in the precursor solution has a significant impact on the crystallization behavior of the
BaM thin films [82]. Using this technique a high quality BaM thin film can be coated on
the alumina substrate (Superstrate 996, CoorsTek.Inc). The reason of using the
polycrystalline alumina substrates is that it can provide minimum structural and thermal

expansion mismatch between the thin film materials and substrates [83].

3.2.2 Magnetic Properties of BaM

The relationship between the magnetic field H and the magnetization M is first
measured. M-H loops of BaM thin films are measured using a vibrating sample
magnetometer (VSM) setup (Princeton Measurements MicroMag VSM 3900). The VSM
test results are shown in figure 3.3. BaM thin film with different Ba2+:Fe3+ ratios are
measured. From figure 3.3, it can be found that the highest anisotrophy filed is in figure
3.3 (a), so Ba2+:Fe3+ =1:12 is used. Here, the magnetic anisotropy is field value which
aligns all the magnetization perpendicular to the easy axis. From figure 3.3 (a), it can also
be found that the BaM thin film has a high anisotropy field compared to the bulk single

crystal of BaM [84] since the maximum value of magnetization of BaM is 380 emu/cm?.
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Figure 3.3: M-H loop of BaM thin film (a) with Ba2+:Fe3+ = 1:12; (b) with

Ba2+:Fe3+=1:10; (c) with Ba2+:Fe3+ = 1:8

The second test is the FMR linewidth measurement at different frequencies.
The FMR linewidth (AH) is fundamentally described as the imaginary part the
susceptibility tensor [x]. And the precision damping can be described as the damping
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coefficient (o) in Landau-Lifshitz-Gilbert equation [85], or in half power FMR linewidth
(AH) by the following equation:

A
o =128 (3.26)
4rf

The FMR test gives the RF power absorbed by the ferrites as a function of applied
DC magnetic bias at a given frequency f [86].

The FMR profiles of BaM thin film at 65GHz are shown in figure 3.4. Results show
that the FMR linewidths are pretty narrow, indicating relatively good quality of the thin

films.

Power absorption (a. u.)

9600 9700 2800 9900
H (Oe)

Figure 3.4: FMR linewidth of BaM thin film at 65 GHz.

Based on the improved magnetic properties, the resonance fieled H needed at

working frequency f can be calculated using Kittle equation [87]:

f=v*(H+H; — M) (3.27)
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For BaM thin film presented in this thesis, the saturation magnetization Ms is
40000e, the anisotropy field Ha is 17.2kOe, and the gyromagnetic ratio v is 2.8 MHz/Oe.
As a result, the magnetic bias needed at 60GHz is 82280e. Considering that the
calculation result is smaller than 1 tesla, it is possible to use a small permanent magnetic

to replace the bulky and expensive electromagnet for making a 60GHz ferrite isolator.

3.3 Comparison of Different Ferrite Isolators

Ferrite loaded isolators can be divided into resonance isolator and field displacement
isolator. Based on the geometry of the ferrite slab, the resonance isolator can be classified
as E-plane resonance isolator and H-plane resonance isolator. The performance of these

three isolators will be compared to choose the best one at 60GHz.

3.3.1 E-plane Resonance Isolator

The first choice is to use an E-plane resonance isolator. The E-plane resonance
isolator has a full height ferrite slab inside the waveguide. Because of the
demagnetization factors, the operating frequency of the E-place isolator is smaller than
the H-plane isolator. The following formula is used to obtain the operating frequency for

E-plane isolator [21]:

f =+ fm) (3.28)

Here, f is the working frequency, which is 60GHz in this case, fy is the operating
frequency, f, depends on the saturation magnetization. Assume the saturation
magnetization is 4000G, f, is about 22.4GHz, f, is about 53.4GHz. As a result, the

magnetic bias for BaM thin film ferrite is 73220e.
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To simplify the simulation, an air filled waveguide is used. The dimensions of 60GHz
waveguide are: width=4mm, thickness=2mm. According to the calculation, the ferrite
width is about 0.004mm, and the optimum position of the ferrite slab is set to be
0.854mm away from the waveguide edge. The 60GHz E-plane isolator is shown in figure

3.5.

Figure 3.5: 60GHz E-plane waveguide

A drawback of using HFSS simulation is that the ferrite simulation takes too much
memory., If the ferrite slab is too large, the simulation will run a long time and therefore,
the ferrite slab length is set to be 1mm in the simulation, while the typical length is 2cm.
The simulation result is figure 3.6 implies that the E-plane isolator works functionally at

60GHz.
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Figure 3.6: The performance of 60GHz E-plane isolator

3.3.2 H-plane Resonance Isolator

The second type is the H-plane resonance isolator. Unlike the E-plane resonance
isolator, this one has a thin film ferrite slab inside the waveguide. The ferrite slab is
inserted at a certain point so that the attenuation constant different directions are
different. A sketch of H-plane isolator is shown in figure 3.7. The dimensions of 60GHz
waveguide are: width=4mm, thickness=2mm. According to the calculation, the ferrite
width is about 0.4mm, and the thickness is 0.2mm. Calculation results shows that the
optimum position of the ferrite slab is set to be 1.05mm away from the waveguide edge.

And at 60GHz, the DC bias is 8228 Oe.
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Figure 3.7: 60GHz H-plane isolator

1mm long ferrite slab is also used in field displacement isolator. The simulation result

is figure 3.8 implies that the H-plane isolator works functionally at 60GHz.

S$12

5200 5400 5600 5800 6000  62.00
Freq [GHZz]

Figure 3.8: The performance of the 60GHz H-plane isolator.
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3.3.3 Field Displacement Isolator

The third type is field displacement isolator. Unlike the resonance isolator, this one
has a ferrite slab-loaded waveguide and a resistive sheet. The ferrite slab is inserted at a
certain point so that the electric field of the forward wave is small while the electric field
of the reverse wave is very large. If the resistive sheet is put next to the ferrite slab, the
forward wave will be not affected; however, the reverse wave will be greatly attenuated.

Two factors need to be considered during the design stage.. The first factor is the
internal bias field Ho. The internal bias field needs to be large enough to give the
effective permeability pe<O at a certain frequency. To calculate pe, the following

equations are used:

_ fofm

m= 1 (1 o f2) (3.29)
£,

k=11 225 (3.30)

Here, the working frequency f is 60GHz, fn, is determined by the saturation
magnetization, and the operation frequency f, can be calculated by the internal bias field
Ho. The simulation result suggests that when Hg is 11500 Oe, . is imaginary at 60GHz.

Air filled isolator is also used in this case. The dimensions of 60GHz waveguide are
as same as the E-plane isolator. However the ferrite slab is quite different from the
resonance isolator, the ferrite width is 0.4mm, and the optimum position of the ferrite
slab is about 0.1mm away from the waveguide edge. The sketch of 60GHz field

displacement isolator is shown in figure.
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Figure 3.9: 60GHZz field displacement isolator

3.9, and a 1mm long ferrite slab is also used in field displacement isolator. The
simulation result is shown in figure 3.10 implies that the field displacement isolator

works functionally at 60GHz.

-0.75
-1.00-
-1.25
-1.50
-1.75-

m a1

© ]
-2.00
-2.25-
-2.50]

2.75 —

-3

.00 +— - - T - T - T T T T T T T T
59.00 60.00 61.00 62.00 63.00 64.00
Freq [GHZz]

Figure 3.10: The performance of 60GHz field displacement isolator
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Comparing the performance of the three different isolators, it can be found that:

1. The DC magnetic bias of the E-plane resonance isolator is the smallest because of
the demagnetization factor, however the full height ferrite slab is difficult to realize in
SIW.

2. The performance of the field displacement isolator is good, but to achieve an
imaginary , e a large DC magnetic bias is needed; besides the resistive sheet need to be
placed at a precise location during the fabrication, which is difficult.

3. Compared to the other isolators, H-plane resonance isolator has the best
performance and the thin film ferrite slab is easy to realize in planar structure.

Based on these conclusions, H-plane resonance isolator is used in the next step for its

high performance and easy integration.

3.4 The Calculation of 60GHz H-plane Resonance Isolator

Based on the parameters of 60GHz SIW, the forward attenuation constant (a+) and
reverse attenuation constant (o-) of the ferrite isolator at 60GHz can be calculated.
However the position of the ferrite film on SIW will greatly influence the attenuation
constant, as a result the optimum position of ferrite film need to be found. Assume that
the width of ferrite film is 0.35mm (w/4) and the average thickness is 500nm (varies from
150nm to 1um), a model of ferrite isolator can be built as shown in figure 3.11, parameter

x is the midpoint of ferrite film.
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Figure 3.11: The sketch of 60GHz ferrite Isolator

Figure 3.11 shows that x varies from 0.15mm to 0.6mm. The result of attenuation

constants vs x is calculated and plotted in Matlab, as shown in figure 3.12.
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Figure 3.12: Attenuation Constants vs X
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From figure 3.12, it can be found that the minimum forward attenuation constant (a+)
appears at x=0.27mm. To fabricate a ferrite isolator with 10dB isolation, the length of the
slab should be 21mm, and the total length of the substrate including the microstrip lines

and the taper transitions is 29mm.

3.5 Fabrication

To make a 60GHz isolator based on SIW, a 0.25mm thick alumina substrate is
chosen. And to reduce the loss at high frequency, Platinum is used as the metal layer.
Two kinds of H-plane resonance isolators are designed to compare the performance, and
they are shown in figure 3.13. The structure in figure 3.13 (a) has only one ferrite film on
the top surface, while in figure 3.13 (b) the ferrite films are deposited on both the top and
the bottom surface of the SIW. Because the isolation depends on the ferrite load space

ratio, the two structures are expected to have different performance.

ferrite film metal layer
==
metal post
alumina substrate
\
ground
(@)
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Figure 3.13: (a) H-plane resonance isolator on SIW with single sided ferrite film; (b)H-

plane resonance isolator on SIW with double sided ferrite film.

The Nanofabrication Center is used to fabricate the 60GHz isolator.

The first isolator type with the ferrite slab on the top surface is first processed and the
process chart is shown in figure 3.14. First, the holes are metalized by sputtering
Platinum inside the holes array. To avoid the skin depth effect [48], the thickness of the
Platinum layer is chosen to be at least 1um. Next a 300nm thick BaM thin film is
deposited on both sides of the alumina substrate. The BaM layer is then etched to pattern
the BaM ferrite thin film on SIW. For the single sided ferrite isolator, the BaM ferrite
film on the bottom side is all removed while the top side is patterned with a 300nm thick

ferrite strip. For double sided ferrite isolator, both sides are patterned with ferrite strips.
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Figure 3.14: The fabrication process of 60GHz isolator based on SIW
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Compared to the fabrication of 60GHz SIW, the isolator need one extra step in the
fabrication, which is BaM etching. So before this fabrication step, an etching test is done
on BaM thin film,

First, the reactive ion etcher (RIE) was used for this test because the literature states
that the etching rate of BaM can be as high as 75nm/min [88]. However, the etching of
the ferrite film in the ion etcher was not successful. The reason is that ion etching of
ferrites requires a very low pressure (about 107 torr), however, the equipment in the
Nanofabrication Center could not satisfy this condition.

The next test used ion mill to etch the BaM thin film. Compared to the RIE, this
method normally has a much lower etching speed but it can etch almost everything. An
alumina substrate with 500nm thick ferrite coating is used, a half of the sample surface is
covered by photoresist (S1813). The Intlvac Nanoquest lon Mill Etching System
(Intlvac.Inc) is used for etching. The parameters are: beam V =200 V; beam | = 70 mA;
accelerate V = 24 V; etching time=30 minutes. After the etching, the photoresist is
removed by acetone and the surface profile is measured. The result is shown in figure
3.15. The lower area on the left side is the ferrite film after 30 minutes ion milling, the
higher area on the right side is the protected ferrite layer. The thickness difference
between the etched area and the covered area is about 2200 A. As a result the ferrite ion
mill etching rate is about 70 A/min. The noise is caused by the laser drilling roughness,

the peaks on the left end are the tapes used to identify the etching area. Since the etching
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rate for photoresist is about 20 A/min under the same condition, and photoresist is much

thicker than ferrite film, the ion mill method can be used for ferrite etching.

Recipe
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Figure 3.15: Surface profile of the alumina substrate with ferrite coating after ion mill

etching

After the holes are laser filled on the 0.25 mm thick alumina substrate, a 1 um thick

Platinum layer is coated inside the holes to make sure the holes are conducting. Then the

BaM film is deposited on the top and bottom surfaces. A ferrite strip is retained on top

surface with the ion milling, and the ferrite on bottom surface is all removed for single-

side ferrite isolator. The result is shown in figure 3.16. For double-sided ferrite isolator,
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the ferrite film on the back side is also patterned and the strip size is as same as the ferrite

strip on the top surface.

Figure 3.16: Alumina substrate with a ferrite strip on the top surface

After the ion mill etching, 1 um Platinum layer is deposited on the substrate. To avoid
Platinum coating on the sidewalls, tape is used during Platinum coating. As a result, the
microstrip line is a little shorter than the simulation. The final device is shown in figure

3.17.

-‘ “‘ e .

Figure 3.17: 60GHz isolator

3.6 Results and Discussion
In chapter 2, it was shown that the return loss of the 60GHz device with test platform
is under -20dB, and the insertion loss is also reasonable. The same test jig was used for

the SIW isolator test.

3.6.1 60GHz Test Setup
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The 60GHz SIW isolator with taper transitions and microstrip lines is inserted into
the hole inside the test platform, and copper tape is used to connect the SIW to the
isolator. A 77000e magnet (KJ-D4XO0DIA-N52, K&J magnet Inc.) was used as the
magnet bias. Figure 3.18 is a picture of the 60GHz H-plane resonance isolator based on
SIW with magnet bias in the test platform. The measurements were performed in a R&S

ZV A 67GHz vector network analyzer (Rohde & Schwarz Inc.).

- ———————————y. |
l“lm—“"' 3 )

Figure 3.18: 60GHz SIW isolator with test platform and magnet bias

3.6.2 Isolator with Single-side Ferrite Strip

The isolation of 60GHz with 300nm thick single ferrite strip is shown in figure 3.19
after the test platform and microstrip-taper-SIW insertion losses have been removed. The
maximum isolation occurs at 58.3GHz, which is close to 60GHz. The isolation is about -

8dB.
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Figure 3.19: Isolation of 60GHz isolator with single side ferrite strip

3.6.3 Isolator with Double-side Ferrite Strip

The second isolator has double-side ferrite strips. The total thickness of the ferrite
layers is 600nm. Figure 3.20 shows that the isolation can achieve -11dB at 58.3GHz. The
difference between the two isolators is caused by the different space ratio. The space
ration of the single-side ferrite is about 0.0003, while for double-side ferrite strip, this

value is 0.0006. With a larger space ratio, a better isolation may be achieved.

62



| st e
e ‘\
_2 N
-4
m 9
T ]
-84
10 -
[—-—isolation
-12 T T T T T T T T
57.0 57.5 58.0 58.5 59.0

Frequency (GHz)

Figure 3.20: Isolation of 60GHz isolator with double-side ferrite strips

The difference between the two isolators is caused by the different space ratio. With a
larger space ratio, a better isolation may achieve. Besides, the performance of H-plane
isolator is related to the location of the ferrite strip. The previous ferrite location
calculation assumes the ferrite thickness is 500nm. And the total thickness of double-side
ferrite strip is 600nm, which is closer to the simulation compares to the single side ferrite
strip (300 nm).

The isolator has its maximum isolation at 58GHz because the magnet bias used in the
test is 7700 Oe instead of 8100 Oe. Theoretically by increasing the magnetic bias, the

working frequency can be modified to 60GHz.

3.7 60GHz Microstripline Isolator
The aboved esults are based on SIW. To compare different planar isolators, a 60GHz

microstripline isolator is designed. The sketch of the isolator is shown in figure 3.21.
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Figure 3.21: The sketch of 60GHz microstripline isolator

The isolator is simulated by HFSS. The length is set to be 5mm. The simulation

results are shown in figure 3.22.
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Figure 3.22: Simulation result of 60GHz microstripline isolator
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From the simulation results, it is found that microstripline isolator has a smaller
insertion loss (1dB/cm) compared to the SIW (2dB/cm). However, the isolation of
microstripline isolator is much smaller (1dB/cm) than the isolation of H-plane resonance
isolator (4dB/cm). As a result, H-plane resonance isolator will be discussed in the next

chapter.
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CHAPTER 4
THE 60GHZ TUNABLE ISOLATOR
4.1 The Magnetoelectric Effect Coupling of Multiferroic Heterostructures

Magnetoelectric effect (ME) coupling is caused by the cross interaction between two
or more ferroic materials, the magnetic or electric properties can be changed by applying
an external electric or magnetic filed. Multiferroic heterostructures combine two or more
ferroic materials together. Reports found that the magnetic property and the electronic
properties are coupled in the multiferroic heterostructures, which caused a strong ME
coupling inside the heterostructure. So it is possible to control the magnetic property of
the multiferroic heterostructure by applying an external electric field [89-91].

The first type of the multiferroic heterostructure is the ferromagnetic-ferroelectric-
layered heterostructure [92-93]. This structure combines a ferromagnetic thin film
together with ferroelectric thin film. For this kind of material, an application of DC
voltage bias will cause a change of dielectric constant of ferroelectric layer, and this
dielectric constant change will bring a change of frequency in the hybrid magnetoelectric
mode, therefore the FMR frequency of the ferromagnetic layer will change [94].

The second type is the ferromagnetic—piezoelectric-layered-heterostructures [95-96].
This structure is composed by ferromagnetic thin film and piezoelectric thin film. For this
heterostructure, the stress of the piezoelectric layer will be changed with a DC voltage
bias; and then a stress change will also result in the ferromagnetic layer, which leads to a

change of magnetic property and a FMR frequency shift [97-98].
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Based on the thin film heterostructures, it is possible to make ferrite devices with
electric tunability. Besides, the thin film property makes the device easy to realize on a
planar structure especially for SIW. Compared to conventional tunable microwave
magnetic devices, which are tuned by magnetic fields, the electronically tunable
microwave multiferroic devices can be much more energy efficient, less noisy, compact,

and lightweight [99].

4.2 Thin Film Ferromagnetic—ferroelectric-layered Heterostructure

In this project, the ferromagnetic-ferroelectric-layered heterostructure is used. Reports
have been proved that the BaM/Pt/BST can produce a tunable FMR response at
millimeter waveband with a small magnetic bias [33]. Here, a thin film BaM/Pt/BST

heterostructure will be made and its magnetic performance will be measured.

4.2.1 Barium/Platinum/Barium Strontium Titanate (BST) Heterostructure

It is shown in the chapter 3 that BaM can produce a FMR response at millimeter
waveband with a small magnetic bias. Moreover, ferroelectric-based Ba;.xSrxTiO3 (BST)
has been widely used for microwave applications because its dielectric constant shows
nonlinear variation with an applied electric field [100-102]. The bias field dependent
dielectric constant makes it possible to make electrically tunable microwave devices. The
advantages of using BST for tunable microwave applications are its low loss, large
tunability, and adjustable Curie temperature through the choice of chemical composition

[103-104]. Some RF devices have been realized by this method [105-107]. Combining
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BaM and BST together, it is possible to make a tunable ferrite device working at
millimeter wave band with a small magnetic bias.

Besides, reports show that to help combine the BaM layer and the BST layer, a Pt
layer is needed [32-34]. Using this method, the 60GHz planar isolator can be electrically

tunable.

4.2.2 Fabrication Processes

The BaM coating used the same define (CSD) process in chapter 3. A 500nm thick
BaM layer is deposited on the alumina substrate first. Then a 50nm thick Pt layer is
deposited on top of the BaM layer. The Pt layer plays an important role in the oriented
growth of BST layer [33], it provides a good template for epitaxial BST growth so that
the mismatch between BaM layer and BST layer can be reduced to the lowest level.

The BST layer is also deposited on the Pt layer by CSD process. The optimized BST
precursor solution for dip-coating is prepared by dissolving Barium and strontium
acetates in D. I. water and 2 methoxyethanol (2MOE). The ratio of H20 to 2MOE is 1:4.
A small amount of acetic acid is added as stabilizer. Then stoichiometric amount of
Titanium (diisopropoxide) bis(2,4-pentanedionate) (TIAA), 75% in isopropanol, is added
into the solution. The concentration of the precursor solution is 0.02M. Using this method
a high quality BST layer is successfully coated on the substrate. This dip coating was
performed by Dr. X. Guo of Boston Technology Inc., Woburn, MA.

The SEM picture of the BaM/Pt/BST heterostructure is shown in figure 4.1.
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Figure 4.1: A BST/Pt/BaM/alumina heterostructure

4.2.3 Electric Tuning Characterization

To get the electric tuning characterization of the ferromagnetic-ferroelectric-layered
heterostructure, first the electric hysteresis loop of BST is measured using an alumina
substrate with BaM/Pt/BST coating. The electric hysteresis loop shows how the
polarization (P) changes with the external electric field (E). The P-E loop in figure 4.2
implies that the BST layer works functionally and the high polarization value is caused

by the high permittivity of the material.
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Figure 4.2: P-E loop of BST on alumina substrate with BaM/Pt/BST coating

To get the electric tuning characterization of the ferromagnetic-ferroelectric-layered
heterostructure, the dielectric properties of the BaM/Pt/BST layer on alumina substrate
are measured using an SR720 LCR Meter (Stanford Research System) and an XHR 150-
7 DC Power Supply (Xantrex). Test results in figure 4.3 shows that the sample shows
tunability with the DC voltage bias change, and the electric tunability of the structure can

be as high as 2.1MHz/V.
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Figure 4.3: Dielectric properties of BaM/Pt/BST varies with electric field: (a) dielectric

constant; (b) tunability; (c). dissipation factor

4.3 Voltage Biased Tunable Isolator

Based on the results in chapter 2 and chapter 3, to make a tunable 60GHz isolator
based on SIW, a 0.25mm thick alumina substrate is used. And to reduce the loss at high
frequency, Platinum is used as the conducting layer. The sketch of the device is shown in
figure 4.3. On top of the 60GHz SIW, first a BaM thin film will be deposited. After that,
a Pt layer will be coated. On top of the Pt layer, there is a BST layer. Finally, the Pt

electrode will be patterned on the BaM/Pt/BST heterostructure.
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Figure 4.4: 60GHz tunable H- isolator based on SIW with BaM/Pt/BST layers

4.4 Fabrication

The isolator is built on a 60GHz SIW with microstrip lines and taper transitions. A
0.25mm thick alumina sheet is used as the substrate. To meet on the 10dB isolation
requirement, the length the SIW is set to be 21mm. The whole structure is fabricated on a
26mm*4mm rectangular alumina substrate. And the holes of SIW are drilled on the
substrate by laser drilling.

The 60GHz tunable isolator based on SIW is fabricated by MEMS technologies.
Figure 4.4 shows the fabrication of the tunable isolator. To metalize the holes, firstly a
Platinum layer is sputtered inside the holes array. To avoid the skin depth effect [48], the
thickness of the Platinum layer should be larger than 660nm, so the thickness of the
sputtered Platinum is um. After the sputter, a 300nm thick BaM thin film is deposited on
top of the substrate by CSD process. The BaM layer is then etched into strip by ion mill.
After the patterning, a 50nm thick Platinum layer is sputtered on the ferrite strip to

develop the connect layer between BaM and BST. The other area is coated by a 1 um
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thick Platinum layer as the conducting layer of SIW. A BST layer is deposited on top of
the Platinum layer, and it is patterned by ion mill. Finally, the electrode, the microstrip
lines and the taper transitions are built by a lift off process.

<> Ion Etching

> Deposit metal inside holes L Remove photoresist

L~ Deposit ferrite ~0 Deposit metal film (50nm)

~LJ> Pattern photoresist

~ Ppattern photoresist
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Figure 4.5: Fabrication process of 60GHz tunable isolator based on SIW
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The final device is shown in figure 4.5 (a), a detailed look of the tunable isolator is
shown in figure 4.5 (b). As are shown in the figures, the device fabrication is done
successfully. The ferrite strip is underneath the bottom Platinum layer, and the BST layer
is coated on top of the 50nm thick bottom Platinum layer. The top Platinum layer is

served as the electrode for the test.

()

taper transitions bottom Pt layer

top Pt layer

microstrip line BST layer
(b)
Figure 4.6: (a) BaM ferrite strip on 60GHz SIW; (b) 60GHz H-plane resonance isolator

based on SIW
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4.5 Results and Discussion

The performance of the 60GHz tunable isolator based on the SIW is measured. Since
the size of the 60GHz device is small, it will be difficult to measure the performance
directly. As a result, the isolator is connected to the outside equipment through a test
platform. The test platform with the 60GHz tunable isolator is shown in figure 4.6 (a).
The test platform has a hole inside of it so that the isolator can be installed. The 60GHz
microstrip lines on the test platform connect the isolator to the 1.85mm connectors. The
test platform is built on a Rogers RT5880 substrate. The magnetic bias is a 77000e
permanent magnet (KJ-D4XO0DIA-N52, K&J magnet Inc.). Figure 4.5 (b) shows the

60GHz tunable isolator based on SIW with magnet bias in test platform.

!Il_‘liiiiU:HII'lh.l

| U i ||n|Tﬂ| |_|||||||||||

(b)

Figure 4.7: (a) 60GHz test platform; (b) 60GHz tunable isolator based on SIW with test

platform and permanent magnet
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The performance of 60GHz H-plane isolator is measured by R&S ZVA vector
network analyzer (Rohde & Schwarz Inc.). Since the insertion loss could not be measured
directly, table 1 shows the insertion loss of the 60GHz tunable isolator with and without
test platform. According to the test result, the insertion loss of the 60GHz isolator based
on SIW is about -4dB.

The performance of the tunable isolator with different voltage bias is shown in figure
4.7. The same structure for the isolator in chapter 3 operates at 57GHz instead of 60GHz
because of the 7700 Oe magnet. The 60GHz tunable isolator measurement result shows
that the isolation point changes with the voltage. Without any bias, the isolation point is
at 57.32 GHz, the isolation is about 13.01dB. With a 10V bias, the isolation point moves
to 57.305GHz, and the isolation changes to 12.85dB. By increasing the voltage to 20V,

the isolation point decreased to 57.295GHz, and the isolation is 12.44dB.
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Figure 4.8: Test results on 60GHz tunable isolator with (a) no DC bias; (b) 10V DC bias;

(c) 20V DC bias

From the test results, it can be seen that the isolator works functionally at 57GHz with
a 77000e magnetic bias, and the isolation is about 13dB. Besides, the frequency moves
with the voltage changes. The tuning rate of the device is about 1MHz/V. As same as the
60GHz H-plane resonance isolator in chapter 3, if the magnetic bias can be increased to
80000e, the working frequency will be increased to 60GHz. The results also prove that
the BaM/Pt/BST heterostructure shows an electronic tunability at high frequency, which

allows the design of ferrite tunable devices possible for wide bandwidth structures.
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CHAPTER 5
Conclusions
5.1 Summary

The main objective of the project is to develop a planar isolator working at 60GHz.
Using SIW technology, a 60GHz device with high performance and low cost can be
realized, also the planar structure makes it easy to be integrated into a subsystem. The
traditional planar isolator usually works under V band due to the low FMR frequencies.
The appearance of thin film BaM ferrite makes it possible to realize a FMR frequency at
the millimeter waveband, which allows the isolator working at 60GHz. Based on this
structure, a voltage biased isolator is realized. This tunable isolator employs the
multiferroic thin film heterostructure so that the dielectric constant of the device can be
controlled by the DC voltage bias.

In chapter 2, first a model of 60GHz SIW on alumina substrate with Platinum coating
was designed. Two types of SIW are simulated by HFSS, the single post rows and the
double post rows Although the simulation results show that SIW with double-layer-post
rows has a better performance, due to the fabrication limit, SIW with single-layer-post
rows is used. 60GHz microstrip lines and taper transitions are designed to connect SIW
with 1.85mm connectors. The SIW with different taper transition lengths are compared,
simulation results suggest that 3A/4 long taper transition can give the smallest insertion
loss. 60GHz SIW is fabricated by nanofabrication technologies, and the posts are
machined by laser drilling. A 60GHz test platform is developed to run the measurement,

because at high frequency the component size is too small to solder the connectors. The
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insertion loss and the return loss are measured by 60GHz vector network analyzer, results
show that the insertion loss of the SIW is -4dB and the return loss is under -20dB in the
working band.

Based on the results in chapter 2, a 60GHz isolator was developed in chapter 3. The
principle of ferrite device is first introduced. After that, a C-axis thin film BaM ferrite is
employed to realize self-bias property at 60GHz. VSM measurement shows that the thin
film BaM ferrite has a high anisotropic field compared to the traditional bulk single
crystal BaM. Besides, FMR linewidth is very narrow (around 110 Oe) from 58GHz to
63GHz with a small DC magnetic bias. Three types of ferrite isolator are simulated and
compared based on the magnetic properties of thin film BaM. Results show that H-plane
resonance isolator has the best performance. The optimized ferrite strip position is
calculated by Matlab to get the maximum isolation. Two types of H-plane resonance
isolator are fabricated. One has only one ferrite strip on top side, while the other one has
ferrite strips on both sides. A 7700 Oe magnet is used for the DC magnetic bias during
the test. Results show that the isolation of the single-side ferrite strip is -8dB while the
double-side ferrite strip achieves -11 dB. Both of the isolators operate at 58 GHz because
of the lower magnetic bias.

A voltage biased tunable isolator was realized in chapter 4. The electric tuning
property of multiferroic thin film heterostructures is first described. Then BaM/Pt/BST
heterostructure is introduced, experiment results show that this type of heterostructure
shows an electric tunability as high as 2.1MHz/V at 58GHz frequency. A tunable isolator

with BaM/Pt/BST is designed; the structure is as same as the 60GHz self-biased isolator
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with single-side ferrite strip except that the coating layer is BaM/Pt/BST other than BaM.
The device is built and measured at 57 GHz, it shows an electric tunability around

1MHz/V.

5.2 Conclusions

It was proved in this thesis that SIW is a promising structure for 60GHz
communication subsystems. Since the 60GHz SIW shows a low loss at the millimeter
waveband, it can be used for ferrite devices with high performance at high frequency.
The thin film BaM ferrite shows a narrow FMR linewidth and high anisotropic magnetic
field at 60GHz, which makes it a good choice for making ferrite devices at the millimeter
waveband. A H-plane resonance isolator with BaM thin film is realized and works
functionally at 58GHz. Even though a 7700 Oe permanent magnet is used, the whole
system is compact and low cost compared to the other isolators. Working at such a high
frequency a bulky and expensive electromagnet needs to be employed to make ferrite
device work, the permanent magnet choice is the better option. Based on the magnetic
properties of BaM, a BaM/Pt/BST multiferroic thin film heterostructures was developed.
Since the dielectric constant of BST can be modified with voltage bias, the whole
structure shows an electric tunability at high frequency. The results prove that the 60GHz
isolator with BaM/Pt/BST can be controlled by a DC voltage bias together with a DC
magnetic bias. With the voltage bias changes, the working frequency of the maximum
isolation point changes. The planar structure as well as the of ferrite isolator based on
SIW provide an opportunity to integrate the components into the 60GHz tiny chip-set
communication subsystem with high performance and low cost.
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5.3 Future Suggestions

First, other transmission lines can be used for 60GHz ferrite devices. Although SIW
shows a low insertion loss during the test, other types of waveguides such as coplanar
waveguide is also an alternative at millimeter waveband [145]. Besides, using these
transmission lines may avoid taper transitions, which add insertion loss to the system.

Second, the magnetic properties of BaM can be improved by using buffering layer
between BaM coating layer and the substrate [146-147]. Since the performance of the
ferrite device depends on the ferrite material, the buffer layer will help the adhesion of
the ferrite layer on the substrate, which will in turn decrease the defects of the ferrite
layer. In this way, the DC magnetic bias needed for measurement may be decreased so
that the ferrite device can work at 60GHz with a smaller magnet or even without magnet.

Third, there are two types of multi-thin film heterostructures for electric tuning, but
only ferromagnetic-ferroelectric heterostructure was studied. Several reports proved that
the ferroelectric-piezoelectric heterostructure can be used on RF components [148-150].
BST/PZT is such a heterostructure, and it has shown electric tunability at high frequency
and can also be used for voltage biased ferrite isolator [151]. Using this type of
heterostructure together with BaM can help the ferrite device work functionally at 60GHz
just as the ferrite isolator developed in chapter 4, and the performance of these two

isolators can be compared.
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