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ABSTARCT

A Micromachined Millimeter-Wave Radar Technology
for Indoor Navigation
by
Meysam Moallem
Chair: Kamal Sarabandi

A compact, light-weight, low-power MMW radar system operating at 240 GHz is
introduced to enable autonomous navigation of micro robotic platforms in complex
environments. The short wavelength at the operating frequency band (1.25mm @ 240
GHz) enables implementation of the radar front-end components on a silicon wafer stack
using micromachining techniques.

This work presents the design, fabrication technology, and measurement
methodology of components for the micromachined MMW radar and the phenomenology
of such radars in indoor environments. Novel passive structures are developed to realize a
fully micromachined radar front-end. Low loss cavity-backed CPW (CBCPW) lines (0.12
dB/mm @ 240 GHz), broadband transitions from the CBCPW line to rectangular
waveguide (IL<0.9 dB; RL>13 dB; BW: 39%), MMIC chip integration transitions, and
waveguide directional couplers are designed to fully integrate active and passive
components of the radar. Also a membrane-supported miniaturized-element FSS image-
reject filter (IL<0.6 dB in the passband; rejection>25 dB in the stopband) is developed for

MMW radar applications. The structures are designed compatible with micromachining
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technology and optimized for minimum insertion loss. The designed components are then
realized over a two layer stack of silicon wafers. Multi-step structures are realized on one
of the wafers and the membrane-supported features are implemented on the other wafer. A
novel multistep DRIE technique is utilized to enhance the profile quality of the fabricated
structures. Measurement techniques are developed to enable accurate and repeatable
characterization of the on-wafer components at MMW and higher frequency bands. A
novel waveguide probe S-parameter measurement technique is introduced for non-contact
characterization of the multi-port components using a two-port network analyzer.

To examine the utilization of the proposed 240 GHz radar for collision avoidance
and building interior mapping applications, the interaction of electromagnetic waves with
objects in the indoor environments is investigated. An instrumentation radar is utilized to
collect backscatter data from corridors in an indoor setting. The collected data is used to
form radar images for obstacle detection. The radar images are co-registered in a global
coordinate matrix to form a complete map of the interior layout. Image processing

techniques are used to enhance the final layout map.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Micro robotic systems have gained great interest in the past two decades due to
advances in microelectronic and MEMS technology (Figure 1.1). These small robots are
used for applications such as remote sensing in complex and hazardous environment, ad-

hoc sensor networks, and surveillance purposes [1-3].

(@) (b)

Figure 1.1 Micro robotic systems (a) a miniature autonomous rotorcraft (Mesicopter) [4],

(b) An autonomous 2.4g crawling hexapod robot (RoOACH) [5]
In Figure 1.2, an autonomous flyer is used to penetrate into a building, navigate
through the complex and cluttered environments to collect and transmit data, and finally
exit the building. To enable such application, the mobile platform requires a reliable sensor

suite to navigate in urban and indoor environment.



Figure 1.2 Autonoumous navigation in a complex setting

Inertial navigation systems (INS) are among the most popular navigation aids for
robotic applications. These systems use motion and rotation sensors (i.e. accelerometers
and gyroscopes) to calculate the position of the robot via dead reckoning [6]. With the
advent of MEMS technology, micro inertial sensors have been realized and
commercialized for a wide variety of applications [7]. However, the dead reckoning
technique suffers from integration drift which results in large errors in position due to
accumulation of small errors in measurement of acceleration. Global positioning system
(GPS) receivers are also among the most common sensors for navigation. However, these
receivers cannot operate in indoor and enclosed environment where the GPS satellite signal
is not available.

The major drawback with INS and GPS sensors is that they cannot navigate robotic
systems where the layout map of the environment is not known. For autonomous
navigation in unknown settings, range finding and collision avoidance technologies

including optical, ultrasonic and ultra-wide-band (UWB) systems have been used for



robotic applications. The characteristics of these sensors and the state of the art technology
for each method are presented in the Section 1.2.

Due to limited space, onboard power, and processing capability the sensors
mounted on micro autonomous robots must be low mass, compact size, low power, and
run with minimal processing resources. It will be shown while the size and power
consumption of the current sensors have been reduced over the years, they are still too
bulky and power hungry for micro robotic applications.

The micro robotic platforms are intended to operate in hazardous environment
where the atmosphere might be filled with smoke, dust, etc. Optical and camera-based
sensors fail to operate in such optically opaque environments. The sensor also needs to
detect smooth surfaces and obstacles (walls, doors, etc.) at oblique angles. Ultrasonic and
UWB systems have a very narrow detection angle which limits their application in an
indoor environment.

For autonomous navigation in a complex urban or indoor environment, an obstacle
detection sensor with high angular resolution (narrow beamwidth) is necessary to enable
detection of small passages and openings for the moving robot. For example, to detect an
opening of 1 foot width from 10 meters distance the angular resolution of the detection
device must be 2° or less in the azimuth direction (Figure 1.3). It will be shown that UWB
and low MMW (<100GHz) radars require very large antennas to achieve such narrow

beamwidth which makes them too bulky for micro robotic platforms.



Figure 1.3 A typical scenario in indoor navigation
A compact, light-weight, low-power navigation system with the ability to function
in poor atmospheric conditions is needed to enable the autonomous operation of micro
robotic systems in a complex environment. We have proposed a micromachined MMW

radar that encompasses all these requirements.

1.2 Current Navigation and Collision-Avoidance Sensors

1.2.1 LADAR Systems

Optical systems are among the most popular navigation and mapping systems used
for autonomous robots [8-11]. Laser detection and ranging (LADAR) is a remote sensing
technology that can measure the distance to a target by illuminating it with laser pulses.
The operating wavelength of LADAR systems is mostly in the range of 800-1000 nm.
Since the surface roughness of most obstacles and surfaces in the indoor environment is

much larger than the wavelength, light reflection is dominated by the diffuse component
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which is governed by Lambert’s cosine law [12]. This allows for object detection from
normal incidence up to near grazing incidence angles. Broad scanning angle and high
resolution make these systems suitable for indoor navigation and mapping. However,
application of LADAR systems for micro autonomous robots is mainly limited due to their

size and power consumption. A typical LADAR system block diagram is shown in Figure

1.4.
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Figure 1.4 A typical LADAR system block diagram [13]

While the recent advances in the CMOS technology have enabled realization of
high performance integrated optical receivers, the optical scanning module and the laser
transmitter make the overall system bulky and power consuming [13-16]. A state of the art
compact MEMS scanning LADAR system is shown in Figure 1.5. The camera box
dimensions are 3.5”x6”x11” with a weight 5.8 Ib. The power consumption is 30 Watts and
the system is passively cooled. [17]

In addition, similar to other optical systems their performance is hampered by
smoke and fog. The attenuation of optical wave in heavy fog or smoke can reach 1
dB/meter as shown in Fig. 1.6 which significantly limits the detection range of the optical

sensor. Other drawbacks include mechanical scanning and performance degradation in the



presence of ambient infra-red (IR) sources and in highly lit environment in which the

receiver saturates and degrades the detection range significantly.
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Figure 1.5 Commercial compact LADAR system for robotic applications [18]
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Figure 1.6 The measured attenuation

1.2.2 SONAR Systems

at optical band (a) fog, (b) smoke [19]

Another common method for indoor navigation and mapping is sound navigation

and ranging (SONAR) using ultrasonic range sensors [20-22].

Most SONAR sensors

operate using the time of flight (TOF) principle [23, 24]. In its most common form, it is a

single transducer, which initially operates as a transmitter, transmitting an acoustic wave



into the environment, and then switches its mode to that of a receiver in order to receive
the acoustic wave after reflection from an object [25]. There are certain drawbacks
associated with these sensors as well. Such sensors have limited range and suffer from
transducer’s poor efficiency due to impedance mismatch. They also require relatively a
large aperture (about 20 cm diameter for 2° beamwidth at 50 KHz), and mechanical

scanning. A state of the art commercial imaging SONAR system is shown in Figure 1.7.

Figure 1.7 Commercial ultra-compact imaging SONAR (Power requirement: 12 - 48V
DC at 4VA, weight: 324 grams) [26]

In addition, since the wavelength of ultrasonic ranging systems (6.6 mm at 50 KHz)
is larger than surface roughness of interior walls, the reflection from most indoor surfaces
is specular. Due to specular reflections, only perpendicular angles of incidence give correct
estimation of the range from a wall. It is also noted that due to significant difference
between the acoustic impedance of air and wall materials acoustic signal cannot penetrate

and thus volume scattering cannot contribute to the backscatter.



1.2.3 UWB Systems

Ultra Wide Band (UWB) radar systems at low microwave frequencies (f <10 GHz)
have recently been used for mapping in indoor environments [27-29]. However these
systems share some of the drawbacks of SONAR systems. Since the wavelength is much
larger than the surface roughness of indoor surfaces, the diffuse backscatter from these
surfaces is very small. This limits the scan angle of such radars close to normal angle. In
addition the antenna aperture needed for such systems to achieve narrow beamwidth is
exorbitantly large to be useful for small robotic platforms. Figure 1.8 shows a UWB radar
sensor unit. The dimensions of each sensor are 7.75” x 4.875” x 4.75” including antennas

[29].

Figure 1.8 UWB radar sensor unit [29]

Table 1.1 summarizes the characteristics of the current indoor navigation systems. To
overcome the problems associated with the current trends in indoor navigation of robotic
systems, the use of MMW radars for indoor navigation and mapping is proposed. The

characteristics of the proposed MMW radar are discussed in the next section.



Table 1.1 Characteristics of indoor navigation and range finding systems

Navigation Size, Weight and Operation in Detection angle
systems Power (SWaP) adverse condition
LADAR 89x152x29 mm* 2600 | Non-functional in Broad (near
grams, 30W [18] smoke, dust, ... grazing)
SONAR 58x68x79 mm?3, 324 functional Narrow (near
grams, 4W [26] perpendicular)
UuwB 200%120x120 mm?, functional Narrow (near
1.2W [29] perpendicular)
proposed 42x32x15 mm3, 5 functional Broad
MMW radar grams, 200 mW

1.3 MMW Radar Technology

With the advent of active and passive MMIC technology, there is an increasing

interest in developing integrated high millimeter-wave (MMW) and terahertz systems for

applications in ultra-fast wireless communication, vital-sign detection, and imaging [30-

32]. While fully integrated transceiver modules have been reported in the literature, the

integration of the antennas with the rest of the radar front-end remains a challenge. Some

of the reported on-chip transceivers utilize external directional large horn or dish antennas

which makes the radar to bulky for micro robotic applications (Figure 1.9).




(a) (b)

Figure 1.9 (a) A 77 GHz FMCW CMOS transceiver with horn antennas [33], (b) A 94

GHz CMOS 3-D image radar engine with dish antenna [34]

Fully integrated radar systems have also been reported in the literature [31, 35].
These systems typically have patch antennas implemented on PC boards (Figure 1.10).
There are two drawbacks associated with these antennas: 1) they have low efficiency at
high MMW and sub-MMW frequencies. Significant substrate loss in the PCB at these high
frequencies reduces the efficiency of the antennas, and hence, the overall radar system, 2)
for indoor navigation purposes where the intended operation environment includes narrow
hallways, the radar antenna is required to have a narrow beamwidth in the azimuth direction
to provide enough angular resolution for the radar to detect obstacles the hallway. To
achieve a narrow beamwidth a large array of patch antennas is required. This large array
increases the overall radar size (>15cm for 2° beamwidth at 60 GHz). The power loss in

the corporate feed also further reduces the radar efficiency.
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(b)

(a)
Figure 1.10 (a) 60 GHz CMOS Doppler radar with integrated patch antennas
(beamwidth> 40°) [31], (b) 77GHz FMCW radar system with patch array antennas

(beamwidth = 9°) [35]

1.4 The MMW Micromachined Beam-Stearing Radar

To overcome the difficulties associated with PCB antennas, we proposed a compact
and low-power micromachined MMW beam-stearing radar system. The schematic of the

proposed radar is shown in Figure 1.11.
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Figure 1.11 Schemetic of the proposed micromachined radar

The radar system is fabricated and assembled using silicon micromachining
techniques with an overall mass of 5 grams, a peak power of 200 mW, and operational
power of 6.7 mW for a one frame per second update rate, a field of view of £25° | an
angular resolution of 2°, a range resolution of 37.5cm, and an alias-free range of 400m.
The transmit and receive antennas are hybrid-coupled patch arrays fed by a slot-waveguide
travelling wave structure [36]. The beam steering is accomplished by frequency scanning
and the range resolution is obtained from the standard FMCW technique utilizing a chirped
signal waveform with step discontinuities. The specifications of the desired beam scanning

radar are listed in Table 1.2.
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Table 1.2 Beam scanning Y-band radar specifications

Micromachined FMCW Radar

Power

Weight
Dimensions
Wavelength

Peak Tx Power

Rx Sensitivity with
5dB SNR
Beamwidth
Antenna max
directivity
Waveform
Operating Frequency
Field of view
Alias-free range

Range resolution

200 mwW

5 grams
4.2x3.2x0.15=2 cm®
1.2 mm

10 dBm

-135 dBm

Az: 2° El: 8°

27 dB

Stepped FMCW
230 GHz-245 GHz
+25°

400 m

37.5cm

The short wavelength at high MMW frequencies (1.25mm at 240 GHz) enables
implementation of antennas and other waveguide-based components on silicon wafer using
micromachining techniques. This significantly increases the radar efficiency by
eliminating substrate loss associated with conventional PCB structures. On the other hand,

the active modules (20 GHz to 240 GHz source chain on the transmitter end and
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downconverting module on the receiver end) are implemented on chip using mHEMT
technology. The block diagram of the proposed radar is shown in Figure 1.12.

A wide band, low loss, and robust integration method is introduced to integrate the
active chips with the micromachined antennas. Micromachined passive components are

developed to enable full integration of the radar front-end as shown in Figure 1.13.

Multiplier chain chip Tx Antenna
(] o 1
I Amp Tripler Amp Doubler Amp Doubler Amp |

|
I
1
1
VvVCO 120GHz 20-60GHz 60GHz 60-120GHz 120GHz 120-240 GHz 240 GHz| : Directional
1
1
1
|

e e

Rx Antenna

|
IF Amp Y -

Figure 1.12 Block diagram of the proposed beam scanning 240 GHz navigation radar
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Figure 1.13 Passive components for radar front-end integration
To examine the utilization of proposed 240 GHz radar for collision avoidance and
building interior mapping applications, a study of the interaction of electromagnetic wave

with objects in the indoor environments is needed.
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1.5 MMW Radar Phenomenology in Indoor Environment

In recent years, MMW radars have been widely investigated for applications
ranging from automotive collision avoidance [37], to guidance systems for aircraft
landing[38, 39], target detection and tracking [40] and clutter measurements [41]. The
ability to penetrate poor weather, dust, smoke, cloth and other low loss but optically opaque
materials makes these radars suitable for navigation and surveillance [42-44]. The MMW
attenuation due to poor atmosphere is shown in Figure 1.14. The radars studied for these
applications typically operate at lower MMW frequencies (<100 GHz). However, little
investigation has been done for the application of radars operating at higher MMW and
sub-MMW. While having the ability to operate in poor weather, these radars have certain
advantages over the radars operating at lower MMW bands for indoor navigation and
mapping: a) reduction in size and mass of the radar allows developing small ultra-light
weight radars for navigation and mapping of micro-autonomous robotic platforms
operating in indoor settings, and b) since the typical wall surfaces such as drywalls are
smooth at MMW band, interior layout detection at oblique angles of incidence is only
possible if enough volume or surface scattering in the backscatter direction can be observed
from wall materials at oblique incidence by the radar. Since the size of inhomogeneities
within most walls (small air bubbles, micro cracks, etc.) and the wall surface roughness is
much smaller than the wavelength the backscatter (similar to Rayleigh scattering) is a very
strong function of frequency (~f*). This results in much higher backscatter at higher MMW

and sub-MMW frequencies compared to the backscatter at lower MMW frequencies.
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Figure 1.14 MMW attenuation in poor atmosphere (a) attunation due to dust in 1-m dust
tunnel [45], (b) attenuation in moist air [46]

Due to the nature of obstacles and targets in an indoor setting and the issues
confronted in navigation and mapping in such environment compared to other applications,
a thorough study is required to verify the applicability of these radars to indoor navigation
and mapping. The main targets in an indoor environment are relatively smooth surfaces
made of drywalls, tiles, wood, brick, concrete, adobe, etc. Many of these surfaces are
typically covered with a thin layer of paint (homogeneous dielectric) which makes the
surface appear even smoother. The scattering phenomenology of EM waves from such
targets has not been addressed before in other applications. In addition, as will be shown,
the specular reflection from these smooth surfaces is rather strong causing significant
multi-path among parallel and perpendicular walls in an indoor setting. The analogy for
the optical band is to perform path-finding and navigation in relatively small pathways with
mirror surfaces. To reduce the associated difficulties, the effect of the polarization on the
reflection from interior layout is investigated. In addition image processing techniques are

developed to eliminate the remaining effects in the final radar map.
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1.6 Dissertation Overview

This dissertation presents the design, fabrication and measurement technology of a
micromachined MMW radar and the phenomenology of such radars for indoor navigation
applications.

In Chapter 2, the design of the integrated micromachined MMW radar front-end is
presented. Novel passive components and structures have been designed to enable
integration of the front-end using micromachining technology: 1) a cavity-backed CPW
line (CBCBW) is designed and optimized for minimum loss with 50Q characteristic
impedance. This line has less than 0.12 dB/mm loss over the entire J-band (220GHz-
325GHz). 2) A broadband fully-micromachined transition from rectangular waveguide to
CBCPW line is presented. The transition from CBCPW to waveguide is realized in three
steps to achieve a broadband response with a topology amenable to silicon
micromachining. The first step is a tapered transition from the CBCPW line to a 50Q
reduced-height waveguide. The next two steps utilize a novel in-plane impedance tapering
technique to transition from the reduced-height waveguide to the on-wafer regular height
waveguide. The full transition has less than 0.9 dB insertion loss and more than 13 dB
return loss over the entire J-band (39% bandwidth). 3) A through-wafer chip mounting
configuration and transition from on-chip microstrip line to on-wafer CBCPW line is
designed to enable active chip integration. 4) Waveguide directional couplers are designed
to couple part of the transmit signal to receiver stage. Multiple apertures on the common
wall between the adjacent waveguides are designed and optimized to achieve high

directivity couplers over a broad frequency range.
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In Chapter 3, the microfabrication processes to realize the proposed components
and structures are discussed. The designed components are fabricated on two silicon wafers
using micromachining technology. The multi-step structures are implemented on one of
the wafers using the DRIE process. A new process to create multi-step structures based on
glass-in-silicon reflow technique is proposed to improve the loss performance of the
fabricated devices compared to the standard multi-mask method. The suspended lines and
slots are implemented on the other silicon wafer. These features are patterned on a thin
Si02/Si3N4/SiO2 membrane which is released from the wafer at the final stage. The two
wafers are bonded to form the complete structures using a gold-to-goldthemocompression
bonding technique. At each process stage, diffrenet methods have been investigated to
achieve the optimal sequence of processes.

In Chapter 4, the measurement technology for characterization of the designed
structures is presented. Novel measurement techniques are developed to enable accurate
and repeatable characterization of multi-port on-wafer components. First, a waveguide
probe measurement technique for characterization of two-port components is proposed.
This measurement technique is used to characterize the micromachined waveguides,
CBCPW line, the waveguide to CBCPW transition and the chip transition. Then, a non-
contact on-wafer S-parameter measurement technique for characterization of multi-port
devices at MMW and higher frequencies is presented. The proposed method enables S-
parameters measurement of multi-port micromachined devices using a two-port
measurement setup. In this method, a small fraction of the signal at each waveguide port
is weakly coupled to free space using a small array of reflection canceling slots which is

then measured by an open-ended waveguide probe. The S-parameters of the device-under-
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test (DUT) are calculated from the measured signals obtained from each port and from that
of a reference match waveguide. A broadband waveguide slot array antenna with high
return loss is designed as a matched load to terminate all ports of the device except the
input port.

Chapter 5 presents the development of a spatial image-reject filter for MMW radar
applications. A single-face, membrane-supported, miniaturized-element frequency
selective surface (MEFSS) is designed for image rejection of a MMW upconvertor mixer.
In this design, a new miniaturized-element patch-wire MEFSS configuration is proposed
to select the upper-side band (USB) response of a wave radiated from an upconvertor. The
proposed MEFSS produces a single pole and an adjacent transmission zero to suppress the
lower sideband. It is shown that the frequency response of this MEFSS can be predicted
by an equivalent circuit model and that the location of pole and zero can be tuned
independently with physical parameters. MEFSS elements are supported and protected by
a 10um thick low-loss polymer membrane which allows flexible handling and minimizes
substrate losses. The thickness of the metallic traces is increased to reduce the conductor
loss. A salient feature of this design is the low sensitivity of its frequency response to the
angle of incidence and the absence of a harmonic response. This feature allows placement
of the spatial filter in close proximity to radiating elements with spherical wavefronts. The
membrane-supported MEFSS is fabricated using a microfabrication method with
tolerances that allow such filter implementations up to terahertz frequencies. Performance
of the fabricated device is experimentally verified using a free-space measurement setup.

In Chapter 6, the application of MMW imaging radars for collision avoidance and

navigation of autonomous platforms in indoor environments is investigated. The
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polarimetric backscattering phenomenology of walls and doorways are studied to aid the
design of such radar systems. Polarimetric backscatter measurements of different wall
covers, such as dry-wall, concrete blocks, wood, etc., as a function of incidence angle are
carried out using a network analyzer operating at J-band. An instrumentation radar is setup
to collect backscatter data from corridors in an indoor setting. At each radar position, radar
range profiles for both vertical and horizontal polarizations as a function of angle are used
to form polar images for obstacle detection. It is shown that horizontally polarized incident
wave can generate higher backscatter level and less reflection from smooth walls at steep
angles of incidence and thus is the preferred polarization for this application. The polar
images at each location are then co-registered in a global coordinate matrix to form a
complete map of the interior layout. Feature extraction and image processing methods are
then applied to remove multipath and enhance the radar map of building interiors.

This dissertation concludes with a summary of its contributions and the future

directions for this research in Chapter 7.
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CHAPTER 2
MICROMACHINED RADAR INTEGRATION

All the passive and active components of the radar front-end must be implemented
or integrated on a single substrate to fully integrate the MMW micromachined radar. The
proposed radar front-end monolithic design is shown in Figure 2.1. Different components
and transitions are needed to enable embedding active components and fully integrate the
radar front-end. An on-wafer planar transmission line design is required to facilitate
transition from microstrip-based active chips to on-wafer components. A chip mounting
configuration and transition design to the on-wafer planar transmission line is required to
integrate the chips. A transition design from the on-wafer planar transmission line to on-
wafer waveguides is essential to complete the integration chain. Finally, a directional
coupler is required to couple part of the transmitted signal to the dowconvertor module.
The connections between these components in the radar front-end are shown in the block
diagram in Figure 2.2.

In this chapter, the design of passive components and structures for radar
integration is presented. The design challenges at higher MMW and terahertz bands are
discussed in Section 2.1. In Section 2.2, design of a novel low loss, non-dispersive,
membrane-supported planar transmission line optimized for high frequency applications is
presented. In Section 2.3, design of a broadband transition from waveguide to the planar
transmission line designed in Section 2.2 using a novel in-plane impedance trapeing
technique is presented. In Section 2.4, design of a through-wafer chip mounting

configuration and the required transition from on-chip microstrip line to the on-wafer
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tranmssion line is presented. In Section 2.5, design of micromachined waveguide

directional couplers for radar integration is presented.

Through-
Wafer Chip
Integration

Meanderline
Waveguide
Antennas

Waveguide to
CBCPW Transition

Waveguide
Directional
Coupler

Figure 2.1 The proposed radar front-end micromachined structure
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Figure 2.2 The proposed radar front-end block diagram

1.7 MMW/THZ Design Challenges

Designing passive components and structures is subject to certain challenges as the
frequency of operation increases to the high MMW and terahertz region. Standard
machining processes are utilized to fabricate passive components at microwave and low
MMW bands. To maintain the same specifications, the dimensions of structures are scaled
with the wavelength. As the dimensions shrink below certain level, standard machining
techniques and assembelies are not suitable due to: 1) low fabrication tolerance and, 2)
difficulties and high cost in assembly. Micromachining technology offers low cost, high-
tolerance, fabrication methods suitable for high frequency applications. However, in order
to fabricate components using the micromachining technology, the designed structures
must satisfy the constraints associated with this fabrication method. Designs with complex
three-dimensional structures, suspended parts, and arbitrary tapering in depth are not
compatible with micromachining techniques. On the other hand, as will be described in
Chapter 3, lithoghraphy and DRIE processes allow fabrication of structures with arbitrary

shapes in the horizontal plane (xy-plane) and discrete steps in height (z-axis). In addition,
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all these components and structures must have a compatible design which can be fabricated
with a single chain of microfabrication processes.

Another challenge in designing components for high frequency applications is the
power loss. Substrate loss and conductor loss limit the performance and efficiency of the
components at these high frequencies. Due to limited on-board power, the proposed
designs should be optimized to minimize the power loss associated with these sources of

loss.

1.8 Cavity-Backed CPW Lines

Coplanar waveguides (CPW) are the most widely used planar transmission line in
MMIC applications due to their simplicity of fabrication and integration of components in
series or shunt. However, there are some inherent drawbacks with the conventional CPW
design. These lines support quasi-TEM wave propagation which makes them dispersive
and limits their performance for wideband applications. They can also support substrate
higher order modes on relatively thick substrates. However, the most important factor that
limits the performance of planar transmission lines in general and CPW lines in particular
at sub-MMW and terahertz frequencies is the high insertion loss. Dielectric loss and ohmic
loss are the two sources of loss in planar transmission lines. Different techniques have been
used in the past to reduce the source of losses in CPW lines. Low-loss dielectric material
such as GaAs and quartz have been used to decrease the loss associated with the substrate
[47]. Thin polyamide films on silicon have also been used to decrease the substrate loss
[48]. Modified CPW structures have also been reported adopting micromachining

techniques to eliminate the substrate. V-grooved finite ground coplanar lines and
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microshield lines have shown much lower losses compared to conventional designs [49].
Other membrane-supported lines have also been reported in which substrate under the line
is removed, reducing the dielectric loss [50, 51]. In order to maintain certain characteristic
impedance for these lines, the gap size between the line and the ground must be
significantly reduced to compensate for the removal of the substrate in these substrate-less
lines. Reduction in the gap size cause two problems: 1) the gap realization becomes
difficult and sensitive to microfabrication errors; 2) the field intensity at the gap drastically
increases which results in significant increase in ohmic loss and limits the maximum power
handling on the line. Hence, low impedance (50€2) designs are usually not considered for
substrate-less membrane-supported designs reported in the literature [49-53]. However,
since active circuit modules and MMIC components are mainly designed based on 50Q
impedance, a transmission line with 50Q characteristic impedance is desirable to integrate
these components without mismatch problems.

The design of a 50Q, dispersion-less, planar transmission line optimized for
minimum insertion loss while maintaining single TEM mode propagation for sub-MMW
and terahertz applications is first presented here. The proposed CBCPW line is shown in
Figure 2.3 [54]. The center conductor is suspended over an air-filled metallic trench with
a thin dielectric membrane in this structure. Removal of dielectric substrate from the signal
path eliminates the dielectric loss. It also allows for pure TEM mode propagation

eliminating signal dispersion [55].
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Si02/Si;N,/Si02

Figure 2.3 The proposed cavity-backed CPW line; the optimized dimensions are: s =

210um, g = 45um, h = 46pum, w = 300um.
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Figure 2.4 Magnetic field distribution in (a) conventional 50 Q CPW line on silicon

substrate (b) cavity-backed CPW line. The color scale is the same for both figures.
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1.8.1 Design Characteristics

The metallic cavity ground under the center conductor offers a number of key

characteristics to this line which makes it unique for sub-MMW and terahertz applications:

1)

2)

3)

4)

5)

The ground on the bottom and sidewalls of the cavity result in a more uniform field
and current distribution on both the center and the ground conductors, as shown in
Figure 2.4. This reduces the ohmic loss which is dominated by the currents
concentrated on the edges of the center conductor and side ground strips;

The presence of the side ground strips together with the lower ground trench creates
a field distribution over the line cross section which is a hybrid of the conventional
CPW and microstrip modes. This makes the transmission line versatile with benefits
of both modes. The CPW mode allows for ease of integration of planar MMIC
devices which is the main purpose of this design. On the other hand, the microstrip
mode allows the design of the broadband transition from this line to the rectangular
waveguides, as will be shown in the Section 2.3.

The cavity confines the field to the metallic box eliminating substrate modes and
any higher order modes which might be excited at the discontinuities.

The added large capacitance between the cavity and the center conductor enables
an increase in the gap size between the center conductor and the side grounds while
maintaining a 50Q characteristic impedance which eliminates the aforementioned
problems with a small gap size.

The lower trench also ensures excitation of the proper mode of operation at the
junctions and eliminates the need for the wire bridges commonly used in traditional

CPW lines.
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1.8.2 Design Optimization

1.8.2.1 Conductor Loss in CBCPW

From the theory of general ideal two-conductor transmission lines, we know that
for TEM wave Maxwell’s equations reduce to Laplace’s equation. Hence, the electric and
magnetic fields are decoupled and it suffices to solve for electrostatic potential in the two-
dimensional transverse plane to find the transverse electric and magnetic fields on the line.

For non-ideal transmission lines, where the conductors have finite conductivity,
attenuation of the line is calculated using perturbation method. It can be shown that the
effect of finite conductivity in good conductors can may be accounted for by introducing
the surface impedance Z; where

1+j (2.1)

1/2
where 65 = (wiw) is the skin depth.

If the field distribution around the line and the current flowing along the line are
assumed to be the same as in the ideal case, then the power loss in the conductor per unit
length is

1

2.2
PL=—R55E U2l (22)
S1+S,

2

where S; and S, are the cross section of the line and the ground (the cavity and the side
grounds) respectively.
The attenuation constant can be found from the current distribution (J;) over the

line:
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where Z, is the characteristic impedance of the line.
From the above equation, it can be shown that the attenuation constant is minimized
if the current distribution is uniform on the conductor surface. The loss performance of the

transmission line, hence, can be optimized over the geometric parameters of the line.

1.8.2.2 Design Optimization using MOM

MOM techniques essentially solve integral equations where the unknown is the
integrand [56]. Here we are interested in the charge distribution on the line p(x,y) from

the integral form of Poisson’s equation:

o y) = 471TE jﬂ p(ﬂ:y) o (2.4)

In order to determine the potential distribution in the two-dimensional plane, we

represent the per-unit-length charge distribution over i-th conductor as a linear
combination of N; basis functions:

Ni (2.5)

pi = Z AikPik
k=1
The p;;, basis functions will be prescribed and the unknown coefficients a;; are to

be determined to satisfy the boundary condition that the potential over the i-th conductor
IS ¢;. The potential due to this representation will be a linear combination of the charge

expansion functions. It can be shown that using the point matching method, the integral

equation in (2.4) reduces to the following matrix equation:
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o =DA (2.6)
where @ is the vector of potentials and A is the vector of expansion coefficients of the
charge distribution. If D is known, (2.6) can be solved for A to find the charge distribution
on the conductors. Knowing the charge distribution p(x, y), all the characteristics of the
line can be calculated.

Hence, we have to find the elements of matrix D, d;;, which denote the potential
produced at the center of i-th subsection due to j-th charge filament. After a simple
integration, it can be shown for a filament lying on x axis:

, (2.7)

D;j = —ﬁ (xp +%) In ((xp +%) +y§)

(=) ((x, - 5) +92)

— 2w

Xp + %
+ 2y, | tan™?

Yo
w
Xp + 5
—tan~! | 22
Yp

1 (2.8)
Dy = %(1 _In (%))

where x, = x; —x; , Yp =Y — ;-
The 2D MOM code is developed and used to optimize the dimensions of the CBCPW line
structure, namely the line width (s), gap size (g) and cavity height (h), to minimize the

attenuation subject to Z, = 50Q. The width of the cavity (w) is limited to ensure suppression
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of higher order modes. The optimized dimensions are provided in the caption of Figure

2.3.
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Figure 2.5 Attenuation rate of the optimized CBCPW line using the MOM and HFSS
simulations
The performance of the optimized structure was verified using a full-wave
simulation (HFSS). The insertion loss of the optimized structure as a function of frequency
is shown in Figure 2.5. The phase velocity and characteristic impedance of the optimized
structure over frequency is shown in Figure 2.6. It is shown that these parameters change
by less than %1 over frequency. This indicates that the line only supports the TEM mode

and is indeed dispersionless.
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Figure 2.6 Normalized phase velocity and characteristic impedance of the optimized line
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Figure 2.7 Sensitivity of characteristic impedance of CBCPW line with respect to
misalignement
The sensitivity analysis of the optimized design with respect to fabrication tolrances
is also performed. The sensitivity of the characteristic impedance of CBCPW to
misalignment in the horizontal direction is shown in Figure 2.7. As can be seen the change

in Z, is less than 4% for 20um of misalignment.
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1.9 Impedance-Taper Waveguide to CBCPW Transition

The radar antennas have been designed and implemented based on micromachined
waveguides. On the other hand, active MMIC modules are implemented on planar
transmission lines. Hence, a reliable transition from on-wafer waveguides to planar
transmission lines is essential to realize fully integrated systems.

A number of transition approaches from planar transmission lines to rectangular
waveguide using microfabrication technology for W-band and higher frequencies have
been reported in the literature [57-59]. All these transitions have complex 3D geometries
which require assembly of various parts. Considering the dimensions in sub-MMW and
terahertz region, implementation of such transitions with acceptable accuracy becomes
very difficult. Hence, fully micromachined transitions which do not require assembly of
parts are preferred for these high frequency applications. A 2.5D fully micromachined
resonant-based transition is proposed in [60]. In this design, the transition is realized using
two resonant structures: a shorted section of transmission line with a pin inside the
waveguide and an E-plane step discontinuity. However, due to the resonant nature of the
transition, the fractional bandwidth is limited to 17%. In addition, the performance of the
transition is sensitive to good contact with the shorting pin and the waveguide step height
which are subject to micromachining tolerances.

Microstrip to rectangular waveguide transitions using impedance tapering technique
have been reported in the literature [61-63]. In these structures, a multistep ridged-
waveguide impedance taper is typically used to convert the quasi-TEM mode on the
microstrip line to the TEo1 mode in the rectangular waveguide. However, the particular

geometry of these designs where the ridged section extends over the planar transmission
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line (i.e. microstrip) cannot be easily fabricated with micromachining where both the
waveguide ceiling and the planar transmission line are at same level (wafer’s top surface).
Hence, for high frequency applications, a novel impedance taper transition is proposed
which is compatible with silicon micromachining.

Here the configuration and the design procedure for developing a full-band
transition from CBCPW line to rectangular waveguide are presented. It should be
emphasized that the transition topology is chosen in such way that can be easily fabricated
using silicon micromachining. To achieve a broadband response, the transition is realized
in three steps. The first step is a tapered transition from CBCPW line to a reduced-height
waveguide with the same impedance. The second and third steps are novel in-plane wedge

impedance tapers from the reduced-height waveguide to the final waveguide height.

1.9.1 Characteristic Impedance in Waveguides

As will be shown, the design of the proposed transition is based on matching the
characteristic impedance (Z,) of the transmission lines at each step. Therefore, the
characteristic impedances of these transmission lines must be defined first. For TEM
transmission lines (e.g. CBCPW line), Zo is defined by

vt (2.9)

Zo=77
where V* is the voltage between the two conductors and I* is the conduction current in
the propagation direction. This definition uniquely defines the Z, in a TEM tranmssion
line since the voltage between the conductors (V* = — [ E.dl) is independent of the

integration path. However, in rectangular waveguides V* can not be uniquely defined and

is a function of integration path.
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Other expressions have been used to define the chracateristic impedance in

waveguides based on power flow:

1) PI definition: _ P (2.10)
Zp = e

1) PV definition: y+? (2.11)
Zpy =~

where P is the power flow in the direction of propagation. In this application, the PI
definition is used since it gives the best agreement between transmission line theory and

full-wave analysis.

d >y

Figure 2.8 The rectangular waveguide
For the TEoz mode in the waveguide shown in Figure 2.8, we have:

s
E, =E, sinax exp —ifz (2.12)

T 2.1
H, = w_,uOEO sinay exp —ifiz (2.13)

where § = 27" 1-— (L)Z.

2a

Hence,
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Zpy = —(— =
L 8a

It can be noted that with this definition the characteristic impedance is propotional to the

height of the waveguide (b).

1.9.2 CBCPW to Reduced-Height Waveguide Transition

The first step of the complete transition is a transition from the CBCPW line to a
rectangular waveguide with the same height as the cavity (trench) height is proposed (see
Figure 2.8 (a)). The TEM mode on the CBCPW line is converted to the TEo: mode in the
reduced height waveguide in this transition. This transition is enabled due to the fact that
the electric field distribution in the CBCPW cavity resembles that of the TEo1 mode in
waveguide. In addition, the width of the reduced height waveguide is tapered to achieve an
impedance match with the CBCPW line. The transition dimensions are optimized for
minimum insertion loss and maximum return loss. Full-wave analysis of the transition
shows more than 15 dB return loss and less than 0.7 dB insertion loss over the entire band

(see Figure 2.9 (b)).
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Figure 2.9 CBCPW to reduced-height waveguide transition: (a) schematic (b) full-wave

analysis results. Optimized waveguide width is wy = 800um.

1.9.3 In-Plane Impedance Taper Transitions

To get to the standard waveguide height (WR-3), stepped transitions with an in-plane

impedance taper is used. The standard approach to change the waveguide height is to
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gradually taper the waveguide height, but this cannot be easily implemented. The proposed
stepped and in-plane transition requires only two height transitions to taper the impedance
of the reduced-height waveguide (50 Q) to the impedance of the WR3 waveguide (340 Q).
Considering that a limited number of steps (preferably less than 4 steps) can be realized
using multi-step micromachining technique (see Chapter 3), the height of the waveguide
cannot be tapered since the step discontinuities in the height of the waveguide (and the
impedance) do not allow a wideband transition between the two waveguides. On the other
hand the lithography process allows fabrication of in-plane features with fine features.
Utilizing this characteristic, an in-plane wedge transition, as shown in Figure 2.10, is

proposed to create the desired impedance taper.
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Figure 2.10 Schematic of the in-plane wedge impedance taper
In this transition, the step heights between the waveguides (h1, h2) are tapered along the
width of the waveguide (w). The cross sectional view of the wedge transition is shown in

Figure 2.11 (a). Impedance analysis of this structure shows that the characteristic
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impedance (Zc) smoothly increases as wt increases (Figure 2.11 (b)). To maximize the
transition bandwidth, this technique must be used in at least two steps: 1) from reduced-

height waveguide (h1=46um) to h,=200um, 2) from h1=200um to h,=430um.
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Figure 2.11 (a) Cross-sectionel view of the in-plane wedge impedance taper, (b)
characteristic impedance versus width of the deep waveguide (w:) (h1 =46um, h;
=200um)

The complete 3-step transition is shown in Figure 2.12 (a). The length of the two wedge
transitions are optimized for maximum return loss over the band. In addition a width of the
reduced-height waveguide is tapered to the final waveguide width in the combined
transition. Full-wave analysis of the transition shows less than 0.9 dB insertion loss and
more than 13 dB return loss over the entire J-band (see Figure 2.12 (b)). The return loss of
the transition can be improved by increasing the taper length (t1 and t2) or adding more in-

plane step transitions.
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Figure 2.12 Complete 3-step transition: (a) schematic with optimized dimensions: t; =
1000pum, t; = 2000um, tz = 1500um; (b) full-wave analysis results of the optimized

structure
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A major advantage of this transition is that it can conveniently be scaled for
terahertz applications. The processes used for the fabrication of this transition offer
sufficient accuracy making the design and microfabrication method suitable for extension

of the design to higher frequencies.

1.10 Chip Integration

Integration and packaging of active components with the on-wafer micromachined
antennas and other passive components is a significant step in the development of the fully
integrated MMW radar. As shown in the block diagram of the proposed radar (Figure 1.12),
a multiplier chain source is needed to upconvert the output signal from the 20 GHz VCO
to feed the antenna on the transmitter channel. A downconverting module (compromised
of an LNA, an amplifier, and a mixer all at 240 GHz) is also needed in the receiver channel.
A transition from these chips to the on-wafer components is needed to complete the signal
chain in the radar front-end.

Conventionally, the active components have been assembled into waveguide-fed

blocks which are bulky and not compatible with micromachining technology (Figure 2.13).

41



Four screws used to Alignment pin holes for
tighten these two pieces : micromachined circuits
- Piece two = Choke flange

- Mated with

| standard WR-3

waveguide
flange

Piece one

Calibraliol_'l block

Figure 2.13 Integration of active circuits into metal blocks [64]

To overcome the issues with the conventional methods, a wide band, low loss, and
robust integration method compatible with the micromachined radar structure is introduced
to integrate the active chips with the on-wafer passive components. This integration method
is implemented in three steps as shown in Figure 2.14. The design of the CBCPW line and
the CBCPW to waveguide transitions have been presented in the last two sections. The last

link needed to complete this chain is an effective transition from the MMIC chip to the

CBCPW line.
CBCPWto | | |wmi i
e | chip _ : Mlcromac!1|ned
" — [ —CBCPW [—waveguide [~ waveguide
chips | (| Fransttio transition | | | components

b -

Figure 2.14 The required components for integration of MMIC chips with

micromachined radar front-end
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A thru wafer chip integration configuration is proposed to complete the signal chain
from active components to the antennas as shown in Figure 2.15. In this method the back
side of the bottom wafer is patterned and etched to create openings to insert the MMIC
chip. The chip is supported from the top by the extension of the top wafer over the opening

and fixed in the hole from bottom with a support (i.e. a piece of Styrofoam).

Top wafer
Si02/Si3N4/Si02 “H
_—
—
Au Chip

Bottom wafer

i

support

Figure 2.15 The proposed thru wafer chip integration configuration
An RF transition is needed to enable signal transmission from on-chip microstrip
line to the CBCPW line. A DC bias path is needed for active MMICs. The design shown
in Figure 2.16 is proposed and optimized for minimum insertion loss in the radar operating
band. The transition is comprised of a small section of a small-width 502 CBCPW section
and extensions of membrane-supported signal and ground conductors overlapping with the

pads on the MMIC chip.
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Figure 2.16 The proposed transition from MMIC chip to CBCPW line

Full-wave analysis of the transition is performed in HFSS. The performance of the
transition is dependent on two variable parameters: 1) distance from chip edge to the
opening wall (d), 2) gap between the chip metal traces to membrane-supported traces (g).
Sensitivity analysis results subject to this two parameters is shown in Figure 2.17.

To enhance the transition performance as well as for accurate GSG probe
measurements of the MMIC chips, the launch pad design on the chips must be optimized
for minimum mismatch loss and substrate mode excitation. Analysis of the current pad
design on the chips provided by BAE systems shows poor performance at the radar

frequency band. An optimal launch design on the chips is presented in Appendix A.
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Figure 2.17 Performance of the chip transition with respect to parameters d and g (a)

insertion loss, (b) return loss
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1.11 Directional Couplers

Directional couplers are essential components in the design of RF and microwave
systems. As shown in the radar block diagram (Figure 1.12), a single chip is used to provide
the 240 GHz signal for both transmitter and receiver to maintain the coherence of the signal
in the radar system. Thus, a directional coupler is required to divide the power between
transmit antenna and the input to the downconvertor chip on the receiver side. A tight
coupling factor (less than 10 dB) is required to provide enough power to drive the mixer
on the receiver side.

A wide variety of couplers have been invented and characterized in the past.
Coupled line directional couplers based on planar transmission lines are of great interest
for MMIC applications due to their simple integration and inherent compatibility with
planar circuits. Initially, we designed a micromachined coupled line directional coupler
based on the optimal CBCPW line with tight coupling factor (4.4 dB) for the
micromachined radar. The proposed design is compatible with the micromachining
technology and can be integrated with the radar front-end through CBCPW line. The design
of this novel coupler and an on-wafer CBCPW matched load for coupler characterization
is presented in Appendix B. Waveguide couplers are another widely used type of
directional couplers. These couplers typically have better efficieny compared to coupled
line couplers. The microfabrication described in Chapter 3 and the measurement technique
described in Chapter 4 allows for fabrication and characterization aperture-coupled
couplers. In the next section, design of multiple aperture waveguide couplers with wide

band performance and high effieciecy is presented. One of this waveguide couplers are
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selected for the MMW radar front-end due to the better performance and simpler

fabrication compared to the proposed coupled line CBCPW coupler.

1.11.1 Waveguide Couplers

Waveguide directional couplers are of interest for sub-MMW and terahertz
applications due to their low loss and simplicity of integration with other micromachined
components. The coupling is achieved through apertures on the common wall between the
two adjacent waveguides in these couplers. The multi-step etching process allows
realization of multiple apertures with arbitrary heights along the common wall between
two adjacent waveguides. Multiple-aperture couplers have been extensively studied in the
past [65-67]. The coupling mechanism in an adjacent waveguide coupler with multiple
apertures is shown in Figure 2.18. The input power to port 1 is coupled to the adjacent
waveguide through the apertures. The quarter-wavelength spacing between the apertures
results in cancellation of coupled powers in the backward direction (port 2) and addition of
these signals in the forward direction (port 3). A non-uniform taper of the coupled

amplitues is typically used to enhance the bandwidth of the coupler [66].
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Figure 2.18 Illustration of wave coupling in an n-aperture coupler [65]

47



3 dB coupler 10 dB coupl
pler 10 dB coupler
L0305 GEL) (220- 325 GHz) (230- 245 GHz)

o

Figure 2.19 Micromachined sidewall aperture couplers:

1) 230-245 GHz 10-dB coupler (c1=2.76 mm, Wa 1= Wa5=0.4 mm, Wa>= Wa4= 0.42 mm,
W,,3=0.495 mm)
2) Full-band 10-dB coupler (c2=4.36 mm, Wa,1= W3,10=0.31 mm, Wa2= Wa9= 0.33 mm,
Wa3= Wag=0.36 mm, Was= Wa7=0.375 mm, Wa5= Wa=0.385 mm)

3) Full-band 3-dB coupler (c3=9.785 mm, Wa 1= Wa22=0.335 mm, Wa 2= Wa21= 0.34 mm,
Wa 3= Wa20=0.345 mm, Wa 4= Wa 190= 0.35 mm, Wa5= Wa18=0.355 mm, Wa 6= W417=0.36
MM, Wa7= Wa 16=0.365 mm, Wag= W,,15=0.37 MM, Wa 9= Wa,14=0.375 mm, Wa,10=
W,,13=0.38 mm, Wa11= Wa12=0.385 mm). h,=0.2 mm for all apertures.

Following the design procedure for non-uniform aperture arrays, different
directional couplers with different bandwidths and coupling coefficients are designed.
These designs are then optimized using full-wave simulations. Figure 2.19 shows the
optimized design of three different couplers: 1) 10-dB coupler (230-245 GHz) for the
MMW radar integration, 2) 10-dB coupler (220-325 GHz), 3) 3-dB coupler (220-325

GHz). The first coupler is designed for integration with the proposed radar front-end. The
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two other couplers full band designs that can be utilized for wideband application. The

simulated performances of the optimized designs are shown in Figure 2.20.
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Figure 2.20 Simulated performance of the optimized couplers: (a) 230-245 GHz 10-dB

coupler, (b) Full-band 10-dB coupler, (c) Full-band 3-dB coupler

1.12 Summary

The design and optimization of the micromachined components needed for the
MMW radar has been discussed in this chapter. The designed components and transitions
are compatible with micromachining technology and can be fabricated using the same set
of microfabrication processes. The fabrication and characterization of these components

are described in Chapter 3 and Chapter 4 respectivly.
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CHAPTER 3
THE MICROFABRICATION PROCESSES

In this chapter, the microfabrication processes for realization of the micromachined
radar structure are presented. As discussed in Chapter 2, the passive components (e.g. the
waveguide antenna, CBCPW, CBCPW to waveguide transition, chip integration, and
waveguide coupler) are designed in such a way that they can be fabricated on the same
wafer through the same series of microfabrication processes.

The fabrication of the micromachined radar components is performed on two 4”
silicon wafers. The schematic steps of the radar integration process are shown in Figure
3.1. The rectangular waveguide antenna and the other multi-step (2.5 dimensional)
structures are realized on a 1-mm thick silicon wafer that is named “bottom wafer”. DRIE
multi-step etching processes are used to realize these structures. The top cover for the
waveguide-based structures, suspended CBCPW line, and the antenna slots are realized on
a 0.25-mm thick silicon wafer that is named “top wafer”. The suspended features are
implemented on a thin dielectric membrane (SiO2/SizN4/SiO2). The two wafers are then
bonded using a gold-to-gold thermocompression bonding technique to form the complete

micromachined structure.
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Figure 3.1 General diagram of the radar microfabrication processes: (a) The bottom

wafer, (b) The top wafer, (c) Bonded wafers
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1.13 Bottom Wafer

As shown in Figure 3.1 (a), the fabrication of the bottom wafer involves three major
steps. In the first step, the multi-step components are etched on the top side of the wafer
using a deep reactive ion etching (DRIE) process. The second step is etching through the
wafer from the backside to create openings for chip integration. In the last step, the surface

of the wafer is coated with a layer of gold.

1.13.1 DRIE Multistep etching

The DRIE method is a highly anisotropic etch process suitable for creating deep
features with vertical walls in silicon substrates. In the Bosch process which is utilized
here, the vertical structures are achieved through repetition of a two-phase cycle: 1) the
standard plasma etch with SFe flow, 2) deposition of a passivation layer with flow of C4Fs
gas.

The standard method to create multi-step structures is to use multiple-masks as
described in [36]. In this method, to achieve an N-step structure, the wafer is patterend
successively with N different mask layers (Figure 3.2 (a)). The N step is etched first and
then the N mask is removed to continue with the (N-1)"" step etch. This process is repeated
to realize all the N steps (Figure 3.2 (b)-(g)). For our application, three different mask layers
are used to realize three-step structures. Silicon dioxide (SiO2) layers are deposited and
patterned as masks for the first and second step etching and photoresist (5um thick SPR

220) is used as the mask layer for the third step etching.
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Figure 3.2 Multi-step etching using the multi-mask method [36]

Further examination of the micromachined waveguides fabricated using this
method revealed that this process can cause roughness and irregularities in the transitions
between successive DRIE steps on the sidewalls as shown in Figure 3.3. This roughnesses
increase power loss along the waveguide and since the beam scanning antenna is comprised

of meanderline waveguides the overall efficiency of the antenna will deteriorate.
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Figure 3.3 SEM photo of the transition between DRIE steps
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1.13.11 The Glass-in-Silicon Reflow Technique

A novel method for multi-step etching of the silicon wafer based on a glass reflow
technique was proposed and investigated to improve the sidewall surface quality. The
glass-in-silicon technique has been used for the packaging of microsystems [68]. The
schematic diagram of the steps for this method is shown in Figure 3.4. In the first step, a
thick photoresist layer (10um thick AZ 9260) is spun on the wafer and patterned with the
mask for the deepest trenches on the wafer (Figure 3.4 (a)). The sample is then etched to
the final desired depth using a single DRIE run (Figure 3.4 (b)). In the next step the trenches
are filled with glass. This is done by anodically bonding a borosilicate glass wafer to the
silicon wafer under vaccum at 300°C and 1000V (Figure 3.4 (c)). The bonded wafer is then
heated at 750°C (Figure 3.4 (d)), where the vaccum in the trenches pulls in the glass (see
Figure 3.5). At this stage the surface of the bonded stack is highly nonplanar. The excess
glass is removed using mechanical lapping to reach the silicon surface (Figure 3.4 (e)). A
subsequent chemical-mechanical polishing (CMP) step is necessary to prepare the surface
for the next lithography step. Next, the surface is patterned with the second mask and
etched to the desired depth (Figure 3.4 (f)-(g)). The glass in the trenches is removed
using a wet etching process in hydrofluoric acid (Figure 3.4 (h)) to realize a two-step
structure. Steps (c) to (h) can be repeated to add another step each time for multistep
structures. Alternatively, since steps other than the main waveguide part form a very small
fraction of the meanderline antenna array, these steps can be realized with multiple masks
without adding much to the overall loss of the array due to sidewall roughness. The
waveguide sidewalls fabricated using this method is shown in Figure 3.4. Surface profile

measurements using introferometry shows less than 1um roughness on the sidewalls.
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Figure 3.4 Process flow diagram of multistep etching using glass reflow technique
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Figure 3.5 Waveguide trenches filled with glass

Figure 3.6 Multi-step structures fabricated using glass-in-silicon reflow technique
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1.13.1.2 Side-Wall Smoothing

A wet chemical oxidation process is employed in order to further reduce the
sidewall roughness on the multi-step micromachined sample. The phenomenon of
roughness reduction by oxidation smoothing is explained by the Gibbs—Thompson relation
[69]. The relation signifies that the chemical potential of a surface is dependent on the
curvature of the surface. Essentially, the peaks of a rough surface have a higher reactivity
than the troughs of the roughness. The differential reaction rate occurring on a rough
surface results in roughness amplitude reduction. In other words, the smoothing is mainly
due to the isotropic nature of oxidation. The surface is oxidized in the wet oxidation furnace
at atmosphere pressure and 1100°C temperature. It takes 9 hours to reach 2um oxide
thickness. The oxide layer is then stripped in hydrofluoric acid. This process can be
repeated to further smooth the sidewalls. The sidewall profile after one oxidation process

shows that roughness is less than 0.5um as shown in Figure 3.7.

Surface Profile

0.010

Profile Stats

Figure 3.7 Sidewall profile after oxidation
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1.13.2 Backside Through Etch

As shown in the chip integration design, the MMIC chips are inserted form the
backside of the wafer. The openings are etched from the topside of the wafer down to the
depth of the waveguides (430um) with dimensions equal to the size of the chips. The
backside of the wafer is patterned with the openings of much larger size to facilitate the
chip insertion process. The mask layer for the backside etch is a 10 um thick AZ 9260
photoresist layer. The backside opening patterns are aligned with the top patterns using the

backside alighnment technique.

1.13.3 Metalization

The last step in prepration of the bottom wafer is to cover the surface of the
micromachined structurs with a conducting material. Gold is selected as the coating
material due to its unique characteristics: high conductivity, resistanse to oxidation, and
compatibility with the thermocompression bonding process. Before gold deposition, a
barrier layer (silicon dioxide) is deposited on the surface to stop silicon diffusion into the
gold layer during the high temperature bonding process. Sputtering is used for gold
deposition to ensure sufficient coverage on the sidewalls (50% sidewall coverage). A thin
layer of Titanium (1500°A) is sputterd as adheision layer. Then 1.5um of gold is sputterd

to ensure complete coverage of sidewalls.
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Figure 3.8 The bottom wafer after metallization (a) couplers, (b) chip integration

transitions

1.14 Top Wafer

The patterns of the CBCPW center conductor, the transition to reduced-height
waveguide described in Chapter 2 and the waveguide openings and slot arrays described
in Chapter 4 are implemented on the top wafer. Since in design of these features are
suspended over the bottom wafer structures, these patterns must be realized over a thin

membrane which will be released from the silicon wafer.
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1.14.1 Free-Standing Membrane

The membrane required for this application should be very thin to minimize its
effect as a dielectric layer on the performance of the designed structures. At the same time,
it should be strong enough to be released over relatively large areas. In addition, it should
withstand the high temperature (~400°C) of thermocompresion bonding process. A 1 um
thick low-stress stack of SiO2/SisN4/SiO film is selected which encompasses all the above
mentioned characteristics. The stack is deposited using low-pressure chemical vapour

deposition (LPCVD) process.

1.14.2 Gold Patterning

The features are patterned on the top wafer using a lift-off process. This technique
is selected over standard wet etching process since it can create features with the sharp
edges and high resolution required for this application. In this method, first a layer of
photoresist (5um thick SPR220) is spun over the wafer and patterned with a mask with the
complement pattern of the actual features. Then the metal layers (Cr 500°A / Au 5000°A)
are evaporated over the surface. Evaporation method is used for metal deposition since it
has very poor sidewall coverage which is essential for the lift-off process. Finally, the metal
layer over the patterned areas is lifted-off by removing the photoresist in a solvent (acetone,

nanostrip, etc.). The lift-off steps are shown in Figure 3.9.
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Figure 3.9 Process flow diagram of lift-off process

1.14.3 Membrane Release

The silicon substrate must be etched over the features down to the membrane layer
to release the suspended structures. The SiO2/SisN4/SiO2 layer on the backside of the top
wafer is patterned with the desired openings over the features. The openings are aligned
with the topside features using backside alignment. The openings are then etched using

DRIE. Fabricated top wafer samples are shown in Figure 3.10.
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(b)

Figure 3.10 Top wafer after membrane release (a) The membrane supported CBCPW line

and the waveguide to CBCPW transition (top view), (b) slot array antennas (back view)

(see Chapter 4)

1.15 Au-Au Thermocompression Bonding

The bottom and top wafers are aligned and bonded using Au-Au
thermocompression bonding to form the completed structures. This bonding process
ensures continuity of current flow between top and bottom surfaces of thewaveguides and
structures. The bonding is performed under approximately 2000 kPa pressure and 380°C
temperature for 40 minutes [70, 71]. The quality of the bonding between the surfaces is

visually inspected by checking the cross section of diced waveguide sections (Figure 3.11).

63



(@) (b)

Figure 3.11 Cross-section of diced waveguide sections (a) outside view (b) inside view

1.16 Summary

The microfabrication steps for realization of the components for the proposed
MMW radar are discussed in this chapter. Fabrication of the components is performed on
two silicon wafers. DRIE techniques are used to create multistep structures on the bottom
silicon wafer. A novel multistep etching process using glass-in-silicon reflow technique is
utilized to enhance the sidewall profile quality. The membrane-supported features are
realized on the top silicon substrate. The two substrates are ultimately bonded to form the
complete structures. The characterization of the fabricated structures is described in the

next chapter.
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CHAPTER 4
MMW AND SUB-MMW ON-WAFER MEASUREMENT
METHODOLOGY

1.17 Introduction

In recent years, significant efforts have been made towards development of active
and passive components for sub-MMW and THZ radars and communication systems in
recent years. Waveguides are of particular interest to realize passive components at these
high frequencies due to their low insertion loss and high power handling capability
compared to planar transmission lines. Mechanical machining cannot provide the needed
accuracy and flexibility in fabrication of RF front-ends for sub-MMW band and above. For
this reason various waveguide-based passive components are being developed using silicon
micromachining [57, 64, 72-76]. However, measurement and characterization of such
components has always been a serious challenge.

In this chapter, novel measurement methods for characterization of on-wafer components
are presented. In Section 4.2, the conventional methods for on-wafer S-parameter
measurement and their limitations are discussed. Then a novel on-wafer waveguide probe
measurement technique is proposed in Section 4.3. This measurement technique is used to
characterize the micromachined waveguides, CBCPW line, the waveguide to CBCPW
transition and the on-wafer chip transition. A novel non-contact S-parameters measurement
technique for characterization of multi-port on-wafer devices is proposed in Section 4.5.

First the theory of the measurement technique is described based on the circuit model. Then
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the design of the coupling slot array and the analysis of the probe measurement
configuration are presented. A broadband matched load is realized by a micromachined
waveguide slot array traveling-wave antenna. This measurement technique is utilized to
characterize the micromachined waveguide directional couplers. Finally, a summary of this

chapter is presented in Section 4.6.

1.18 Conventional Measurement Methods

1.18.1 GSG Probes

Ground-signal-ground (GSG) probes have been conventionally used for
characterization of on-wafer planar components. We initially utilized this method to
characterize the micromachined components. The GSG probe measurement setup is shown
in Figure 4.1 (a). A transition from the CBCPW to on-substrate conventional CPW is
required to enable measurement of the micromachined components using GSG probes. The
design of this transition is presented in Appendix A. In order to perform measurements,
GSG probes are brought into contact with the corresponding pads on the wafer as shown

in Figure 4.1 (b).
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(b)

Figure 4.1 (a) GSG probe measurement setup (220GHz-325 GHz), (b) the probe tips in

contact with the on-wafer pads
However, application of these probes at high frequencies are severely limited due
to the errors associated with probe tips and the pad parasitics, probe positioning,
unbalanced ground currents, contact resistivity [77-80]. These probes also have a limited

lifetime due to wear and damage to the gold contacts resulting from repeated use [79]. The
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on-wafer calkits needed for calibrating GSG probe systems are also very sensitive and

subject to wear and damage due repeated contact with probes.

1.18.2 Test Fixtures

The other common method for characterization of micromachined components is
dicing and mounting the individual components onto a test fixture with standard waveguide

flanges [64, 72-75] (see Figure 4.2).

Piece 11
PTFE Screw

4 alignment pin
holes

(a) (b)
Figure 4.2 Examples of test fixtures for characterization of micromachined components
[64, 74]

This method is subject to measurement errors due to misalignment and fixture
imperfections. Calibration of rectangular waveguides at high frequencies is also very
sensitive to waveguide aperture dimensions and mechanical alignment [81]. In addition,
characterization of many components on a single wafer using this method would take

significant amount of time and effort.
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Figure 4.3 Schematic of the proposed waveguide probe measurement technique

1.19 The On-Wafer Waveguide Probe Measurement Technique

A novel waveguide probe measurement method is developed in collaboration with
another student in our research group to circumvent the issues associated with the GSG
probe measurements at MMW and higher frequencies. In this technique, waveguide probes
are used to perform full S-parameter characterization of the transitions. The schematic of
the proposed method is shown in Figure 4.3. An E-plane transition from the horizontal on-
wafer micromachined waveguides to the vertically directed WR-3 waveguide is designed.
The top wafer is etched over the E-plane transition to enable direct contact of the
waveguide probe with the on-wafer waveguide. The openings on the top wafer have the
same dimensions as those of the WR-3 probe cross section to facilitate the probe alignment

with the on-wafer waveguides.
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Figure 4.4 E-plane transition (a) schematic (b) full-wave analysis results of the

optimized structure (hp = wp= 230um, It =540pm)

1.19.1 E-Plane Step Transition

The transition consists of a width taper section followed by an E-plane bend with a

single step to the vertical WR-3 waveguide, as shown in Figure 4.4 (a). The height and
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width of the step (hy ,wp) and the taper length (l;) are optimized to achieve maximum return
loss over the entire J-band. Full-wave analysis of this transition shows more than 13.5 dB

return loss and less than 0.3 dB insertion loss in the entire J-band (Figure 4.4 (b)).

1.19.2 Waveguide Choke

As can be noticed in Figure 4.3, the thin dielectric membrane on the top wafer does
not allow direct electrical contact between the waveguide probe and the on-wafer
waveguide surface. In addition, the interface between the probe and the waveguide opening
may be uneven due to mechanical cut of the waveguide probe which can result in a non-
perfect contact between the two surfaces. This imperfection can result in reflections and
resistive loss by interrupting the currents on the waveguide walls. This also affects the
repeatability of the measurement method since the return loss at contact point would be a
function of the electrical contact quality.

A waveguide choke on the cross section of the waveguide probes is designed to
solve this problem. A waveguide choke presents low input impedance where it meets the
broad wall of the waveguide. Figure 4.5 shows the cross section view of a probe with choke
where it meets the wafers surface. The quarter-wave shorted stub presents a high
impedance at the wafer surface:

72 4.1
Z1=0, Zzzll_)oo ( )

where Z,,; is the characteristic impedance of the vertical stub. Therefore, there would be
low impedance (Z,) at the transition point from the waveguide probe to the on-wafer probe

regardless of the quality of the contact between the surfaces (Z¢):
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Figure 4.5 Cross section view of the waveguide choke
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Figure 4.6 The optimized choke design with the parameters specified for WR-3

waveguide

The choke is designed on the cross-section of the probe to form an effective radial
transmission line in the narrow gap between the two surfaces. The design includes a short
at the bottom of the milled slot, a quarter wave stub to an open at the bottom edge of the
figure and a final quarter wave transition to a short at the edge of the waveguide. The design

parameters have been optimized to minimize return loss over J-band (see Figure 4.6). Full-
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wave analysis of the optimized structure shows return loss better than 20dB over the J-

band for a 20um gap between the two surfaces as shown in Figure 4.7.
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Figure 4.7 Performance of the choke connection with 20um gap between the two surfaces

Grooves are milled using an electrical discharge machining (EDM) technique to
fabricate the choke on the probe cross section. A thin single-strand metal wire, usually
brass, is fed through the work piece, submerged in a tank of dielectric fluid, typically

deionized water [82]. The fabricated choke is shown in Figure 4.8.

Figure 4.8 Choke milled on the cross-section of waveguide probe
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(b)

Figure 4.9 (a) The waveguide probe measurement setup (b) custom-made WR-3

waveguide probe

1.19.3 Measurement Setup

The measurement setup is shown in Figure 4.9. An Agilent N5245 4-port
Performance Network Analyzer (PNA) is used along with OML MMW frequency
extending modules to perform full 2-port S-parameter measurements at J-band. Two
custom-made waveguide probes are connected to the OML frequency extenders. The two
frequency extending modules are mounted on micropositioners to allow accurate

positioning of the waveguide probes on the wafer. The probes are accurately positioned
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over the waveguide opening on the wafer and brought in contact with the surface to perform

S-parameter measurements.

Figure 4.10 On-wafer waveguide calibration kits. The calibration kits includes three

standards (shorts, line, and thru) to perform TRL calibration. Calibration kit #1 calibrates
the system up to the on-wafer waveguides. Calibration kit #2 calibrates the system up to

the CBCPW lines.

1.19.4 Measurement Results

To calibrate the system for characterization of the transition and CBCPW line, two
sets of TRL calibration kits are fabricated on the wafer as shown in Figure 4.10. Calibration
kit #1 which includes the E-plane transitions and calibrates the system up to the on-wafer
waveguides is used for characterization of the transitions. Calibrated S-parameter
measurement of a 1-cm long waveguide section is shown in Figure 4.11 (a). It is shown

that the calibrated return loss is more than 20 dB over the entire band.
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Figure 4.11 (a) Calibrated measurement of an on-wafer waveguide section (length=1cm)
(b) Simulated and measured reflection and transmission coefficients of back-to-back
CBCPW to rectangular waveguide transition

Calibrated S-parameter measurements of the back-to-back transition are presented
in Figure 4.11 (b). The measured results show good agreement with the full-wave analysis
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results. Calibration kit #2 which includes the back-to-back transitions and calibrates the
system up to the CBCPW line is used for characterization of CBCPW lines. Measured
attenuation of the fabricated CBCPW line is in good agreement with the simulated results

(see Figure 4.12).
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Figure 4.12 Simulated and measured attenuation of the CBCPW line

1.20 Chip Integration

As described in Section 2.4, a thru-wafer chip packaging structure is designed to
enable integration of active chips with the radar front-end. The active chips are developed
by BAE systems using 50 nm MHEMT Technology [83, 84]. The MMIC modules are
implemented on a 55 pm thick Indium-Phosphide (InP) substrate.

Delay lines implemented on 55 um thick InP substrate are acquired from BAE
systems to test the performance of the chip integration structure, (Figure 4.13). The delay

line chips are dropped into the openings from the backside of the wafer. The top side view

7



of the chip after insertion into the opening shows excellent alignment of the chip with on-
wafer traces as shown in Figure 4.14. The measured performance of the chip transition is
shown in Figure 4.15. The return loss of the transition is more than 14 dB and the insertion
loss is about 2 dB in the 220-270 GHz band. The excess insertion loss compared to the
simulations is mainly due to current microstrip line design on the chips which supports
higher order modes. To further improve the current transition performance, BAE systems

is modifying the design on their chips to the optimal design presented in Appendix A.

- -

Figure 4.14 The top view of the thru-wafer transition with the after chip insertion. The

launch pads on the chips are in perfect alignment with the on-wafer transition traces.
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Figure 4.15 Insertion loss and return loss of the chip transition shown in Fig. 4.14

1.21 The Non-Contact S-Parameter Measurement Technique for

Characterization of Multi-Port Components

Characterization of multi-port components, such as directional couplers, hybrids,
power splitters, etc., using two-port measurement systems require independent
measurements of pairs of ports one at a time while all the other ports are terminated with
matched loads. Since matched loads are usually integrated with the device, identical
devices must be fabricated with different ports terminated with matched loads in order to
complete the S-parameter measurements [85, 86]. Thin-film resistors are typically used as
on-wafer loads to terminate the desired ports. Performance of thin film resistors, however,
degrade rapidly as the frequency is increased due to parasitic effects, thus limiting their

application to frequencies below 60 GHz. Precision waveguide loads are required to
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terminate the desired ports to characterize devices attached to test fixtures,. These loads are
difficult to realize for sub-MMW and terahertz bands and cause the same errors mentioned

for waveguide calibration [81].

VNA-Port 2

Waveguide

N-port device  Port3

Port 2

slots

VNA-Port 1

Figure 4.16 Schematic of the proposed multi-port S-parameter measurement technique
using two-port measurement system

In this Section, a novel S-parameter measurement method for characterization of
on-wafer multiport devices and components is developed to circumvent the
aforementioned difficulties associated with high frequency device measurements. The
proposed method requires a two-port vector network analyzer (VNA) with the ability to
perform S-parameter measurements in the desired frequency band. The schematic of the
proposed method is shown in Figure 4.16. The input port (port 1) of the multi-port device
is fed with port 1 of the VNA. The input power at port 1 and the output power at the other

ports of the multiport component are measured by port 2 of the VNA through a coupling
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mechanism using an open-ended waveguide. ldentical rectangular slots are fabricated over
the micromachined waveguides to couple a small fraction of the input/output power at each
port. A waveguide probe is used to measure the amplitude and phase of the coupled signal
from the slots at all ports including port 1. All the output ports are terminated with on-
wafer micromachined loads to avoid reflections. The S-parameters of the device can then

be calculated using the measured signals collected by the waveguide probe.

1.21.1 Theory

The complete scattering matrix of the N-port device must be measured using a two-
port VNA to characterize an N-port device. In the conventional method, N(N-1)/2 device
test configurations must be arranged with a 2-port VNA in order to fully characterize the
scattering matrix. In each configuration, two ports of the device are connected to the VNA
and the rest are terminated with matched loads. For symmetric devices (e.g. directional
couplers), the device can be fully characterized by measuring a single column of the
scattering matrix. This requires measuring N — 1 different device configurations using the
conventional method.

In our proposed technique, a single column of the scattering matrix of an N-port
device can be retrieved based on N non-contact VNA transmission (Sy4) measurements
for a single device measurement configuration (see Figure 4.16) plus a reference non-
contact measurement of the input (port 1) structure which is terminated with a matched
load. The input port can be excited using any method (GSG probe, waveguide connection,
etc.). This way the response of the excitation method (return loss and insertion loss of the

input transition) can be removed from the S-parameter measurements.
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Figure 4.17 The circuit model of the proposed S-parameter measurement method (a) N-

port device measurement configuration, (b) reference measurement configuration

The circuit model for the proposed N-port device measurement and the reference
measurement are shown in Figure 4.17. As mention before, a number of small rectangular

slots on the broad wall of micromachined waveguides are used as a coupling mechanism.
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The rectangular slots over the waveguides at each port are modeled as transformers that
couple a very small portion of energy to the free space (n > 1, § « 1). The coupled signal
is proportional to the total signal in the waveguide at the slot location. It is important that
these slots be designed in such a way as to minimize the reflection in the waveguide (<-
20dB). The outputs of the other ports are terminated with matched load Z,, to ensure:
a, =0, m=*1 (4.3)

The measured signal at port 2 of the VNA is the coupled signal from the slots to a
near-field waveguide probe at an exact height and lateral position with respect to the slots
at each port. Thus the measured S»1 of the network analyzer for each port of the N-port

device can be written as:

VNA Ca(al + bl) (44)
521,1 = a—1

cdb 4.5

SyNA = . T o om=1 (4.5)

1

In the measurement configuration shown in Figure 4.17 (b), the input port is
terminated with matched load Z,, and hence:
by =0 (4.6)
for the reference waveguide transition. Since the excitation method and the position of the
slots are identical to the input port of the N-port device, the measured S»; of the reference
waveguide transition is equal to:

21,ref a;

The coupling coefficient ¢§ is a complex number which is equal for all the
measurements since the slots positions are at the reference planes (designated port location)

and the probe position are kept identical with respect to the slots.
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The input power to the device is the input power from port 1 of the VNA minus the
power radiated by the slot (ka,, k = 1). Hence, the S-parameters of the device are:

b
sb, = k—c’l”l m=1,..,N (4-8)

From (4.4) and (4.7), the return loss of the device is computed from:

o _ b, _lsg’ﬁf—sgfﬁgf (4.9)
Y kay ko SYNAL

And from (4.5) and (4.7), the rest of the S,,,; parameters of the device are found to be:

o bm 1 Sy m (4.10)
™ ka,  kSyNA.

As indicated by (4.9) and (4.10), the S-parameters of the device can be derived from the
VNA transmission measurements and parameter k. It will be shown in Section Il that the
coupled power to the coupling slots is very small over most of the full band (k = 1). Fora
better estimation of the S-parameters, the simulated value of k will be used in (4.9) and
(4.10).

For a non-symmetric N-port device, only N-1 other device configurations are
required where the n'" port is connected to the input of the VNA and the rest of the ports
are terminated with matched loads. This is by a factor (N-1)/2 smaller than the conventional

method that requires N(N-1)/2 device configuration measurements.

1.21.2 Coupling Slot Array Design

Here the design and analysis of the slot array and the probe measurement
configuration for J-band is presented. It is known that electromagnetic energy may be

coupled to free space by creating small apertures at suitable location on a waveguide.
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However, the insertion of slot apertures also creates reflection in the waveguide. This
reflection can cause error in the calculations presented in Section 4.5.1. To solve this
problem, an array of small slots is designed as shown in Figure 4.18 (a). The size of the
array is optimized to achieve maximum reflection cancellation from individual apertures
and minimize the total reflected power. The optimized coupling slot array is composed of
14 closely spaced small slots occupying an area of 555pum x 300pm (0.5A x 0.27A at 272
GHz). Full-wave analysis of the optimized design shows more than 20 dB return loss over
the entire J-band. The transmitted power through the waveguide (k in Section 4.5.1) is

more than 99% of the input power at 220 GHz and drops to 85% at 325 GHz.

(@)

85



0 I N

------ Reflection

-10 — Transmission
~
m
o
N
S
S -20 e
.": ’,4'
C heee il
o [Tl
cEG ~~~~~~ . i
'30 > e P =
‘s\ ":
“‘i I/
\s\ ’/'

-4
820 240 260 280 300 320
Frequency (GHz)

(b)

Figure 4.18 (a) Schematic of the optimized 14-slot array (a = 860um, b = 430um, Is =
300um, ws = 35um, g=5um), (b) Reflection and transmission of the waveguide section
with slots

The simulated coupled power from the slot array to free space as received by a
WR-3 open-ended waveguide probe is shown in Figure 4.19. The probe is positioned at a
short vertical distance (300um) over the slot array. The probe position is adjusted precisely
in the horizontal plane to maximize the coupled power to the probe. Figure 4.19 (b) shows
the reflected, transmitted and coupled power versus the position of the waveguide probe in
the horizontal plane with respect to the center of the slot array. The return loss in the
waveguide is more than 25 dB and the transmission into the waveguide varies by less than
0.1 dB for all probe positions in the 2x2 mm? area around the slot array. This ensures that
the presence of the probe does not perturb the measured characteristics of the DUT. The

maximum coupling (S31) is achieved when the probe is located at (200um, 0) with a power

86



coupling factor of about -12 dB. The coupling drops rapidly in all direction as the probe
moves away from the maximum coupling position. The coupling drops down to below -25
dB when the probe is outside 1-mm radius of the slot array. This ensures that, if the slot
arrays are far enough from each other, the radiated power from the other ports do not couple

to the probe over a given port and cause measurement errors.
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Figure 4.19 (a) The optimized 14-slot array schematic, (b) Reflection (S11), transmission
(S21), and the coupled power to waveguide probe (S31) versus the position of the

waveguide probe with respect to center of the array (Xp,yp) (hp=300um, f=300 GHz)

1.21.3 Match Load Design

The output ports of the multi-port device must be terminated with good loads
having a very low reflection in order for the proposed measurement approach, as described
in Section 4.5.1, to work properly. A radiating load is the easiest to implement in terms of
bandwidth, lack of parasitics, and compatibility to micro-fabrication. Here, a traveling
wave slot array over the broad-wall of the waveguide is considered for terminating the
ports. To achieve a broadband response over the entire J-band, the array is implemented

in multiple sections. The first section is an array of small slots that shows a good return
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loss at the higher end of the band. The length of the slots (Is) is increased gradually to
increase the radiated power by the slots at lower frequencies while maintaining a high
return loss over the band. Finally, the last section is composed of two very large slots which
radiate the remaining power in the waveguide. The dimensions of the slots and length of
the array are optimized to achieve the maximum return loss for the minimum length of the
array over the full band. Full-wave analysis shows the optimized load has more than 22 dB
return loss over the entire J-band as shown in Figure 4.20. In this implementation the length

of the antenna is 11.1mm.
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Figure 4.20 (a) The matching load based on slot array over micromachined waveguides
(optimized dimensions: tj=11.1 mm, ls1=300 um, 12=320 pm, 13=360 pm, 154=380 pum,
1s5=400 pm, ls6=550 um, Ws1=Ws2= Ws3= Ws4= Wss=30 um, wss=500 um), (b) simulated

return loss of the optimized load

1.21.4 Coupler Measurements

To characterize the couplers designed in Section 2.5, using the proposed
measurement method, the output ports of the couplers (through, coupled, isolated) are
terminated with the matched load described in Section 4.5.3. The radiating slots on each
port are separated by more than 5 mm to ensure little coupling between the coupling slots
and the radiating loads. The input port is connected to an E-plane transition to enable
excitation of this port using the waveguide probe described in Section 4.3. Figure 4.21
shows the schematic of the test configuration. It is noted that the input structure for the
coupler and the reference waveguide are identical to meet the requirement stated in Section
4.5.1.
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Isolated

Coupled

Figure 4.21 Schematic of the test configuration for coupler characterization

The measurement setup is shown in Figure 4.22. The two-port J-band measurement
system described in 4.3.3 is utilized to perform full two-port S-parameters. One of the
custom-made waveguide probes is connected to the waveguide port of one of the frequency
extenders (port 1) to excite the device through an E-plane transition. Another open-ended
waveguide probe is connected to the port of the other frequency extender to measure the
signal from the coupling slots. The open end of this probe is tapered to minimize the
reflections at the probe cross section. The location of this probe over the slot arrays is
obtained by adjusting its position until a maximum signal is measured by the network

analyzer.
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Figure 4.22 The measurement setup; the signal coupled from the waveguide through the
slot array is measured with the near-field probe. The frequency extenders are mounted on
micropositioners to enable manipulation of the probe positions in three dirctions.

The measured and simulated characteristics of the three fabricated couplers are
shown in Figure 4.23 (a)-(c). The measured return losses of the couplers are shown in

Figure 4.24. Repeating the experiment multiple times, it is noticed that the measurements

are highly reliable and repeatable.
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Figure 4.23 Through (1/S21), coupling (1/Ss1), and directivity (S31/Sa1) of the directional
couplers: (a) 10-dB coupler (230-245 GHz), (b) 10-dB coupler (220-325 GHz), (c) 3-dB

coupler (220-325 GHz)
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Figure 4.24 Return loss of the directional couplers

1.21.5 Sensitivity Analysis

The accuracy and repeatability of the measurements are subject to two sources of
error; 1) VNA measurement uncertainties, 2) probe positioning error. The uncertainties in
VNA measurements due to thermal noise, drift of the local oscillators, temperature stability
of active components, phase stability of the cables connected to the frequency extenders,
etc., cause error in the S-parameter measurements. These uncertainties have been studied
before [87] and are present in any measurement technique that utilizes VNAs for
measurements. The accurate lateral position of the probe with respect to the slots can cause
error by changing the coupling factor (c§) from one measurement to other. The vertical
distance from the probe to the slots does not affect the S-parameter calculation since it is
kept the same for all the measurements.

We have performed 6 measurements of a single coupler to study the reparability of

the proposed method. The input port connection and the waveguide probe are repositioned
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each time to capture the waveguide positioning error. The measured magnitude of the S-
parameters of the 10-dB coupler is shown in Figure 4.26 (a). The coupled and thru signal
(S31 and S21) have a variance of about 0.2 dB around the mean. The variations in return
loss and isolation (S11 and S41) are larger since these signals are weak and dominated by
the thermal noise. The phase difference between the coupled and thru signal is shown in
Figure 4.26 (b). The measured phase differences are within £5° of the expected 90° value.

The normalized standard deviations of the coupled and thru are shown in Figure 4.26.
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(b)
Figure 4.25 (a) Repeated measurement of a 10-dB coupler, (b) the phase difference

between the coupled signal and thru signal
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Figure 4.26 Normalized standard deviation of repeated measurements of S21 and S31

1.22 Summary

In this chapter, new S-parameter measurement techniques were developed to enable
accurate and repeatable characterization of on-wafer components at MMW and higher
frequency bands. The current measurement techniques and their limitations at high
frequency bands were presented. To overcome the difficulties associated with these
techniques, a new waveguide probe measurement technique was proposed. An E-plane
transition was micromachined on the wafer to enable measurement of the on-wafer
components using this technique. A waveguide choke was machined on the probe end to

ensure perfect electrical connection at the contact point. The micromachined waveguides,
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CBCPW line, and waveguide to CBCPW transition were measured using this technique.
A non-contact S-parameter measurement method for characterization of on-wafer multi-
port devices using a two-port VNA is presented to characterize the fabricated directional
couplers. The proposed method is based on sampling the magnitude and phase of the signal
at each port. In this method, a small fraction of the signal at each port is coupled to free
space using an array of reflection canceling slots and measured using an open-ended
waveguide probe. It is shown that the S-parameters of the device under test can be
calculated using the measured signals at each port. A broadband waveguide slot array
antenna with good return loss is utilized as the matched load to terminate all ports except
the input port of the device. The measured results are in good agreement with the
simulations which indicates the accuracy of the proposed measurement method. It is shown
that the proposed S-parameter measurement approach for sub-MMW is accurate,

repeatable, far easier and faster than the conventional method.
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CHAPTER 5
MMW IMAGE-REJECTION SPATIAL FILTER

1.23 Introduction

MMW and sub-MMW radar front-ends typically have a harmonic mixer to
upconvert a modulated IF signal to the desired RF transmit frequency. For example, the
block diagram and output spectrum of the Y-band instrumentation radar which is utilized

for phenomenology study in Chapter 6, is shown in Figure 5.1.

To NWA

R

) . , D
LO Image signal RF signal converlor
Up convertor :
1 i ™ From NWA

Figure 5.1 The spectral output of the Y-band instrumentation radar system

The Harmonic mixer nonlinear intermodulation creates different mixing products
of LO and IF signals. Among these signals, the image signal has the highest amplitude and
is downconverted into the same band as the RF signal. Mixture of these signals in the
receiver can cause a significant error in radar measurements. To avoid measurement errors,
a bandpass filter is required to provide high isolation between adjacent bands of the RF
signal and its image.

Waveguide and planar MMIC filters have been traditionally used in communication

and radar systems to achieve band isolation between different channels [88, 89]. To achieve
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channel selection between adjacent bands, high order filters are required to achieve the
necessary suppression of the undesired sideband. The design and realization of multipole
filters at high MMW and sub-MMW frequencies is very difficult and leads to higher than
desired insertion loss. Planar MMIC filters, on the other hand, are easy to fabricate but their
loss is prohibitively high for most radar and communication applications at these high
frequencies. To overcome the limitations associated with waveguide and MMIC filters,
frequency selective surfaces are considered to perform spatial filtering on the transmitted

EM wave.

1.23.1 Frequency Selective Surfaces (FSS)

Frequency selective surface (FSS) structures have been utilized in MMW and sub-
MMW remote sensing instruments to provide spatial filtering [90-92]. A frequency
selective surface is usually made up of planar metallic patterns on a dielectric substrate.
The metallic pattern usually forms a 2D periodic array of resonant unit cells which has a

certain frequency response for the incident electromagnetic wave.

1.231.1 Resonant-element FSS

The common feature among traditional resonant FSS structures is that the size of
the resonant elements and their spacing are comparable to the wavelength at the operating
frequency. Multilayer resonant-element FSSs are reported with low insertion losses (as low
as 0.6 dB) and 30 dB isolation in adjacent bands with a band separation of 1:1.07 [90, 91]

(Figure 5.2).
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Figure 5.2 An image-reject resonant-element FSS (a) Geometry, (b) Transmission
response at 45° incidence [91]

The frequency response of these structures is the result of mutual interactions of
many adjacent unit cells and energy coupling of many slowly decaying evanescent Bragg
modes. Hence, in order to observe the desired frequency response, the surface must include
a large number of resonant elements and be illuminated by a planar phase front at a
particular designed angle of incidence (i.e. 45° in Figure 5.2 (b)). This requires a large
number of unit cells in the periodic array to create the desired frequency response. This
needs a large screen size which causes limitations in applications where incident EM wave
does not have uniform phase front. In addition, in radar applications, the FSS structure
needs to be embedded inside the transmitter antenna which does not allow large screen
sizes. Another limitation of resonant-element FSS is the harmonic response, as shown in
Figure 5.2 (b), due to presence of higher order Bragg modes. To address this problem, a
new class of frequency selective surfaces called miniaturized-element frequency selective

surfaces (MEFSS) takes a different approach toward the design of unit cells.
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1.23.1.2 Miniaturized-element FSS (MEFSS)

For certain applications FSS structures with relatively small electrical dimensions that are
less sensitive to the incidence angle and can operate with non-planar phase fronts are highly
desirable. A new class of FSSs called miniaturized-element FSSs (MEFSS) was introduced

in [93] which incorporates these characteristics.
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Figure 5.3 One pole bandpass MEFSS (a) Geometry, (b) Transmission response at
different incidences [93]

The MEFSSs consist of a multilayer periodic array of metallic structures with
dimensions that are much smaller than the wavelength at the operating frequency. This
design allows for localization of bandpass characteristics to a small area on the surface,
which allows flexible spatial filtering for an arbitrary wave phase front. Another advantage
of the miniaturized-element design lies in the fact that the interaction of the surface and
incident plane wave is predominantly in the TEM mode. As a result, higher order Bragg
modes are suppressed, and harmonic responses are eliminated. In addition, the interaction

of these MEFSS structures with an incident electromagnetic wave can be modeled as
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lumped inductive and capacitive elements. This allows for design and tuning of MEFSS
structures with arbitrary frequency responses based on their equivalent circuit model. In
recent years, numerous variations of the miniaturized-element FSSs have been reported
with operating frequencies up to 26 GHz [94, 95]. Single and multilayer multipole MEFSSs
are fabricated using standard printed circuit board (PCB) technology at these frequency
bands.

In this chapter, development of image-rejection band pass filters based on
miniaturized-element frequency selective surfaces for application in MMW radar systems
is presented. The work is motivated by the need for a high isolation between upper-side
band (UPS) and lower-side band (LSB) signals present in the output spectrum of the Y-
band instrumentation radar described in Chapter 6. The filter objective is to provide
minimum insertion loss in the 221-223 GHz band and more than 25 dB signal suppression
in the 205-207 GHz band. In addition, the spatial filter needs to be placed at a small distance
from the radar feed antenna where we have a spherical phase front. A new MEFSS
consisting of arrays of patch and I-shaped wires [96], as shown in Figure 5.4, is proposed
to meet the required filtering characteristics for a vertically polarized incident wave. In this
design, metallic elements are supported on a thin membrane sheet. The circuit design for
image-rejection filters is presented in Section 5.2. In Section 5.3, the design procedure
based on the equivalent circuit model is described and a full-wave numerical analysis is
performed to verify the model accuracy. In Section 5.4, sources of loss have been analyzed
to improve the insertion loss and the out of band rejection of the MEFSS. It will be shown
that the transmission response of the proposed FSS has small dependency on the angle of

incidence near the normal direction. Section 5.6 describes the MEFSS fabrication process
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using a microfabrication technique. In Section 5.7, the experimental response of the
fabricated prototype is presented using a free-space MMW measurement setup. Finally, a

summary of the chapter is presented in Section 5.8.

m It m m m m It
3 i {F ik i 1k [}
m m m m m m m
it it it it i it it
it it i} it i it it
m m m m m m m
ik s ik i ik it it

Figure 5.4 The proposed single face, membrane supported, MEFSS illuminated by a

vertically polarized plane wave.

1.24 Image-Rejection Filter Circuit Design

The miniaturized-element frequency-selective surface parametric study begins with
development a circuit model to describe the frequency behavior of the structure
qualitatively. A circuit model is highly desirable at the design stage to quickly predict the
response of the structure with some level of accuracy.

To achieve the desired filtering response using a simple structure with a low
insertion loss, a single pole filter with an adjacent transmission zero is considered. This

simple filtering response can be obtained from the circuit model shown in Figure 5.5.
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Figure 5.5 Circuit model for one pole bandpass filter with adjacent transmission zero
As can be noted in the circuit above, there is no coupling between the two parallel branches.
The loop element (series LC branch) resonant frequency is:

o= (5.1)
Zt \/ﬁ

The pole frequency can be tuned by changing the patch size while maintaining the same

transmission zero frequency as:

_ 1 (5.2)

Wy —_—
PoJLC+ )
It can be noted that the pole frequency is always higher than the transmission zero which

is desired in many applications. The ratio is only a function of the ratio of the capacitors

as:

5.3
on_ [ G (53)
Wyt C

The image-rejection response based on the above circuit model can be achieved
through various MEFSS configurations. In Appendix C, a patch-loop MEFSS filter is
proposed for incorporation in a 26 GHz UWB rangefinder radar. The spatial filter has a
passband at 26 GHz and a transmission zero at 13 GHz. However, the patch-loop

configuration has low quality factor at higher frequencies. In the following section, a novel
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MEFSS configuration is proposed and designed to achieve low insertion loss in the

passband and high rejection in the stopband for the Y-band instrumentation radar.

1.25 The Patch-Wire MEFSS

The circuit described in Section 5.2 can easily be realized in terms of a MEFSS

structure. The configuration of such a MEFSS is shown in Figure 5.6.

Figure 5.6 A unit cell of the MEFSS. The optimized dimensions are: Dx = Dy = 470um,
gc = 60pm, s = 20pum, tm = 7pm, wi = 5.7um, We = Sum, tp = 10um.

The I-shaped elements interact with a V-polarized wave and behave as a series L-
C branch. The inductance is a function of the length, width, and thickness (Dy, wi, tm) of
the wire section, while the capacitance is mainly affected by the gap between two adjacent
caps (s). The spacing between the I-shaped elements and patches can affect the inductance
of the I-shaped elements if it becomes small enough. Basically the inductance of the I-
shaped elements decreases as the metallic patch gets too close because it suppresses the

circulating magnetic field around the wire. The patch array is modeled by a capacitor which
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is in parallel with the L-C branch. The patch capacitor value, Cy, is a function of the gap
between adjacent elements (g¢) and the dielectric constant of the supporting membrane.
At high frequencies, there is a small inductance associated with the patch elements
which is modeled as an inductor, L, in series with Cp. This creates a second zero associated
with the L,-Cp branch which occurs at a much higher frequency compared to the other two
resonant frequencies. The conductor loss in the wire elements is modeled as series
resistanse within the L-C branch. The equivalent circuit model for the patch-wire MEFSS

is shown in Figure 5.7.

Ry,
Zy L, L Zy

cpT Tc

Figure 5.7 Equivalent circuit model of the patch-wire MEFSS for a vertically polarized

wave front at a normal incident angle. The optimized parameters are: L = 0.5837 nH, C =
1.0105 fF, Cp = 7.147 fF, L, = 0.0166 nH, RL.=6.4479 Q, Zo = 377Q.
Since wL>>R| these resonant frequencies are approximately equal to:

W, = —1 < w, = ! KW,y = ! (5.4)
z1l — D — z2 —

VLC cc, L,C

C+ITFe

=

All the lumped element values in the model can be tuned independently using
elements dimensions in the structure. This provides flexibility in adjusting the resonant
frequencies in the transmission response by changing the dimensions of the structure. w1
is determined by the dimensions of the I-shaped elements. Considering Lp,<<L, Equation

(5.3) holds, and hence the passband frequency can be pushed as close as desired to the first
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transmission zero by increasing Cp, or equivalently reducing gc, without changing the

transmission zero frequency.

1.26 Design Challenges

Two main sources of loss, namely substrate loss and conductor loss, limit the
performance of spatial filters by increasing the insertion loss and decreasing the rejection
in the transmission response at sub-MMW frequencies and higher,. The dielectric substrate
increases insertion loss by creating an impedance mismatch with free space. In addition,
the dielectric loss in the substrate can become large in these frequency bands. To reduce
losses associated with the substrate, the MEFSS is designed on a 10um thick (~A/80)
Parylene membrane. Excellent physical and electrical properties such as low intrinsic thin
film stress, homogeneous surface and low dielectric constant, makes Parylene suitable for
this application. Large areas of thin Parylene layer can be released and handled which
makes it ideal for freestanding structures. The low dielectric constant and loss tangent (&r
=2.9 @ 1MHz, tan6=0.004 @ 60 GHz [97]) of Parylene is desirable to reduce the mismatch
and dielectric loss of the FSS structure. Ohmic loss in the metallic elements is another
source of loss which increases the insertion loss in the passband and reduces the rejection
in the bandstop. This loss is modeled as a resistance Ry in series with the inductor in the
circuit model. This loss is a function of the surface resistivity of the metal strips and the
current distribution on the wire elements. Gold has a high bulk conductivity (¢ = 4.1x10’
S/m) and its surface resistivity is Rs = 0.146 Q at 220 GHz. However, similar to planar
transmission lines, e.g. microstrips and coplanar waveguides, the induced currents are not

uniformly distributed on the wire strip surface, as they are mostly concentrated near the
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edges of the strips. This effect is due to the singular behavior of the electromagnetic field
near a conductor wedge [98]. Figure 5.8 shows the magnetic field distribution around the

wire element.
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Figure 5.8 Magnetic field distribution around a wire element for two different

thicknesses: (a) tm = 0.5um, (b) tm = 7um
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Figure 5.9 Simulation results for the patch-wire MEFSS with different element
thicknesses. The insertion loss in the passband and the rejection out of the band improves
as the element thicknesses increase.

The surface current density is equal to the tangential component of the magnetic

field. To reduce the current density on the edges and increase the effective surface of the
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strip, the curvature of the strips near the edges must be reduced. This can be done
essentially by increasing the thickness of the strips. Numerical simulations verify that the
current distribution is much more uniform on a thick strip as shown in Figure 5.8 (b). Figure
5.9 shows that the insertion loss and isolation are improved as a result of increasing the

wire thickness.

1.27 Design Analysis

Full-wave analysis of the structure was performed using HFSS. A single unit cell
(Figure 5.6) is excited by Floquet ports and the reflection (S11) and transmission (S21)
responses of the proposed MEFSS are computed. Master and slave boundaries are
incorporated to model the planes of periodicity for the array and to ensure phase continuity
across the unit cells for a desired angle of incidence. The transmission response of the FSS
as a function of angle of incidence is shown in Figure 5.10. As shown, the transmission
response is not very sensitive to the angle of incidence. Resonant frequencies shift by 1%
and 5% for angles of incidence equal to 20° and 50°, respectively, with respect to the

normal direction.
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Figure 5.10 Simulation results of the patch-wire MEFSS for different angles of incidence

The equivalent circuit model is simulated with Advanced Design System (ADS).
The circuit parameters have been optimized to fit the full-wave analysis results. The
lumped-element model is valid as long as the interaction of the FSS elements and the
incident wave remains mostly in TEM mode. The first Bragg mode contribution starts to
come to effect when the periodicity approaches A/2. As the frequency increases and the
unit cell dimensions become comparable to the wavelength, the lumped-element circuit
model accuracy drops, especially for oblique angles of incidence. Figure 5.11 shows the
reflection and transmission responses of the optimized structure and the equivalent circuit
model up to 450 GHz. The responses are in close agreement over the entire band. It can
also be noted that the second harmonic response is not present (at 414~444 GHz) unlike an

equivalent resonant FSS structure design.
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Figure 5.11 Numerical simulations for patch-wire MEFSS at normal incidence
The structure dimensions can be scaled to create the same filtering response at
higher sub-MMW and terahertz frequencies. Full-wave simulation results for the scaled
MEFSS structures are shown in Figure 5.12. It can be seen that the scaled structures create
a filtering response with characteristics identical to the original structure in the
corresponding bands. The insertion loss and lower side-band rejection are slightly degraded

as the operating frequency increases due to higher conductor loss on the metallic traces.

111



*fp =222.5 GHz
5 __f =445GHz
- P
7fp =890 GHz
m
S
cC -
0
w
0
£ \
2 - \
Ff TN \
[1] /s .~
= -1.2 (," 7 U\
[i A
-1.4 f"f’ \\\ \.\ 1
|’r .\ .\\
e J /\ A
-30r P 0.980.99 1 1.011.02 ' B

.35 i i i 1 i
0.8 1 1.8 2

12 1.4 1.6
Normalized Frequency (flfp)

Figure 5.12 Full-wave simulation of the scaled MEFSS for terahertz applications

1.28 Microfabrication Process

The membrane-supported FSS structure was fabricated using wafer microfabrication
technology. The fabrication process consists of three major steps: deposition of a thin
Parylene sheet on a carrier wafer, patterning and growth of miniaturized elements over the
Parylene layer, and release of the Parylene-supported structure from the carrier wafer.

More details of the fabrication process are shown in Figure 5.13.
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Figure 5.13 Schematic diagram of microfabrication of membrane-supported MEFSS

First, a bare polished silicon wafer is coated with a thin photoresist layer and a
10um thick layer of Parylene-C is deposited. Photoresist is used as a sacrificial layer which
will be dissolved on the last step to release the Parylene membrane. The structure consists
of 7um thick elements with feature dimensions as small as 5um. Gold electroplating is
used to achieve thick elements with highly accurate dimensions. First, a thin layer of
chrome and gold (500°A /500°A) is evaporated on the Parylene membrane as a seed layer.
Next, the seed layer is patterned with the 2D array of FSS elements shown in Figure 5.4.
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A 10um thick layer of photoresist AZ 9260 is patterned with the features to allow
electroplating up to 7um. Then, the features are electroplated to the desired thickness. After
electroplating, the photoresist is dissolved and the seed layer on the previously covered
areas is removed by wet etching gold and chrome. Although chrome/gold elements have
good adhesion to Parylene, the elements will fall off the membrane when moved and
shaken on portable radar systems. To resolve this problem, a thin layer of Parylene (0.5um)
is deposited on the FSS to seal the surface and keep the gold elements in place. This thin
Parylene layer increases the capacitance in the circuit model and so the thickness of this
layer can be further used as a parameter to tune the resonant frequencies of the filter.

Microscopic images of the fabricated structure are shown in Figure 5.14.

(a) (b)
Figure 5.14 The fabricated membrane-supported MEFSS (a) microscopic image, (b)
Scanning electron microscope (SEM) image of electroplated gold elements.
The membrane-supported FSS needs to be detached from the carrier wafer in the last
step. This is done by dissolving the photoresist underneath the Parylene layer in an acetone
solution. Acetone dissolves the photoresist through cuts made at several locations near the

edge of the wafer. After the photoresist is completely removed the sample is placed in
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isopropanol to remove any acetone residues on the membrane. A PVC circular support is
glued to the FSS and the membrane is cut and released from the carrier as shown in Figure

5.15.

Figure 5.15 The membrane-supported MEFSS after release.

1.29 Free-Space Measurements

The transmission response of the fabricated structure is obtained experimentally
using the free-space measurement setup shown in Figure 5.16. The Agilent N5245 4-port
performance network analyzer is used along with OML MMW frequency extending
modules to perform full 2-port S-parameter measurements at Y-band. Two identical
pyramidal horn antennas are connected to the frequency extending modules to create a
vertically polarized wave front. The beamwidth of the antennas is 13° in the E-plane and
10° in the H-plane and the far-field range is 16cm. The two antennas are separated by 32cm
and the FSS is placed in between, normal to the broadside of the antennas, equally spaced

from each antenna.
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Figure 5.16 Free-space measurement setup. FSS screen is placed normal to antennas
broadside.

The antennas foot print at the FSS location is 3.6cm which is far less than 10cm
diameter of FSS holder. Hence, there is little perturbation due to scattering from the edges
of the holder. Transmission (S21) measurements are range gated in the time domain to
eliminate multiple reflections from the frequency extending modules. Range gating is
achieved by applying the Kaiser-Bessel gating function (p=15) centered at 1.07 ns on the
time-domain transmission response. The two antennas are aligned for maximum
transmission response and system is calibrated using the free-space thru response. Figure
5.17 shows the measured transmission response of the membrane-supported MEFSS at

normal angle of incidence.
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Figure 5.17 Measured and simulated transmission response of membrane-supported
miniaturized-element FSS.
The measured response shows a 0.6 dB insertion loss in the 221-223 GHz band and
more than 25 dB rejection in the 206-208 GHz band for vertical polarization at a normal

angle of incidence.

1.30 Summary

A new single face, membrane-supported bandpass MEFSS with an adjacent zero in
the transmission response for image rejection in a 222 GHz radar system is presented. The
proposed miniaturized-element patch-wire configuration creates a pole and an adjacent
transmission zero filtering response for a vertically polarized electromagnetic wave. The
location of the pole and the zero can be independently adjusted by varying the geometrical
dimensions of the structure. The proposed MEFSS is designed using a simple circuit model
and a full-wave analysis which is then realized on a thin Parylene sheet to minimize losses

associated with the substrate. The thickness of the metallic traces is optimized to reduce
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the conductor loss. The membrane-supported MEFSS is fabricated using microfabrication
techniques and its transmission response is measured using a free-space measurement
setup. Measurement results show that the transmission response has 0.6 dB insertion loss
in the passband (221-223 GHz) and more than 25 dB rejection around the lower side-band
(206-208 GHz) which is in good agreement with numerical simulations of both the
structure and its circuit model. In the next chapter the instrumentation radar is utilized to

investigate radar scattering phenomenology in an indoor setting.
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CHAPTER 6
MMW RADAR INDOOR PHENOMENOLOGY

1.31 Introduction

To examine the utilization of the proposed 240 GHz radar for collision avoidance
and building interior mapping applications, a study of the interaction of electromagnetic
waves with objects in the indoor environments is needed. The phenomenology of indoor
environments at Y-band frequencies is investigated in this chapter. A stepped-frequency
215 GHz instrumentation radar system capable of vertical and horizontal polarization
transmission and reception is utilized to collect backscatter data in an indoor environment
as the radar is moved within the building [99]. In Section 6.2, the detail specifications of
the 215 GHz radar front-end and the measurement setup are presented. In Section 6.3, the
measurement results are used to create two-dimensional images of the scanned area. These
images can be generated in real time for obstacle-detection and navigation of autonomous
robots. To analyze the interior layout detection accuracy for different polarizations,
backscatter measurements are performed for VV and HH polarizations. As will be shown
in Section 6.4, HH measurements give much higher quality images of the environment
compared to the vertical polarization.In Section 6.5, these images are integrated in a global
coordinate reference frame to create a complete map of the interior layout of the building.
In Section 6.6, a number of image processing techniques are applied to the raw radar range
profile maps to enhance the image quality and to remove the undesired effects. A linear

feature extraction method based on the Hough transform is used to extract the rectilinear

119



features (walls, doors, etc.) in the complete map. Algorithms are developed to eliminate
the ghost targets resulting from multi-path in the hallways. Polarimetric backscatter
measurement of different indoor materials is performed in Section 6.7 to gain a better
understanding of radar backscatter in the hallways and complete the indoor

phenenomenology study.

1.32 Instrumentation Y-band Radar System

An instrumentation radar operating at 215 GHz is assembled using off-the-shelf
components at the University of Michigan Radiation Lab (Figure 6.1) to investigate the

performance of Y-band radars in the indoor environment.

l“

Figure 6.1 The Y-band instrumentation radar

This radar is quasi-polarimetric which can measure the backscatter response in the
four principal polarization configurations (VV, HV, VH, HH). The radar can operate in

FMCW or stepped frequency modes. For the indoor navigation application, the Y-band

120



radar is operated by a vector network analyzer (VNA) for data collection and signal

processing to acquire the range information.

1.32.1 Radar Front-End Module
A block diagram of the University of Michigan 215 GHz radar front-end is shown

in Figure 6.2. A single Indium Phosphide (InP) Gunn oscillator generates the necessary LO
power at 106 GHz for both up-conversion and down-conversion to maintain the signal
coherence in the system.The LO signal is divided by a 6-dB waveguide directional coupler
between transmitter and receiver stages. The input IF signal is fed into the upconvertor by
the VNA. The LO signal is mixed with IF signal and then upconverted to 215 GHz through
a multiplier varactor. In the receiver, the received RF signal is mixed with a sample of LO
signal and downconverted to IF signal in a sub-harmonic mixer. Two amplifier stages
amplify the IF signal by 53 dB. A bandpass filter at the input of the downconvertor blocks

the leakage of RF transmit signal into the receiver.
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Figure 6.2 Block diagram of the Y-band radar front-end
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To achieve significant isolation between the transmit and the receive channels, two
separate antennas for the transmitter and receiver are used. Gaussian Optics Lens Antennas
(GOLAS) are used as transmit and receive antennas with narrow beamwidths of 2.5° and
1.5° respectively. The transmitter antenna has a wider beamwidth to minimize the parallax
problem. The polarization of the transmit and the receive signals are controlled by wave
plate polarizers that are placed in the lens house between the conical horn antenna and the
lens. These polarizers can be appropriately oriented to achieve pure vertically

(/horizontally) polarized waves.

1.32.2 Measurement Setup

A full scan of the environment is needed to map the hallways and obstacles in the
indoor environment. As shown in Figure 6.3 (a), the radar is placed on a turntable with full
rotation capability (360°). The turntable is controlled with an Aerotech Soloist SC motion
controller. The radar is connected to a HP 8735 (30kHz-6GHz) VNA for data acquisition.
A LabView interface has been developed to control the radar angular position and the data
collection. The whole setup is placed on a portable cart to facilitate data collection in the

hallways (Figure 6.3 (b)).

HP8735 215 GHz
= UNA Radar

%_— @ Motion
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Figure 6.3 The measurement setup for indoor backscatter phenomenology study (a) block

diagram [100] (b) the setup placed on a portable cart

1.33 Data Collection and Image Formation

The radar system is moved in the University of Michigan’s EECS building
hallways, as shown in Figure 6.4, to create a complete radar map of the interior layout. The
measurement setup is moved in steps of 1 meter for a total of 127 steps. At each step, the

radar scans the environment from -90° to 90° in angular steps of 1°.
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Backscatter data collection is performed by sweeping the IF frequency from 2.2
GHz to 3.2 GHz, resulting in a range resolution of 15 cm. The collected frequency domain
data is then transformed from frequency domain to the time domain. Time domain data for
a sample backscatter measurement is shown in Figure 6.5. The actual distance of the target
to the radar must be calibrated with respect to the RF leakage. The RF leakage is the result

of finite isolation between the transmitter and the receiver.
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Figure 6.5 Time domain response of a sample backscatter measurement
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Figure 6.6 2D image created by 180° scan of the hallway (a) raw data (b) after applying
peak detection method
Two dimensional radar images of the scanned scene can be formed by mapping the
time domain calibrated backscatter amplitude of the 181 measurements from -90° to 90°
scan on a polar plot. Figure 6.6 (a) is an image of a sample scan with HH polarization. As
can be seen, partial layout of the hallway is detectable in the image. However, background
noise and the ripples created by double bounce off the large scatterers reduce the quality

of the image. A simple peak detection method has been used to eliminate these undesired
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effects. As can be seen in Figure 6.5, the largest backscatter amplitude corresponds to the
actual target. Hence, the largest peak in each measurement is selected and the rest of the

points are discarded. The corrected image is shown in Figure 6.6 (b).

1.34 Polarization Analysis

Polarimetric backscatter measurements in the hallways show that there are
significant differences between the images created by the backscatter responses of vertical
and horizontal polarizations. Figure 6.7 shows a hallway with tile walls and Figure 6.8

shows the corresponding VV and HH radar images.

@ (b)

Figure 6.7 (a) Photo of the scanned view (b) radar position in the hallway
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Figure 6.8 The 2D image created by 180° scan of the scene shown in (a): (b) Vertical

polarization (c) Horizontal polarization
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Figure 6.9 Ghost images are result of specular reflection of large scatterers from smooth
surfaces at obligue angles of incidence.

For angles near the normal incidence the two polarizations show little difference in
the target detection. However, the backscatter signal is significantly different for oblique
angles of incidence. This can be explained by the fact that, at oblique angles of incidence,
the specular reflection from planar surfaces is higher for TE (vertically polarized) waves
compared to TM (horizontally polarized) waves. At oblique angles of incidence, the
specular reflection is not in the backscatter direction and, hence, does not contribute to the
surface detection. However, the specular reflected power can get re-reflected from strong
targets in the environment creating “ghost” targets in the image (Figure 6.9). The
unrealistic targets in Figure 6.8 (a) are result of the reflected signal from targets in the
hallway. Due to Brewster angle effect the TM polarized incidence has a higher
transmission coefficient into the wall and lower reflection coefficient. The advantage of
TM polarization is twofold: 1) higher transmission into inhomogeneous dielectric wall
material which causes higher volume scattering and larger backscatter coefficient at

oblique incidence, and 2) lower reflection coefficient which reduces multipath and thus the
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number of the ghost targets. The effect of polarization on the backscatter response is

studied and discussed more in Section 6.7.

1.35 Mapping the Building Interior Layout

The polar radar data collected at all positions along the radar path can be integrated
to create a map of the entire scanned interior region. The scanned area is discretized into
square elements, as shown in Figure 6.10, corresponding to elements of a global coordinate
frame. The square elements are 7.5cm by 7.5cm which sets the resolution of the final map.
The detected target from the polar map at each radar location can be associated with a
single element in the global coordinate frame if the relative position and attitude of the

radar with respect to the global coordinate system is known.

y
A

Vi target

Yr
radar

> X

Xr Xt
Figure 6.10 The target location is associated with an element in the global coordinate
matrix corresponding to the discretized scanned area
The measured target at (p,0) is associated with the element (m,n) of the global

matrix by the following equations:
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lXt + p cos HJ lyt + psin HJ (6.1)
m=|-———-\ , n=|\—"
ox 5y

The location of the radar was determined crudely by marking the floor at regular
distances. The complete map of the building after integrating all polar radar images into a

global coordinate frame is shown in Figure 6.11.
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Figure 6.11 The complete map of the building is created by integrating the radar images

at each step
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1.36 Image Processing and Feature Extraction

Although the approximate layout of the hallways can be detected in the raw map
shown in Figure 6.11, the aggregated radar map still contains significant number of missing
elements (gaps) in the interior layout. In addition, unrealistic targets due to noise and
multipath effects are present in the map. A number of image processing techniques are
employed to extract the features in the indoor scenario and enhance the accuracy and

interpretability of the map.

1.36.1 Linear Feature Extraction

Most of the obstacles in an indoor scenario, i.e. walls and doors, have rectilinear
patterns. In a two-dimensional map, these obstacles reduce to linear features. Hence, a
linear feature extraction method can be applied to extract the interior layout from the raw

map.

1.36.1.1 Hough Transform

The Hough transform is a feature extraction technique used in image analysis,
computer vision, and digital image processing. This transform is a computationally
efficient line detection technique that is utilized for line feature extraction in images [101,
102]. The main advantages of the Hough transform are that it is relatively unaffected by
gaps in lines and by noise, as is required for this application. Hough transform is based on
the parameterization of straight lines in the x-y plane using the following equation:

xcosf@ +ysinf =p (6.2)
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As shown in Figure 6.12, this parameterization specifies a straight line, uniquely,
by its distance from the origin (p) and the angle of the normal to the line with respect to
the x-axis (0). Hough transform maps the image plane (x-y space) to the parameters plane
(p-8 space) where each point in the image plane is mapped to a sinusoid in the parameters
plane. However, based on the equation (6.2), sinusoids corresponding to co-linear points
in the image plane intersect at a single point in the parameters plane (Figure 6.13).
Therefore, the problem of finding lines (co-linear points in the image plane) is converted

to problem of finding concurrent sinusoids in the parameters plane.
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Figure 6.12 p-6 parameterization of straight line
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Figure 6.13 Sinusoids corresponding to co-linear points (black points) intersect at a

unique point in the image plane a) x-y plane, b) Hough transform image plane
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1.36.1.2 Line Detection Using Hough Transform

To perform line segment detection, the p-8 plane is discretized into grids of Ap and
A8 (the desired error margin) in the region 0 <6 <m , —R < p < R where R is the
distance of the farthest point from the origin in the image plane. This forms a two-
dimensional array for the parameters space. For each point (x,y) in the image space, the
corresponding sinusoid is entered in the array by incrementing the element which the
sinusoid crosses in the array. The next step is finding local maxima in the parameters array
which correspond to lines in the image. A threshold is set for the maxima selection to select
long enough lines to remove the noise. The threshold level is set to 5 sinusoid crossings
based on this mapping’s typical feature sizes. After the local maxima in the array are
detected, the lines corresponding to these elements are drawn in the image plane. This is
done by selecting all the elements in the global coordinate matrix that satisfy equation (2)
for the particular point (p;, ;) in the parameters space. However, the original map may
not contain the complete lines that are detected by the inverse Hough transform, but only
segment/s of those lines. To identify these line segments the original image is examined
for pixels lying on the detected lines. The detection algorithm selects a group of pixels as
a line segment if they satisfy the following two criteria: 1) the number of pixels forming a
line segment must be larger than a predefined parameter n and 2) the number of missing
pixels on a line segment must be less than a predefined parameter m. Based on the map
characteristics, the parameters are set to m=6 and n=2. The feature extracted mapping after

Hough transform is shown in Figure 6.14.
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Figure 6.14 The final map after linear feature extraction using Hough transform. Ghost

images and fake blockings are still present in this image.

1.36.2 Ghost Image Elimination

As shown in Figure 6.14, there are “ghost” images present in the final map that are
not real targets. These false image segments are result of multiple signal bounces among
walls and other objects (Figure 6.9). The smooth surfaces are easily detected as the radar
moves forward and the angle of incidence approaches the normal direction. In addition,
Hough transform fills in the missing elements of the line segment containing that surface.
This allows for development of a straight forward algorithm based on the following

observation to remove the ghost images in the final map: if the line-of-sight line between
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the radar and a target is blocked by another target, that target is not real and must be

eliminated. This simple algorithm eliminates most of false targets.

1.36.3 False Passage Blocking Elimination

As shown in Figure 6.14, some of the hallway openings in the map are blocked by
unrealistic obstacles. This effect happens when the radar is far from the opening in a
hallway and the radar antenna foot print becomes comparable with the width and height of
the hallways. At far distances from the radar, the radar beam overlaps with the corners and
ledges at hallway junctions that create backscatter and appear as blockage. However, as the
radar approaches the opening and the beam becomes narrower these backscatter
components disappear. Based on this observation an algorithm is developed to distinguish
and remove the radar responses at boresight that are present in one scan and gradually
disappear in the consecutive radar scans. The final map after applying ghost image and
false blockage elimination algorithms is shown in Figure 6.15. As can be seen, the final

image is a very accurate representation of the actual map shown in Figure 6.4.
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Figure 6.15 The final map after ghost image and fake blocking elimination

1.37 Y-band Backscatter Measurements

To gain a better understanding of Y-band radar backscatter in the hallways,
backscattering coefficients measurement of indoor building material as a function of
incidence angle is performed. Backscattering coefficients are the common quantities for
characterizing scattering behavior of distributed targets which is defined by

6.3
Gglnzj(lsmnF) , mmn=uvh ( )

where A is the illuminated area and S,,,,, are the scattering matrix elements.
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1.37.1 Measurement Setup

The measurement setup shown in Figure 6.16 is utilized to measure the backscatter

response of indoor samples.

Figure 6.16 The backscatter measurements setup. The sample distance to the antenna is 2

meters.

wire grid
polarizer

@ ®

Figure 6.17 The 3-inch dual-polarized lens antenna (a) front view (b) schematic

The targets are placed on a turntable at 2 meter distance from the antenna enabling
accurate rotation in the azimuth direction. The turntable is controlled with an Aerotech

Soloist SC motion controller. A custom design Millitech dual-polarized lens antenna is
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utilized to perform fully polarimetric (VV, HH, VH, HV) backscatter measurements

(Figure 6.17).

The antenna has a very narrow beam enabling measurement of targets with small

RCS. Radiation pattern of the antenna in E-plane and H-plane is shown in Figure 6.18.
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Figure 6.18 Antenna pattern (a) E-plane (b) H-plane

The antenna is connected to the J-band measurement system (the OML frequency

extenders and the 4-port PNA described in Chapter 4) to perform phase-coherent co-pol

and cross-pol measurements as a function of incidence angle (Figure 6.19). A MATLAB

code is developed to control the turntable and the PNA-X simultaneously to fully automate

the data acquisition process.
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Figure 6.19 The 240 GHz polarimetric measurement system

1.37.2 Data Acquisition and Calibration

At each angle of incidence, the two-port s-parameters data corresponding to the co-
pol and cross-pol backscatter responses are collected. The data collection specifications are
listed in Table 6.1.

Table 6.1 Data collection specifications

Frequency Range 220 - 325 GHZ
Number of points 401

IF Frequency 1 KHz
Range resolution lcm
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1.37.2.1 Background Subtraction

Background subtraction is used to reduce the clutter level and enhance target
detection. The measured response of the setup environment without the presence of the
sample is subtracted from the sample measurements. This reduces the noise level by more

than 10 dB down to -90 dB, as shown in Figure 6.20.
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Figure 6.20 Backscatter response of a tilted cylinder in the time domain

1.37.2.2 Range Gating

The time domain response in Figure 6.20 shows that radar leakage and backwall
clutter are present in the measured backscatter response. To isolate the target response and
eliminate the leakage and other undesired components, the backscatter response is gated in
the time domain. The frequency domain response before and after range gating is shown

in Figure 6.21.
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Figure 6.21 Backscatter response of a tilted cylinder before and after range gating

1.37.2.3 IACT Calibration

The measured responses are calibrated using the isolated-antenna calibration
technique (IACT). This is a technique for calibrating single-antenna polarimetric radar
systems using a metal sphere plus any second target with a strong cross-polarized radar
cross section [103]. This technique is suitable for this system since there is good isolation

between the two channels (>30 dB).

1.37.2.4 Antenna Spot Size

To make the statistical parameters of the scattered fields independent of the
illumination area, the scattering coefficients are normalized to the illuminated area as
shown in (6.4). Therefore, the illuminated area (the antenna spot size on the sample) is

required to evaluate the backscattering coefficients.
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Since the samples are not in the far-field of the antenna, backscatter measurement

of a known distributed target is required to calculate the antenna effective spot size. The

RCS of a conducting infinite cylinder is analytically known:

3 2rl’a

(6.4)
]

The measured backscatter response of a copper cylinder is shown in Figure 6.22.
Inserting the measured ¢ in above equation, we have:

L=32cm
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Figure 6.22 Backscatter response of copper cylinder (a=1.2cm)

1.37.25 Independent Samples

For distributed targets, to achieve statistical representation of the measured

backscatter, 20 spatially independent samples are taken at each incidence angle. Data

points in the frequency domain are used to achieve statistical independent samples at

oblique angles of incidence. The number of frequency independent samples that can be
obtained is calculated from:
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BW
N = 1+2Dtan97 (66)

where D, BW and c are the spot size, bandwidth and speed of light respectively.

1.37.3 Results and Analysis

Backscatter response measurements of the drywall samples are performed at angles of

incidence from 0° to 70°. The results are shown in Figure 6.23.
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Figure 6.23 Measured backscattering coefficients of (a) drywall without paint (b) drywall
with paint
At normal incidence, the backscatter coefficients of the samples (o3, g,,,,) are high due to
the specular reflection from the surface and drops very fast as the incidence angle increases.
It is noted that for unpainted drywall (Figure 6.23 (a)) the backscatter coefficients for HH
and VV are not much different. However, for painted drywall (Figure 6.23 (b)) the
backscatter coefficient for HH is larger than VVV at oblique angles of incidence. For painted
drywall, the difference between oy, and o,,, increases to more than 10 dB at 70° incident

angle.
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The difference between the HH and V'V backscattering coefficients for painted drywall can
be explained by the Brewster angle effect, as mentioned in Section 6.4. The cross section
of the wall samples are shown in Figure 6.24. In the case of unpainted drywall, the low
dielectric paper layer covering the core of the drywall acts as matching layer for the wave.
Hence, the Brewster angle effect is not exhibited for the horizontal polarization and the
responses for horizontal and vertical polarization are almost equal at oblique incidence.
However, the homogeneous paint layer with high dielectric constant over the drywall
causes higher transmission of horizontal polarization into the inhomogeneous gypsum core
material at oblique incidence. This results in higher volume scattering from the core

material which increases the HH backscatter coefficient at oblique angles of incidence.

"-T _.
‘Heavy paper Gypsum core Paint layer
facing
@ (b)

Figure 6.24 Cross section of (a) unpainted drywall and (b) painted drywall

Measured backscatter coefficients of other indoor surfaces are shown in Figure
6.25. Comparing backscattering coefficients (a) to (d), it can be noted that the
backscattering coefficients at normal incidence is higher for marble and ceramic surfaces
compared to concrete blocks and wood door. However, at oblique incidence the latter
surfaces have higher backscattering coefficient compared to the former surfaces. This can

be explained by the fact that marble and ceramic are dense (less porous) compared to
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concrete and wood. Therefore, specular reflection which is the dominating component at

normal incidence is higher due to higher effective dielectric constants. On the other hand,

the more porous material creates higher volume scattering which results in higher

backscatter coefficients at oblique incidence.
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Figure 6.25 Measured backscattering coefficient of (a) marble, (b) ceramic, (c) concrete
blocks, (d) wood door with paint, (e) tile, (f) 6-mm wire mesh
The measured backscattering coefficients of tile surface are shown in Figure 6.25
(e). Unlike the previous surfaces, significant backscatter is created at certain angles. This
can be explained by noting the periodic corrugation on the backside of the tile (Figure
6.26). Since the periodicity of the surface corrugation is larger than the wavelength, Bragg
scattering create significant backscatter at

ni
Hn = Sin_l(i (67)

where A is the wavelength and L is the period.
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Figure 6.26 Backside view of the measured tile
The measured backscattering coefficients of a 6-mm metal mesh (fence) are shown
in Figure 6.25 (f). As can be seen, the fence has considerable backscattering which
increases at oblique angles of incidence. This makes the mesh detectable at any angle in
this frequency band. It should be noted that although the fence is a periodic structure, Bragg
modes are not seen at the expected oblique angles. This is because the irregularities of the
wires in the mesh are comparable to the wavelength which avoids coherent addition of

scattered field from the wires at Bragg angles.

1.38 Summary

The phenomenology of Y-band radars for navigation and mapping applications in
an indoor environment is investigated. A stepped-frequency, instrumentation radar
operating at 215 GHz capable of vertical and horizontal polarization transmission and
reception is utilized to perform backscatter measurements. A portable measurement system
is assembled for data collection in indoor environments. Backscatter measurements are
performed at VV and HH polarizations and it is shown that images based on HH

backscatter measurements provide a higher quality map of the environment with higher

147



sensitivity in detection of smooth walls, less multipath effects, and fewer ghost targets
compared to that obtained from the vertical polarization. A full radar scan of the
environment is performed at each radar location as the radar moves along the corridors of
the building in order to create 2D images of the building interior. These images can be
generated real time for obstacle-detection and navigation of automated robots. These
images are integrated in a global coordinate frame to create a map of the interior layout of
the building. A number of image processing techniques are applied to the aggregated radar
map to enhance the map quality and remove the undesired effects A linear feature
extraction method based on Hough transform is used to extract the rectilinear features
(walls, doors, etc.) in the complete map. Algorithms are developed to eliminate the false
targets resulted from multipath and beam overlap on the corners and ledges at the hallway
junctions. The final radar map shows a good agreement with the actual building layout.
Accurate backscattering coefficients of different indoor material have been performed and

analyzed to complete the indoor phenomenology study.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

1.39 Summary and Conclusions

This thesis presented the development of passive components and structures for a
low-mass, compact MMW radar operating at 240 GHz using micromachining technology
as well as performance assessment of such radars for indoor navigation and mapping
applications. Challenges in the development of components and structures for such high
frequency applications required novel approaches in the design procedure, the fabrication
process, and the measurement methodology. The design of novel components and
structures that enable full integration of the MMW radar front-end is presented in Chapter
2. The structures are designed to be compatible with micromachining technology and are
optimized for minimum insertion loss. The first structure is a cavity-backed CPW line
(CBCBW) which is designed and optimized for minimum loss with a 50 Q characteristic
impedance. This line has less than 0.12 dB/mm loss over the entire J-band (220GHz-
325GHz). The second essential structure is a transition from rectangular waveguide to
CBCPW line. The transition from CBCPW to waveguide is realized in three steps to
achieve a broadband response with a topology amenable to silicon micromachining. The
first step is a tapered transition from the CBCPW line to a 50 Q reduced-height waveguide.
The next two steps utilize a novel in-plane impedance tapering technique to transition from
the reduced-height waveguide to the on-wafer regular height waveguide. The full transition

has less than 0.9 dB insertion loss and more than 13 dB return loss over the entire J-band
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(39% bandwidth). The third structure is a through-wafer chip packaging configuration with
an optimized transition from on-chip microstrip line to on-wafer CBCPW line to enable
active chip integration. The fourth set of components are waveguide directional couplers
to divide the FMCW signal between the transmit antenna and receiver mixer. Multiple
apertures on the common wall between the adjacent waveguides are designed and
optimized to achieve high directivity couplers over a broad frequency range.

One of the major accomplishments of this dissertation is the development of
optimal microfabrication processes for realization of the micromachined radar front-end.
The details of these processes are presented in Chapter 3. The designed components are
fabricated on two silicon wafers using micromachining technology. The multi-step
structures are implemented on one of the wafers using the DRIE process. A new process
to create multi-step structures based on a glass-in-silicon reflow technique is proposed to
improve the loss performance of the fabricated devices compared to the standard multi-
mask method. The suspended lines and slots are implemented on the other silicon wafer.
These features are patterned on a thin membrane which is released from the wafer at the
final stage. The two wafers are bonded to form the complete structures using a gold-to-
gold themocompression bonding technique. At each process stage, diffrenet methods have
been investigated to achieve the optimal sequence of processes.

Another significant contribution of this dissertation is the development of novel
measurement methods for accurate and reliable characterization of on-wafer components
at MMW and higher frequencies. These new measurement methods are presented in
Chapter 4. First, a waveguide probe measurement technique for characterization of two-

port components is proposed. This measurement technique is used to characterize the
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micromachined waveguides, CBCPW line, the waveguide to CBCPW transition and the
chip transition. Then, a non-contact on-wafer S-parameter measurement technique for
characterization of multi-port devices at MMW and higher frequencies is presented. The
proposed method enables S-parameters measurement of multi-port micromachined devices
using a two-port measurement setup. In this method, a small fraction of the signal at each
waveguide port is weakly coupled to free space using a small array of reflection canceling
slots which is then measured by an open-ended waveguide probe. The S-parameters of the
device-under-test (DUT) are calculated from the measured signals obtained from each port
and from that of a reference match waveguide. A broadband waveguide slot array antenna
with high return loss is designed as a matched load to terminate all ports of the device
except the input port.

In the second part of this thesis, the phenomenology of MMW radars in indoor
environments is investigated. A Y-band instrumentation radar is setup to study the
performance of such radars in an indoor environment. Chapter 5 presents the development
of a spatial image-reject filter for incorporation in this radar. A single-face, membrane-
supported, miniaturized-element frequency selective surface (MEFSS) is designed for
image rejection of the upconvertor mixer. In this design, a new miniaturized-element patch-
wire MEFSS configuration is proposed to select the upper-side band (USB) response of a
wave radiated from an upconvertor. The MEFSS is implemented on a 10um thick Parylene
membrane. The thickness of the metallic traces is increased to reduce the conductor loss.
A salient feature of this design is the low sensitivity of its frequency response to the angle
of incidence and the absence of a harmonic response. This feature allows placement of the

spatial filter in close proximity to radiating elements with spherical wavefronts. In Chapter
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6, the polarimetric backscattering phenomenology of walls and doorways are studied to aid
the design of such radar systems. Polarimetric backscatter measurements of different wall
covers, such as dry-wall, concrete blocks, wood, etc., as a function of incidence angle are
carried out using a network analyzer operating at J-band. The instrumentation radar is used
to collect backscatter data from corridors in an indoor setting. At each radar position, radar
range profiles for both vertical and horizontal polarizations as a function of angle are used
to form polar images for obstacle detection. It is shown that horizontally polarized incident
wave can generate higher backscatter level and less reflection from smooth walls at steep
angles of incidence and thus is the preferred polarization for this application. The polar
images at each location are then co-registered in a global coordinate matrix to form a
complete map of the interior layout. Feature extraction and image processing methods are

then applied to remove multipath and enhance the radar map of building interiors.

1.40 Future work

The future work for the MMW radar involves assembly of the complete radar and
integration and testing of the radar system on micro robotic platforms. As mentioned in
Chapter 4, BAE systems is developing the upconverting and downconverting modules
using 50nm mHEMT technology. The 20 GHz VCO and the base band processing units
are developed using CMOS technology by other research groups in University of
Michigan. The main focus of the future work is the integration of the active modules and
the base band processing units with the micromachined front-end to realize and test the

functional radar prototype.
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The current microfabrication process of the micromachined radar described in
Chapter 3 involves many steps which makes it costly for mass production. It also requires
constant characterization of the fabrication tools (e.g. DRIE tool, lapper) to maintain the
specifications required for optimal performance of the radar components. A possible
future direction for the radar project is to use casting process to mass produce the radar
front-end. The idea is to make permanent glass molds of the multi-step radar structure using
the glass-in-silicon reflow technique described in Chapter 3 and employ the mold to cast
the radar front-end. This technique makes the radar fabrication fairly simple and highly
repeatable.

As for the phenomenology study of the radar scattering MMW and sub-MMW
frequency bands, we have just a scratched the surface. While radar scattering
phenomenology of differenet material at lower frequency bands has been studied
intensively in the literature, little has been investigated at high MMW bands and above.
Dielectric constant and RCS measurement of other material and surfaces and development
of theoretical models to support the imperical assessments are among the topics that can

be investigated in the future.
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APPENDIX A

Optimal Launch Pad Design for Microstrip Lines on InP

Substrate

To accurately evaluate the performance of the launch pads in an actual
measurement setup, full-wave analysis of the pads fed with GSG probes is performed in
HFSS (Figure A.1 (a)). Simulations show that the current design on the BAE chips (Figure
A.1 (b)) has a very poor performance in the radar frequency band (RL =5.2 dB, IL =1.7

dB @ 240 GHz).
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(a) (b)
Figure A.1 (a) The GSG probe fed microstrip line model in an actual setup, (b) current
launch pad configurations
Reducing the distance from the backside of the chip to pads showed significant

improvement in the performance of the pads. It is shown that the position of the probes on
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the pads also affects the performance of return loss and insertion loss of the GSG contact

(Figure A.2).
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Figure A.2 (a) The backside of the chip is trimmed reducing the distance to the launch

pads, (b) RL and IL as a function of the distance of the tips from the edge of the chip (x)

However, the design of the transition from the pads to the microstrip line has the

most effect on the performance of the insertion and return loss. The proposed tapered

transition shown in Figure A.3 shows very good performance (RL = 24dB, IL=0.14 dB).

Figure A.3 The proposed tapered transition from pads to the microstrip line

After the addition of the 1 mil (25um) distance from the chip edge to the pads which

is a dicing requirement and optimization of the position of the vias under pads (Figure A.4),
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the return loss and insertion loss are 19 dB and 0.18 dB which is a significant improvement

to the current design. This new design will be used in the next generation of BAE chips.

Figure A.4 The final transition design with optimum via positions
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APPENDIX B

Micromachined Coupled Line Directional Coupler Fabricated

on CBCPW line

In this Appendix, design of a tightly-coupled (~4.5 dB) micromachined directional
coupler fabricated on CBCPW transmission line is presented. The proposed design is
compatible with micromachining technology and can be integrated with active RF
components through the CBCPW lines. In this design, two center strips are edge-coupled
over a metallic cavity. The design criteria on impedances and phases are obtained using the
traditional even- and odd-mode analysis. To achieve tight coupling, a silicon block is
mounted over the coupling edge of the strips. A wiggly gap pattern is designed to change
the odd-mode delay to satisfy the criterion on the phases. On-wafer matched loads have

been designed and optimized to terminate the coupler ports for measurement purposes.

B.1 Design Criteria

The coupler is designed using CBCPW line structure described in Section 2.2. The
two center conductors are edge coupled over the ground trench. Here, we will develop the
design criteria for a coupler with arbitrary even- and odd-mode phase velocities. The cross
section of the three conductor structure with the equivalent capacitance network is shown

in Figure B.1.
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Figure B.1 The capacitance network representation of a coupled-line structure

The even- and odd-mode impedances are

1 1 (B.1)
Lop = , Loy =
Oe ‘UpeCe 0o ‘UpOCO
where
Co=C11=0Cpp , Cp=0Cyy+2Cy (B.2)

and v,, and vy, are even- and odd-mode phase velocities respectively. Using the even and

odd mode analysis, it can be shown that the input impedance at the ports of the coupler is

. 2(ZinZin — Z5) (B.3)
=20 T ze v 70 + 27,
where
e Zy +jZoetanb, (B.4)
Zin = Zype -
Zye +jZotanb,
o Zy+ jZy,tanb, (B.5)
Zin = ZOo 7o 4
0o +jZotanb,
Hence, to match the impedance at the ports (Z;,, = Z,) the following criteria should
be satisfied:

Zy = vV ZoeZoo (B.6)
0, —0,=2nm, n=0=+14+2,.. (B.7)

It can also be shown that to achieve maximum coupling, the even-delay must be
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1
6, =(m+ E)TL’, m=0,+1,+2,.. (B.8)

B.2 Coupling Enhancement

If Equations (B.6)-(B.8) are satisfied, then the coupling factor can be computed

from
C= Zoe — Zoo (B.9)
ZOe + ZOo
Wy,

Si0,/SisN,/SiO,
¥

Figure B.2 Cross section of the proposed CBCPW coupler (optimized dimensions: h =
45um, g = 5um, w = 100pum, s = 97.5um, wp = hp = 50um)
Based on Equations (B.1) and (B.2), C is maximized when the ratio of the

capacitance between two strips to the capacitance of between each strip and the ground

(%) is maximized. The capacitance between the two strips is a function of the gap size and
11

the effective dielectric constant. The gap size cannot be made smaller than certain limit (~5
um) due to fabrication tolerances. Analysis shows that for the configuration shown in

Figure B.1, the maximum achievable coupling factor is about 17 dB for a gap size of Sum.
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To achieve a tight coupling, the structure shown in Figure B.2 is proposed where a
silicon block is placed over the gap area. The silicon block (¢=12) on top of the gap
increases the effective dielectric constant for the odd-mode (&%) and does not change the
even-mode effective dielectric constant (). This is expected since for the even-mode
the electric field is mostly in the air and as a result the effective dielectric constant is near
1 (Figure B.3 (a)). However, for the odd-mode the field is concentrated in the silicon (and

membrane) and this increases the effective dielectric constant (Figure B.3 (b)).

(@) (b)

Figure B.3 Electric field distribution in the proposed coupler structure (a) even mode, (b)

odd mode
This increases the coupling factor to 4.4 dB for the same gap size. The even- and
odd-mode characteristics of the proposed structure with and without the silicon block are

shown in Table B.1.

Table B.1 Even- and odd-mode characteristics of the proposed coupler

g (},tm) Eeffo Eeffe Vp,o (m/S) Vp,e (m/S) C (dB)

Without silicon block 5 1.18 | 1.06 2.85e8 2.91e8 17
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With silicon block 5 3.81 | 1.07 1.54e8 2.90e8 4.4

The cross section dimensions of the structure are optimized to achieve the first
criteria for perfect matching at the ports (Equation (B.6)). The optimized dimensions are

shown in Figure B.2.
B.3 Phase Matching

To achieve phase matching, the length of the coupler should be designed such that
the electrical lengths of the even and odd modes satisfy the Equations (B.7) and (B.8)
simultaneously. In conventional coupled line designs where the phase velocity of both
modes are approximately equal, the coupled lines are typically quarter-wavelength long
for which 6, = 8, = 90°. However, in the proposed structure, the phase velocity of the
even mode is much higher than that of the odd mode (vpe> Vp,0) due to the presence of the
silicon block. It can be shown that Equations (B.7) and (B.8) cannot be satisfied

simultaneously for any given coupled line length. For example, by choosing the length of
the coupler [ = 3/18 = 917um, Equation (B.8) is satisfied but the phase difference between
4

the even- and odd-mode is 8, — 6, = 240°.

To circumvent this difficulty there should also be an electrical delay between the
even and odd modes. This is realized by zigzaging the edge of the coupled lines facing
each other. The wiggly gap creates a longer propagation path for the odd mode and has
been previously considered for making broadband microstrip couplers [104, 105]. The
proposed wiggly gap design is shown in Figure B.4. The dimensions of the wiggle pattern

are optimized so that the two modes arrive in phase:
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6, — 6, = 360° (B.10)

Figure B.4 Zigzag edge of the coupled line to create longer propagation path for the odd

mode
B.4 Connection to CBCPW

The final step in the coupler design is to connect the ports to the 50 Q CBCPW line.
Considering that the width of 50 Q CBCPW line is 210um, a direct connection to the
100pum wide coupled line strips is not feasible. Connecting the ports to CBCPW line at
angles would also introduce significant parasitics which deteriorates the performance of
the coupler.

To solve this issue, half-wavelength long line sections are inserted between the
coupler ports and the 502 CBCPW lines. This ensures a perfect impedance match between
the ports and the CBCPW line while introducing minimum parasitics. The complete

coupler structure with port connections to CBCPW lines is shown in Figure B.5.
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Figure B.5 The micromachined coupler with port connections to CBCPW
Full-wave analysis of the proposed coupler is performed in HFSS. The coupler has

less than 4.6 dB of coupling and more than 20 dB of return loss and isolation over the 230-

245 GHz band (see Figure B.6).
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Figure B.6 Simulated performance of the micromachined coupler
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To fully characterize the designed directional coupler, three independent
measurements, namely through, coupled, and isolated, need to be performed. To perform
each of these measurements using a two-port network analyzer, two ports should be

terminated with a perfect matched load.

NWA 1 NWA 1 NWA2 NWA1

wl IV 1
N e T

@) (b) (©

Figure B.7 Measurement configurations for full characterization of directional couplers;
(@) coupled (b) through (c) isolated

Thin films of lossy metals and lightly doped substrate layers (e.g. GaAs) are among
two common RF resistors used in MMIC design [106, 107]. Thin film resistors are
preferred since they are temperature-stable and have smaller parasitics. The process of
making these thin films involves highly controlled deposition of metals such as NiCr or
TaN onto the substrate. In millimeter-wave frequency range, these resistors have shown
good performance up to 60 GHz [86]. We investigated the impedance and return loss of
thin films of different material with different dimensions and the results are listed in Table
B.2.

As can be seen, the reactance of the load increases as a function of frequency. For
high resistivity material (e.g. graphite), the reactance is small enough to achieve a good
matching (19 dB return loss). For this application, the film material deposition should be
compatible with the coupler fabrication process. The 500 A° thick Titanium film (with

sheet resistivity of 11 €/sq) which is already used as gold adhesion in the microfabrication
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process of the coupler can be utilized as thin film resistors. However, as indicated in Table
B.2, the reactance for such film is significant and the return loss is below 10 dB.

Table B.2 Return loss and impedances of various thin film resistances

Load type Frequency S11(dB) Impedance
(GH2) Q)
Graphite (7e4 S/m) 60 -31 50.2-2.6i
(70um*45um>0.1um)
Sheet resistance (11 © /sq) 60 22.2 55.4+5.6i
(45um*5um)
Graphite (7e4 S/m) 245 -19 48.7-10.9i
(70um*45um*0.1um)
Sheet resistance (11 © /sq) 245 -7.2 123+4.7i
(45um*5um)
Sheet resistance (11 © /sq) 245 -9 35+27.7i
(45um*10um)

To solve this problem, we propose a matched load design shown in Figure B.8. In
this design, the CBCPW line is terminated with two parallel lossy slot lines. The

characteristic impedance of the lossy line has a capacitive imaginary part which creates a

S _ |Rtjel (B.11)
0% [6+jwc T4

To compensate for this reactance, two short stubs are implemented at the junctions.

mismatch at the junction:

These short stubs can be modeled as resistors in series with an inductor. By optimizing the
dimensions, the reactance can be cancelled to achieve return loss of more than 25 dB in the

100 GHz to 300 GHz range.
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Figure B.8 The proposed matched load design
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Figure B.9 Simulated return loass of the optimized matched load
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APPENDIX C

Ka-Band Bandpass MEFSS and Polarizer

In this Appendix, a new single-face MEFSS structure consisting of loop and patch
arrays is proposed to achieve a single passband and a transmission zero at a lower
frequency. Then a Ka-band MEFSS and polarizer are designed and implemented on a
single substrate. At the end, the designed structure is fabricated and its performance is

verified experimentally.

w?r— ——————

% )
Figure C.1 Unit cell of the MEFSS/polarizer structure (Dx = Dy = 4.5mm, dx =dy =
265mm, w = 254um, g = 254pm, t = 787um, wp = 0.2mm, gp = 0.7mm)
C.1 Design and Model Verification

The proposed structure consists of two printed layers separated by a dielectric
substrate (Figure C.1). On one surface, a 2D periodic array of patches and square loops are
implemented to create the desired bandpass filter. It can be shown that interaction of a
loop array with incident EM wave can be modeled as a series LC branch. This series LC
branch resonant frequency creates a transmission zero in the frequency response of the

FSS. Hence, the transmission zero frequency is independent of the patch dimensions. The
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patch array can be modeled as a capacitor which is in parallel with the loop series LC
branch.

The equivalent circuit model is shown in Figure 5.5 and the pole and zero
frequencies are given by Equations 5.1 and 5.2.

On the other surface of the substrate, a wire-grid polarizer has been implemented.
Dimensions of the wire-grid (wp, gp) are optimized so that total transmission of one of the
polarizations (TE or TM) and total reflection of the other polarization are achieved in the
radar passband.

A full wave analysis of the FSS structure has been performed using Ansoft HFSS
to verify the performance of the proposed structure. As can be seen in Figure C.2, the result
of the circuit model simulation is in a very good agreement with the full wave analysis

results.

169



S -10}
I=
2
& 20t
S
=
2 -30} S21-FEM .
g ——S11-FEM
@ S21-circuit model
E -40¢ —— S11-circuit model|
_50 | | | |
5 10 15 20 25 30
frequency (GHz)

Figure C.2 Numerical simulations of the patch-loop MEFSS
To verify the performance of the combined polarizer and MEFSS, full wave
analysis of the complete structure has been performed for both TE and TM polarizations.

The selectivity between the two polarizations is more than 20 dB as shown in Figure C.3.
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Figure C.3 Full-wave simulation of the combined polarizer and MEFSS for TE and TM
polarizations

C.2 Experimental Verification

To verify the simulation results, a 6”x6” prototype of the structure is fabricated and
tested using a free-space measurement setup. The structure is fabricated on a 31 mil Duroid
5880 substrate (er=2.2) with ¥ 0z. electrodeposited copper foil. To achieve high accuracy
for the dimensions of the elements, a thin layer of spin-on photoresist has been utilized,
instead of photosensitive laminates, to pattern the copper. The patterned substrate is then

etched using standard printed circuit board wet etching process. The fabricated prototype

is shown in Figure C.4.
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(@) (b)
Figure C.4 Fabricated structure (a) patch-loop MEFSS (b) wire-grid polarizer
A free space measurement setup has been utilized to test the performance of the
fabricated prototype. The setup consists of a lens-horn as the transmitting antenna for
creation of collimated beam and a high gain horn as the receiving antenna at far-field

(Figure C.5).

= Network
Analyzer

MEFSS/Polarizer

Receiving horn Transmitting horn
Sample

holder

Figure C.5 Ka-band free space measurement setup
The measurement results are shown in Figure C.6. A good agreement between
simulation and measurement results can be observed. The measured results show less than

0.5 dB insertion loss in the passband and more than 20 dB rejection in the stopband.
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Figure C.6 Measured and simulated responses of the MEFSS structure
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