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Abstract

This dissertation discusses the development of vehicle collision warning radars and
short-range communication RF front-end with new quadrature hybrid composed circuits.
A new radar and a communication RF front-end architectures using the proposed
circuits are presented with simplified circuit complexity.

In the first part of this dissertation, three new quadrature hybrid composed circuits are
presented. A new LO transparent hybrid mixer is proposed, which is composed of a
branch-line coupler and two Schottky diodes. The new hybrid mixer can transmit the
LO power to the antenna. Then, a LO transmissive quadrature hybrid mixer is proposed.
The quadrature hybrid mixer is composed of two hybrid mixer, 45° delay lines, and
branch-line couplers. The proposed quadrature hybrid mixer can receive signal with
phase. Moreover, the proposed mixer shows high transmission efficiency to pass LO
power to antenna and no received power wasted in the oscillator port. A novel
full-duplex bi-directional amplifier is then presented. The bi-directional amplifier is
composed of a quadrature hybrid and two reflection type amplifiers. The proposed
amplifier can enhance the signals in both transmitting and receiving directions, which
can be used in a transceiver front-end without using the signal switches.

In the second part, a 10.5 GHz Doppler radar using the proposed LO transmissive
quadrature hybrid mixer is presented. The proposed architecture offers higher local
power usage efficiency than the conventional ones and simplifies the front-end
complexity. A defected-ground-structure local oscillator along with the phase-lock-loop
frequency synthesizer is used in the system to provide better phase noise and good
frequency stability. The designed transceiver can be operated from 10.36 to 10.74 GHz
with output power level of 6 dBm. Compare to the conventional quadrature radar, the

proposed one offers 3.3 dB received power more when the LO power is 10 dBm, and



Abstract

16.2 dB more when the LO power is 0 dBm. The implemented radar can measure the
speed and moving direction with 0.25 km/hr resolution.

In the third part, two complete FMCW 24 GHz collision warning radars are presented.
The 24 GHz radars are designed for sideway-looking and the forward-looking
applications. In the 24GHz radar systems, a 6 GHz VCO, two frequency doublers, a 12
GHz gain block, and a sub-harmonic mixer are developed. In the sideway-looking
application, a patch-fed horn antenna is designed. All the RF circuits, antenna, and
base-band signal processor are integrated into a dimension of 60 x 45 x 30 mm?®. This
size is ready to be installed under the back-mirror of a small car. The developed radar
shows a capability to detect a human in 8 meters and a small car located in 15 meters
away. In 24 GHz forward-looking radar, a planar 9x8 series-fed patch antenna array is
developed. The antenna has an antenna gain of 18.5 dBi, and the half power beam
widths are 10.5 and 11.2 degrees, in E- and H-plane respectively. The radar transceiver
shows an output EIRP of 23 dBm with only 0.7 dB power deviation within the whole
modulation bandwidth. A frequency linearizer mechanism is presented. The frequency
linearizer improves the modulation frequency deviation from 9 % to 0.3 %. A 2D-FFT
signal processing algorithm is implemented to estimate the object speed and distance,
simultaneously. From the experiment, the radar can detect a human up to 15 meters
away and measure the relative speed with 0.7 km/h resolution.

In the end of this dissertation, a full-duplex communication RF front-end using the
new bi-directional amplifier is presented. A 10 GHz bi-directional amplifier is
developed, which has transmission gains of 14 and 13 dB in two directions. A planar
Yagi-antenna is adopted. The antenna shows a gain of 12 dBi and half-power beam
width 40 degrees. A ring mixer is used as the up / down converter to convert the signal
between RF and base-band. The integrated transceiver shows the overall up / down
conversion gain of 17 dB and output EIRP 15.5 dBm.

iv
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Chapter 1 Introduction

Microwave technology has attracted many attentions in many fields. These
applications can be grouped into radar and communication systems. The microwave
radar technology has been applied in many aspects in our life such as speed detection
sensors, vehicle collision warning radars, traffic control monitors, health-care
equipments, and motion detectors [1]. Among these applications, high performance,
compact size, simple structure, and low cost are the most essential to these radars [2].
This dissertation proposes a new LO transparent hybrid mixer, a LO transmissive
quadrature mixer, and a radar front-end architecture using the proposed mixer. By using
the presented LO transparent mixer architecture, single antenna radar transceiver
front-end can be achieved with simple circuit frame. This dissertation also proposes a
novel full-duplex bi-directional amplifier, which can reduce the front-end circuit
complexity in a short-range communication system. The first section of this chapter
describes the motivation of this research and discusses the related radar front-end and
the bi-directional amplifier design literatures. The contributions of this study are

presented in the following section. Lastly, the outline of this dissertation is provided.

1.1 Motivation

Followed by the development of economy and technology, vehicle nowadays is
quite popular. According to the report from the United Nations Environment
Programme (UNEP) in 2009 [3], the total quantity of vehicles in 2050 will be three
times as many as recent day. Because of the explosive increase of cars, traffic has
become one of the most severe problems in the developed countries. The

Intelligent-Transportation System (ITS) is considered as one of the most efficient
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solution to the traffic problem [4]-[6]. By sharing the information and managing it, the
ITS tends to minimize the traffic problem by tuning the existing transportation network
more efficient. The ITS is composed of 5 major parts, (a) the Advanced Traveler
Information System (ATIS), (b) Advanced Traffic Management System (ATMS), (c)
Advanced Vehicle Control and Safety System (AVCSS), (d) Commercial \ehicle
Organization (CVO), and (e) Advanced Public Transportation System (APTC). Among
these systems, the (a), (b), (d), and (e) parts are focused on the traffic management and
construction of infrastructures. The (c) part is an on board unit.

The AVCSS is also considered as the core to achieve smart transportation system.
The AVCSS provides a safer and more comfortable driving experience to the drivers.
Because the system is to be installed on a car, the potential market can be expected. The
vehicle collision warning radar plays an important role in the AVCSS [7]-[8].

The vehicle collision warning sensor can be realized using sonar, infrared rays,
vision, and microwave radar technologies. Because of the superior characteristics of
working in all kinds of weather and environmental condition, the microwave radar is
chosen by most of the auto-makers. The radar technology was developed since
World-War 11, as the detector of enemy airplanes. Now the radar has been integrated on
a small vehicle, as a driver assistant unit [9]. As a complement of human sense, the
automotive radar has been found in many auto-industry applications such as Adaptive
Cruise Control (ACC), Blind-Spot Detecting System (BLDS), and so on. The radar can
also be built on the road-side, to measure the quantity and average speed of vehicle flow

[10]. The information of vehicle flow is quite helpful to the traffic control system.
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stop-and-go traffic
radar, 20m

forward |ooking
radar, 150m

parking ald

Figure 1.1 A sketch of the automotive radar applications within a car.

In general, there should be a forward-looking radar, two sideward-looking radar, and
a backward-looking radar in a single vehicle to cover all the surrounding area, as
illustrated in figure 1.1. Each radar takes care a specified region and provides different
warning to the driver [11]. For example, the forward-looking radar tracks the distance
and relative speed of vehicles in front of the radar vehicle itself, then warns if necessary
[12]-[13]. The forward-looking radar gives the driver an extra reaction time, which may
help to reduce the car accident rate. The sideward-looking radar detects the blind-spot
area of a vehicle. This radar can be a driver assistant system to provide a visual and
sound warning. The backward-radar senses the rear region of a vehicle and searches for
the potential danger. The backward-radar is significantly useful in large vehicles, which
the drivers may not be able to look the back region through a mirror [14]-[15].

Several available sensing technologies can provide solutions to detect objects in the
nearby region, such as sonar (ultrasonic wave), light (visible light, laser, infrared rays),
and microwave technologies. Table 1-1 [16] gives a comparison of all existing sensing
technologies. The sonar fails under high air flow speed environment, thus, this

technology is impossible to be used when the vehicle running in high speed. The
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infrared rays, laser, and video sensing technologies fail in a dirty or moist environment.

Only the microwave radar technology survives in all kinds of weather condition.

Table 1-1 A comparison of the existing sensing technologies.

Technolagies / Ultra- Infrared Laser Video Microwave
Pedormance feature sonic ray radar
Long range Poor Fair Good Good | Good
capability

Target Poor Poor Fair Good Good
discrimination

capability

Minimizing false | Poor Poor Fair Fair Good
alarm

Ternperature Poor Fair Good Good Good
stability

Darkness Good Good Good Poor Goad
penetratlon

Adverse weather | Pogr Poor Poor Poor Good
penetratlon

Sensor dirt/ Fair Poor Poor Poor Good
moisture

perfarmance

Since 1972, the moat large auto-makers in this world have developed their own
automotive radar systems. In 1990s, many applications have been proposed by using the
radar technology. To be -installed on a small vehicle and accepted by the mass
population, developing a compact and low cost radar system becomes the major trend.

The microwave radars are composed of the transmitting / receiving antenna(s),
Radio-Frequency (RF) transceiver, and a Digital Signal Processor (DSP). Various
modulation mechanisms in both pulsed and Continuous-Wave (CW) type have been
developed to obtain the target information [17]. Among these mechanisms the Linear
Frequency Modulated Continuous-Wave Modulation (LFMCW) is commonly used in
automotive radar applications. This modulation provides target distance and speed
information in single acquisition with relative good resolution and simple front-end
circuit complexity [18].

Personal wireless communication brings a significant convenience to our life. To
be used on a portable device, the compact and relative low cost transceiver architecture
is vital. Due to the dramatic increase of the wireless personal communication need in

4
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recent years, numerous new transceiver architectures have been proposed to simplify the
front-end circuit configuration and to reduce the system cost. The transceiver with
single antenna is considered to have the minimum size. In the typical single antenna
architecture, signal switches or diplexers are used to separate the transmitting and
receiving paths. These components increase the circuit complexity and thus reflect on
the price. The bi-directional amplifier concept is proposed to eliminate the usage of

signal split components [19].

1.2 Literature Survey

Among the radar technologies, the CW radars have relatively simple circuit structure,
allowing the compact size and low-cost solutions [20]. This kind of radar has been
found in many applications. within the automotive field such as speed sensor, collision
warning radar, and traffic.control systems [21]. Among these systems, a single local
oscillator (LO) is used to generate transmitting power and drive the receiver at the same

time, as shown in figure 1.2.

Circulator

St ©

D )_|>f Display

Filter Amplifier

Figure 1.2 Block diagram of the continuous wave radar transceiver.

Because there is only one signal source, the LO power usage efficiency is used to
state how efficient the radar front-end use the LO power in both transmitting and

receiving ways. For short range applications, the CW radars with low-power LO have



Chapter-1

the optimum size and cost. In the associated applications such as health-care sensor and
speed detector, a high LO power usage efficiency is crucial to improve the sensing
quality. The higher LO power usage efficiency implies higher signal strength can be
acquired from the sensor with the same LO power inject into the radar. The systems
with two antennas are likely to have best local power usage efficiency regardless the
transmission loss in the power distribution network [22]-[23]. However, the system size
is twice larger than the system with single antenna. The radar with single antenna is
typically implemented with a circulator or a coupler following the antenna. The
circulator components usually cost extremely high price, while in the coupler
architecture half of the receiving power is dissipated at the LO port, in addition, half of
the transmission power is taken to drive the mixer. In this thesis, a new LO transparent
type hybrid mixer is proposed in order to improve the power usage efficiency of the
local oscillator. The proposed hybrid mixer is placed in series between the signal source
and antenna. It has the characteristic to pass the LO power through and down convert
the radar signal. The proposed hybrid mixer has been proven that fewer than half power
IS required to drive the mixer and no power is lost in the receiving path.

The quadrature radars, as shown in figure 1.3, can detect the speed and direction of a
target. This kind of radar can also be used to measure the displacement of objects in a
static environment [24]-[25]. Extremely small displacements such as human vital
signals are detected very well with quadrature mixing technology [26]-[27], because this

kind of radar extracts Doppler signal with much higher signal-to-noise ratio [28].
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Transmitting
antenna
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90° phase
shifter
L
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Receiving processor
antenna Mixer
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Figure 1.3 A classic quadrature radar architecture.

The typical single antenna quadrature radar architecture applied a coupler to isolate
the transmitter and receiver paths. C. Y. Kim [29]-[30] proposed a balanced coupler
network and a circularly polarized radar architecture to improve the
transmitter-to-receiver leakage. However, these approaches suffer from low power
usage efficiency that the reflected LO powers from the mixers are terminated at a
resistor and half of the receiving power is dissipated in the LO port. In the following of
this dissertation, a LO transmissive quadrature hybrid mixer is proposed. The new
quadrature hybrid mixer can perform the same function as the quadrature mixer and
improve the local power usage efficiency as well.

In the short-range communication systems, the design of transceiver is not focused
on increasing the communication distance but on the convenience in the near proximity
area of the users. Thus, the circuit performance can be somewhat sacrificed in order to
obtain a compact and low-cost circuit configuration. The typical wireless front-end
circuit of the transceivers contains two individual signal paths, one for transmitting and
the other for receiving. The use of two individual T/R paths has the advantages of
achieving optimum designs for each path and result in an improved communication
range and quality. However, these architectures also have the drawbacks of more circuit

7
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components, more complicated circuit layout, and larger circuit area. T. Tsukii [31] and
J. W. Archer [32] presented single-path transceiver architectures using a switched
bi-directional amplifier. The transmitting signal and the receiving signal share the
common RF circuits, and thus simplify the circuitry complexity. However, these
architectures can only be used in a half-duplex system. In this dissertation, a compact
RF front-end configuration using a novel full-duplex bi-directional amplifier is
presented. The proposed bi-directional amplifier is composed of a quadrature hybrid and
reflection type amplifiers. Without using the signal switch, this configuration requires
only one path for the transmitting / receiving signals and can be used in both half- and

full-duplex systems.

1.3 Contributions

In this dissertation, a new LO transparent hybrid mixer, a unique LO transmissive
quadrature hybrid mixer, and novel full-duplex bi-directional amplifier architectures are
presented. A radar front-end architecture using the proposed hybrid mixer is proposed.
The proposed radar architecture can reduce the transmission power loss and has no
received power wasted in the signal split network in theory. Thus, an optimized LO
power usage efficiency is achieved. A 10.5 GHz Doppler radar system is implemented
using the proposed LO transmissive quadrature hybrid mixer architecture. A local
oscillator designed with the defected-ground-structure, which possesses a low phase
noise, is applied as the local oscillator to the radar. A frequency synthesizer is
implemented to provide a stable signal source in all kinds of operation environment. A
complete radar transceiver with the proposed quadrature hybrid mixer is implemented
and tested.

Two complete 24 GHz vehicle collision warning radars are presented. The radars are
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developed for the sideway-looking and forward-looking applications, respectively. The
RF front-ends, antennas, and base-band signal processor within the 24 GHz radars are
built up. The LFMCW mechanism is applied in these radar systems, also a modulation
linearizer is adopted to improve the modulation linearity. A 2D-FFT signal processing
algorithm is presented for simultaneously measuring the object relative speed and
distance.

A new transceiver front-end architecture using the proposed full-duplex bi-directional
amplifier for wireless communication is presented. Without using the signal switch or
diplexer, the transceiver fulfills full / half duplex functionalities in single path
architecture. The transceiver complexity is minimized when using the bi-directional

amplifier.

1.4 Outline of the Dissertation

This dissertation is organized as follows: The chapter-2 proposes the new
quadrature hybrid composed circuits. A new LO transparent hybrid mixer is proposed
for the radar applications, which offers a solution to reduce the front-end circuit
complexity and cost. The operation principle of the proposed hybrid mixer is illustrated.
A unique LO transmissive quadrature hybrid mixer is presented, which provides two
orthogonal base-band outputs. These orthogonal outputs make the radar receiver able to
identify direction of displacement. The basis of the proposed quadrature hybrid mixer is
illustrated. Then, a novel full-duplex bi-directional amplifier is also presented, which is
proposed to simplify the RF front-end in a wireless communication system. The
bi-directional architecture and operation principle are described in this chapter.

Chapter 3 presents a 10.5 GHz quadrature radar using the LO transmissive

quadrature hybrid mixer. The implementation of 10.5 GHz radar transceiver is
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illustrated, which includes a proposed quadrature hybrid mixer, a 5.25 GHz
defected-ground structure VCO, a Phase-Lock Loop (PLL) frequency synthesizer, and
an active frequency doubler. The output performance of the implemented transceiver is
presented. Then, a performance comparison of the radar front-end architecture between
the conventional one and the proposed one using the quadrature hybrid mixer is
presented. A test environment is built to simulate a continuously moving object with
constant relative speed. At the end of this chapter, the radar transceiver is established as
a road-side unit to measure the speed of vehicles passing by.

Chapter 4 presents two complete 24 GHz collision warning radar systems. The
24GHz radars are developed with one for the side-way looking and the other one for the
forward-looking applications. A6 GHz VCO is designed as the signal source, then, two
active type frequency doublers multiply the 6 GHz signal to the 24 GHz required signal.
A sub-harmonic mixer is adopted in this study to down convert the radar signal to
base-band directly. A modulation linearizer mechanism is proposed to provide excellent
frequency modulation linearity. A 2D-FFT signal processing algorithm is presented,
which shows a capability to acquire the relative speed and distance information of
moving objects, simultaneously.

Chapter 5 proposes a new transceiver RF front-end using the full-duplex
bi-directional amplifier. The design of bi-directional amplifier is illustrated. A RF
front-end composed of a bi-directional amplifier, a ring mixer, and a printed
Yagi-antenna is implemented. The proposed architecture shows a capability to transmit /

receive signals using single path.

10
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Chapter 2 New Quadrature Hybrid Composed

Circuits

In this chapter, a new LO transparent hybrid mixer, a LO transmissive quadrature
hybrid mixer, and a novel full-duplex bi-directional amplifier are proposed. These new
mixers and amplifier are configured using the quadrature hybrid architecture. Different
from the conventional mixers, the proposed hybrid mixers are designed to pass the local
oscillator power to the antenna port, and also able to down-convert the received signal
from antenna. Having this unique characteristic, the proposed hybrid mixer architecture
is suitable to be used in the radar front-end. Using the LO transparent hybrid mixer,
single path transmitting / receiving can be accomplished with simple circuit complexity.
A LO transmissive quadrature hybrid mixer composed of the new hybrid mixers is then
presented. The quadrature hybrid mixer not only has the same performance as the
hybrid one but also output both the I / Q IF signals simultaneously. These I / Q signals
are useful to distinguish the sign of frequency shift in the Doppler radar applications,
which helps to recognize the sign of relative speed. In the end of this chapter, a
full-duplex bi-directional amplifier is presented. With the unique characteristic of
enhancing the signals in both transmitting and receiving path, the bi-directional
amplifier is proposed to simplify the RF front-end complexity when used in a

short-distance communication system.
2.1 New LO transparent hybrid mixer

Most radar systems use single signal source as detecting signal and local
oscillating signal to the receiver. Among these radar systems the single antenna

architecture is considered to have the smallest size and simplest circuit complexity. As
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illustrated in figure 2.1 (a), a circulator component is commonly used to isolate the
input and output signals in the conventional radar system. However, the circulator
device costs extremely high price. In this thesis, a LO transparent hybrid mixer
architecture is proposed for the radar applications. As shown in figure 2.1 (b), the
proposed hybrid mixer is connected in series between the local source and antenna,
which has the capability to bypass the local power to the antenna and down convert the

received radar signal to base-band as well.

. o Antenna
LocalCstillater  Citeilator Antenna Local Oscillator  Hybrid mixer

O— %?J

IF out

IF out

() (b)
Figure 2.1 (a) A typical single antenna radar transceiver front-end architecture and (b) the architecture

using the proposed LO transparent hybrid mixer.

Owning to the reason that the radar system uses the same signal source as the
transmitting signal and down converter driving signal, there is no LO to RF isolation
problem in the radar systems. Instead, the idea of LO transparent hybrid mixer tends to
maximize the LO to RF transmission. As illustrated in figure 2.2, the new LO
transparent hybrid mixer is composed of a 90° half-power coupler, two mixer diodes,

and Low-Pass Filters (LPFs).

12
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Figure 2.2 The sketch of the new LO transparent hybrid mixer.

Let the RF and LO signals expressed as:
Vie (t) = Age cos (gt + 65 )

Vio (t)= Ao cos(art+6,,) (2-1)

where Agr and Ao represent the received and local oscillator amplitude respectively.

o, and @, indicate the frequencies of the received and transmitted signal. After

passing through the 90° coupler, the signals at the mixer diodes can be expressed as:

Pre CoS(@rt+6ge )+ Ao cos(a)THHLo + 2)

Voult) =5 N

(2-2)
Vp, (t) = ﬁcos(a)RH@Rf + Zj+hcos(a)Tt+HLo)

V2 V2

After mixing the contents within Vps(t) and Vpy(t), the fundamental term can be filtered

out by the LPF and thus expressed as:

Vs (1) =22, cos((wR o)+, ‘%j

(2-3)

these two outputs will be equal amplitude and out of phase. Within Equ. (2-3) &,

represents the conversion efficiency from the RF to IF, which is a function of LO power
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strength, diode characteristic, and LPF efficiency.

P —

LO input To antenna
. JFfiter
8B R R R L _J
Differential
amplifier

Figure 2.3 Complete circuit schematic of the LO transparent hybrid mixer.

Figure 2.3 gives a complete circuit schematic of the LO transparent hybrid mixer. A
branch-line coupler is adopted as the 90° half-power coupler. Two mixer diodes are

connected in parallel. A quarter-wavelength open stub is connected at the end of mixer

diode. The % open stubs provide both the RF and LO signal the small signal ground.

An inductor and capacitor composed LPF is connected to the IF output. The resistors
connected at each end of the LPF provide discharge paths for the DC components
generated by mixer diodes. A differential amplifier which converts the differential

output to single-ended with required first stage gain, is connected to the IF outputs,

2.2 The LO transmissive quadrature hybrid mixer

Figure 2.4 (a) and (b) illustrate the block diagrams of the quadrature radar transceivers
with conventional mixers and with the proposed LO transmissive quadrature hybrid
mixer, respectively. The conventional radar consists of an antenna, an LO source, two
branch-line couplers, a two-way power divider, and two mixers along with two LPFs. In

this architecture, the first branch-line coupler is used to separate the transmitting and

14
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receiving signals, while the other one is to generate two LO signals with 90° phase
difference for quadrature mixing. Half of the output power from the signal source is
transferred to the antenna through the first quadrature coupler. During the receiving
process, the received signal is coupled to the mixer by the first quadrature coupler and
down converted to the base-band by the mixers. The unwanted higher-order harmonic

signals are rejected by the LPFs.

Antenna

\I/

Quadrature
coupler

Local
oscillator

50 Q
termination

Wilkinson
power divider

=S BN

(@)
LPF
Hybrid \ [ | Antenna
50 Q Quadrature Delay  mixer
termination ~ coupler ling
45 —» &
[59] 45 —MWHi
50Q
Local Hybrid
oscillator Q +— mixer
LPF
(b)

Figure 2.4 Block diagram of (a) conventional quadrature radar with branch-line coupler and quadrature

mixer, and (b) the proposed radar with LO transmissive quadrature hybrid mixer.
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Figure 2.5 The equivalent models of the (a) conventional and (b) proposed radar front-end architecture.

Figure 2.5 shows the equivalent models of the conventional architecture and the
proposed one. In figure 2.5 (a), C represents the coupling coefficient of the first coupler,
which is 0.5 when using the branch-line coupler. In figure 2.5 (b), The RL indicates the
power loss due to a certain of the LO power is taken to pump the mixer diodes. From
the ideal model, the conventional architecture shown in figure 2.4 (a) has significant
power loss. In spite of the transmission loss contributed by the transmission lines and
path loss from antenna to object, there are always 6 dB power loss contributed by the
quadrature coupler in theory. There is 3 dB power loss in the transmitting path that half
of the transmitting power is transferred to drive the mixers. Another 3 dB loss that half
of the received power is terminated at the LO port in the receiving path. The proposed
architecture shown in figure 2.4 (b) is used to solve problem. During transmitting

process, the LO power is equally divided by the first quadrature coupler and put into the
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LO transparent hybrid mixers. The hybrid mixer takes the necessary energy it needs to
drive the mixing diodes only, and then pass the remnant power through. Eventually, the
remained power from the two hybrid mixers is combined at the antenna port of the
second quadrature coupler. When receiving, the second quadrature coupler divides the
received power equally with 90° phase difference and put into the mixers. In theory, this
architecture has 6 dB enhancement of overall performance from the equivalent model.
In practice, a certain of LO power injected into the hybrid mixer is taken to drive the
mixer diodes. The power taken by mixer diodes is typically lower than half of the total
LO power. Therefore, the overall LO power is efficiently used in this architecture. Note
that there are two 45° delay lines placed individually in the upper and lower paths to

produce the required phase difference of I / Q IF signals.

r-———f4=-----

50 0
termination

To
V1 Antenna

From local
oscillator »

Quadrature
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Differential @ | - me e e e e —oo oo
amplifier

Figure 2.6 Schematic of the LO transmissive quadrature hybrid mixer.

Figure 2.6 illustrates the complete schematic of the proposed LO transmissive
quadrature hybrid mixer, which consists of two hybrid mixers and two attached 90°
branch-line couplers. Each hybrid mixer is composed of a 90° branch-line coupler, two
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Schottky diodes, and followed be two LPFs. Let the signal from the LO be given by:

= A, cos(a;t) (2-4)

where Ao is the amplitude of the LO signal and @, the LO frequency (which is also the
frequency of the transmitting signal). After passing through the first quadrature coupler

and the 45° delay line, the signal, V', entering the upper hybrid mixer (mixer-1) can be

expressed as:

_ Ao Sz
V' = \/Ecos(a){[ 4] (2-5)

This signal is then divided into two parts by the branch line coupler in the hybrid mixer
and delivered to the two Schottky diodes D; and D,, where these signals have the forms

of:

Vip = A;O Cos(coTt + 4) (2-6)

T
Vip, = AEO COS(“’Tt _Zj (2-7)

The signal power here is used to drive for the mixer operation, after that, most power is

reflected from the diodes with a large reflection coefficient «, and eventually, the

reflected powers combine at the RF port of the hybrid mixer-I as:

3
A\/Lg ap COS((OT'[ _Tj (2-8)

In the mean time, the LO signal also enters the lower hybrid mixer (mixer-1I),

. . . 1l .
resulting in a signal, V5 , from mixer-11 as:
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A
Vi = T; o, cos(axt) (2-9)

This output signal from mixer-Il passes through the 45° delay line and then enters the
second quadrature coupler. The LO signal passing through mixer-11 combines with the
signal from mixer-1 at the antenna port of the second branch-line coupler. The combined

transmitting signal at the antenna port is obtained as:

o
Vi =Aoap COS(alrt - Tj (2-10)

It is seen that only the reflection loss (1/6¥D) at the Schottky diodes contributes to the

insertion loss of the transmitting signal from LO to antenna.

In the receiving path, the signal received by the antenna can be given by:

VR = AR COS(O)Rt) (2-11)

where Ag and @Wg are the amplitude and frequency of the signal received. After passing

through the second branch-line coupler and entering hybrid mixer-I, the received signals

at diodes D; and D, are given by:

3
Vapi = %cos(a)Rt —T”J (2-12)

VRD2 = % COS (C()Rt — 72') (2-13)

These signals are mixed with the LO signals (2-6) and (2-7), respectively, leading to the

output of fundamental harmonics obtained as:
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T
VIFl ziCL COS((Q)T _a)R)t__ (2-14)
2 4
3
V., = %CL cos((a)T — )t +=
(2-15)
=V

where C_ is the conversion coefficient of the mixer diode, 1/ C_ is also expressed as the
mixer conversion loss. The outputs at these IF port within a single hybrid mixer section
are out of phase, therefore, a low-noise differential amplifier with gain of G is used
here to convert the differential signal into single-ended. The differential amplifier can
also help to reject the common-mode noise which helps to improve the receiver
sensitivity [33]. After this amplifier, the received IF signal at the in-phase port (I port) has

the following form:

VIII: = ARGy G COS ((C‘)T — Wy )t _%j (2-16)

Similarly, the IF signal at the quadrature-phase port (Q port) can be derived as

T
V2 =AG,.C, cos((a)T — oy, )t + Zj (2-17)

Apparently, the IF outputs at both I and Q ports of the mixer are equal amplitude and 90°

difference in phase.
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2.3 The full-duplex bi-directional amplifier

Port-1 O Q

L Reflection type
amplifiers

Port-4 ' | Q

quadrature hybrid

Figure 2.7 The block diagram of the full-duplex bi-directional amplifier.

Figure 2.7 shows the proposed configuration of the full-duplex bi-directional amplifier,
which contains two reflection-type amplifiers and a quadrature hybrid. The amplifiers are
connected to the output ports 2 and 3 of the hybrid, respectively. The input and isolating
ports of the hybrid serve as the input / output ports of the bi-directional amplifier.

The scattered wave coming out from the quadrature hybrid is Vo= [V[,V{,V;,V[ JT :

where the scattering matrix of the quadrature hybrid is [34]:

0

1
0
0 (2-18)
j

P O O w.

s1- 7/ 1
0

Let only the port-1 have wave incident and port-4 be terminated. The scattering wave at

port-2 and 3 are expressed as:

— ] + - -1 +
Tévl y V3 :_Vl (2-19)

2

V, =
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Noting that the reflection-type amplifier with gain G at port-2 and -3 (V,” =GV, ,
V," =GV, ), the outputs at port-1 and 4 are then obtained:

V, =0, V, = jGV,’ (2-20)

It is seen that no power is reflected back to the input port and that the transmission gain

‘V[ /V1+‘ is the same as the gain G of the reflection-type amplifiers. Owing to the

symmetric architecture, the same result can also be derived when wave is excited from
port-4 to port-1.

In practice, the reflection-type amplifiers will have small performance deviation, which
maybe cause by the mismatch of active components used in the reflection-type amplifiers.

The slight gain deviation AG  causes the reflection coefficient and transmission gain

becomes:
V,_ _ AG
v, T (2-21)
and
V, AG
—=G|1+— -
v, ( 2Gj (2-22)

The same results can be obtained when wave is coming from the port-4. It is seen that the
gain deviation mainly contributes to the reflection coefficient, only little change in the

transmission gain.
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Chapter 3  Design and Measurement of a Doppler
Radar using the LO Transmissive

Quadrature Hybrid Mixer

In this chapter, a 10.5 GHz Doppler radar transceiver using the LO transmissive
quadrature hybrid mixer is presented. The new transceiver architecture is proposed with
higher LO power usage efficiency and simpler circuit complexity. The operation
principle of the new LO transmissive quadrature hybrid mixer was illustrated in
chapter-2. The design of the proposed quadrature hybrid mixer and the other
components which compose a -complete radar transceiver are illustrated. The
performance of the integrated radar transceiver is shown. In the following, another
single antenna radar transceiver using the conventional quadrature mixer is fabricated
for comparison. An experiment shows the received power is improved in new LO
transmissive quadrature hybrid mixer architecture. The implemented radar is also tested

on the road side to detect the vehicle flow and their relative speed.

3.1 Development of the 10.5 GHz quadrature radar transceiver

_____________________________________________________________________________

Ruadrature
hybrid mixer

Antenna

1
requency |
oubler

5.25 GHz frequency
synthesizer

=S|

synthesizer

Figure 3.1 Block diagram of the single antenna radar transceiver using proposed LO transmissive

quadrature hybrid mixer.
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Figure 3.1 illustrates the building block of the proposed radar transceiver front-end
using the LO transmissive quadrature hybrid mixer. The transceiver is composed of a
5.25 GHz frequency synthesizer, a frequency doubler, a 10.5 GHz Band-Pass Filter,
along with a LO transmissive quadrature hybrid mixer. A stable signal source is vital for
the radar application. In this study, the frequency synthesizer architecture is adopted to
mend the frequency deviation due to temperature difference or component performance
decay. A Defected-Ground-Structure (DGS) is used in the VCO design to provide better
phase noise performance. An active frequency doubler is designed to supply the
required 10.5 GHz signal from doubling the 5.25 GHz input signal. Instead of using the
passive design, the active frequency doubler is chosen for two reasons. First of all, to
minimize the component cost, the frequency doubler itself provides sufficient output
power for short-range applications, thus the output amplifier not required. Furthermore,
the output power can be. adjusted on demand by changing the bias voltage to the
frequency doubler. A 10.5 GHz BPF is connected to the output of frequency doubler.
The 10.5 GHz BPF is used to filter out the unwanted harmonic signals produced by the
frequency doubler. The BPF helps to minimize the harmonic signal emission, and also
improves the conversion efficiency of frequency doubler. The LO transmissive
quadrature hybrid mixer is connected between the BPF and antenna. The mixer
performs the function to down-convert the received radar signal and delivers the local

signal power to the antenna as well.

3.1.1 The LO transmissive quadrature hybrid mixer

A 10.5 GHz quadrature hybrid mixer is developed at 10.5 GHz, which is composed of
branch-line couplers, delay lines, and LO transparent hybrid mixer. The couplers and
delay lines are designed using a 2.5-D EM simulator IE3D [35]. The developed
quadrature hybrid mixer is implemented on a RO4003 substrate with a dielectric
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constant 3.38 and thickness 20-mil. The M/A-COM MA4E2054 Schottky diode is
selected as the mixer diode in this study. The simulation of large signal is performed
using the Ansoft Microwave Office [36]. Figure 3.2 gives SPICE model of the
MA4E2054 Schottky diode and equivalent circuit model of the SOD-323 package.

Spice Mode! Parameters 800323

15=3x10°A M=050 yf

=110 = /
RS=110 EG=069¢V T ): o

N=105 BV=50V 1

=08 BV=1x10-A f“ O O m
Cjl0)=0.10x 10-2pF l J_ J_
=00 D Wy g g
Cpar=011x10-24F l ; 1 i

VJ=040V
(@) (b)

Figure 3.2 The (a) SPICE model and (b) equivalent circuit model of MA4E2054-1141T Schottky diode
and SOD-323 package.

1
'}
i

Table 3-1 The simulated input impedances of a single diode section versus input power level.

Power (dBm) | Real(Z11) | Imag(Zl1)
20| 0.02edz09 -50.9851
16 | 0417531 509851
120 0144746 -50.9849

8 1.00514 509392
4 3.5659 -50.53
a 6.05 -S02329
4 8.03959 50,0439
g 9.43108 495283

12 10473 495965
16 223281 479826
20 59.5466 -54.4993

Port

Table 3-1 gives the simulation result of the diode input impedance versus the input
signal strength. In this simulation, a 10.5 GHz single-tone large signal is excited directly
into the anode pin of the Schottky diode, where the cathode pin of the diode is connected
to a quarter wavelength open stub. The quarter wave open stub provides a virtual ground
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to the RF signal. The residual LC components are used to filter out the other harmonic
signals to the IF output, which shows no affection to the input impedance. From this
result, the input impedance at the excitation level of 4 dBm is 8—j50 ohm. The imaginary
part of the input impedance versus input power level does not change observably,
however, the real part varies a lot. Figure 3.3 shows the Smith chart of simulated input
impedance versus input power level at 10.5 GHz. From this result, the diode acts like a

capacitor in low power condition.

Port

S M ax

10.5GHz

p1. Pwr = -20 dBm
p2: Pwr = -16 dBm
p3: Pwr =-12dBm
p4: Pwr = -8 dBm
pS: Pwr = -4 dBm
pé: Pwr=0dBm
p7: Pwr=4dBm
p8: Pwr =8 dBm
p9: Pwr =12 dBm
p10: Pwr = 16 dBm
p11: Pwr = 20 dBm

Figure 3.3 Smith chart of the simulated input impedances of a single diode section at 10.5 GHz.

Figure 3.4 illustrates how the mixer diode consume the LO power in terms of
reflection coefficient. From this result, all the LO power are reflected when power level
lower than -10 dBm, mixing signal fails at this condition because the voltage swing does
not bigger than the diode barrier voltage. As the power increase, the reflection ratio
reduces. When the input power level exceeds 12 dBm, the reflection coefficient drops
rapidly, the lost power has been converted into higher order harmonic signals. This is a
kind of waste because the other harmonic signals are useless in the mixer application.
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From this result, the input power range from 0 to 10 dBm is considered suitable for the

mixer design for acceptable reflection coefficient and sufficient LO power do drive the

mixer diodes.
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Figure 3.4 The simulated reflection coefficient of the LO power at 10.5 GHz.

In the hybrid mixer, the RF and LO signals are excited together to the anode pin of
mixer diode. The RF signal is considered as a small signal, while the LO is large signal. A
two-tone simulation is performed to the mixer diode section to estimate how the RF and
LO signals affect each other. Table 3-2 gives simulation result of the two-tone simulation,
where the LO signal is excited with a level of 4 dBm and the RF power level of -50 dBm.
The input impedance of both LO and RF signal are obtained independently. There is no
equipment can measure the two-tone input impedance because the frequency of these two
signal are too close, only the simulation can observe the input impedances independently.
Compare to the result shown in table 3-1, the input impedance of the LO signal does not
change a lot when the RF signal excited. However, the result shows a significant change
in the input impedance of the RF signal when LO is excited. The input impedance of RF
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signal is 25 - j44.7 ohm, which means most of the RF signal is absorbed by the mixer

diode.

Table 3-2 The simulated input impedances of a two-tone signal in a single diode section.

LG (4 dBm) RF (-50 dBm)

Frequency
(GHz) Eeal(Z11) | Imag(Z11) | Eeal(Z11) | Imag(Z11)

9.5 640607 590616 175876 -92154
9.6 6.0622 -58.4%64 136039 -59.1284
9.7 525928 SRS L1587 559Xl
9.3 4.83438 553753 140298 479606
9.9 2.20417 5286598 1323677 432896
10 £.16336 515249 15978 425678
10.1 7014 Slelzs 19494 43,1206
102 7.408 510057 215855 4177064
103 773401 5007148 232908 412323
104 7.93361 505076 243385 424038
105 2.04945 S0Z2274 250287 445653
106 8.10642 499168 253524 471026
10.7 8.11542 49506 249285 49.1719
108 8.072 493234 235056 505242
108 795704 49,1007 2085739 D223l
11 7.38087 4930022 1477023 493984
111 7.oe0e0 4724391 186135 -50.5851
112 7.43415 475193 158338 -506125
113 7LTH0S 47,165 140499 -o02882
114 6.90211 46 5838 13.1076 49541
115 £.6523 458373 132995 482711

Port

Figure 3.5 shows another simulated reflection coefficients of both LO and RF signals in
the mixer diode section. The LO and RF are excited at a level of 10 and -50 dBm,
respectively, with a relative frequency difference of 1 MHz. From this result, the return
loss of the LO signal is lower than 2 dB around the designed frequency range. Only small

percentage of RF signal is reflected by the diode.
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Figure 3.5 The simulated reflection coefficient of LO and RF signals.

Figure 3.6 Photograph of the LO transmissive quadrature hybrid mixer.

Figure 3.6 shows a photograph of the implemented LO transmissive quadrature
hybrid mixer. Four branch-lines along with four Schottky diodes compose the quadrature
hybrid mixer. An external voltage bias network is added, which gives a feasibility to

optimize the performance according to different LO power level. The additional bias is
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necessary because the change in the transmitting signal power affects the conversion

efficiency significantly.
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Figure 3.7 Simulated and measured conversion gain of the hybrid mixer and the insertion loss from LO to

antenna of the proposed quadrature hybrid mixer.

Figure 3.7 illustrates the measured frequency response of the implemented quadrature

hybrid mixer without bias voltage. In this measurement, the insertion loss (includes the
reflection loss 1/« from diode and the overall circuit losses) from LO to antenna, and

the conversion loss (1/ C.) of the quadrature hybrid mixer are shown. This experiment is
executed with an LO power at 10 dBm. Considering that the non-linear characteristic
should generate a lot of harmonic signals, these results were measured by a spectrum
analyzer. Around the operating point at 10.5 GHz, the mixer shows a conversion loss of
15.5 dB from RF to the I-channel, the insertion loss of 3.1 dB from the signal source to
the antenna, and return loss better than 15 dB which covers the range from 9.8 to 11.2
GHz. According to this result, the proposed mixer takes approximate half of the
transmitting power to drive the mixer diodes and leaves the rest half power to the antenna
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port. The difference between the simulated and measured ones are caused by the variation
of each diode, this unbalance characteristic will slightly deteriorate the mixer conversion
and insertion performance. The measured result also shows most of the LO power is
reflected by the diode. It shows a good agreement with previous simulation result at

single diode stage.
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- Total loss (dB)
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Figure 3.8 Measured performance of the proposed quadrature hybrid mixer without bias versus LO

power level.

In the applications like automotive radars, biological sensors, the radars need to be
operated under low LO power condition. The performance versus different LO power
level is considered. The result illustrated in figure 3.8 gives the insertion loss,
conversion loss, and the total loss, versus the LO power level. No bias voltage is applied
to the mixer in this measurement. It is observed that, the conversion loss for LO power
lower than 0 dBm is extremely high. As the power increases, the conversion loss
becomes better, and finally saturates at 15 dB when the LO power is higher than 10

dBm. While only slight insertion loss regression when the LO power increases. In the
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single antenna radar architecture, the LO signal leakage to the RF port is used as the
interrogating signal of the radar. Therefore, a parameter called the total loss, which is
defined as the summation of the conversion loss and insertion loss, is recommended.
The total loss shows how many loss contributed by the transceiver itself in both
transmitting and receiving path, which provides a better way to estimate the how
efficient the LO power is been used in a low power radar system. The total loss in the
proposed architecture saturates to 18.2 dB when LO comes more than 10 dBm. An
external bias voltage is added in this mixer to enhance conversion efficiency during low
LO power level condition. Adding bias voltage to the mixer diode is helpful to lower
the barrier-voltage, thus it helps to improve the performance in low power condition
[37]. The four diodes within the quadrature hybrid mixer are placed in parallel,
therefore these diodes can be biased using a single bias network.

Figure 3.9 gives a simulated transmission and conversion gain of the LO transmissive
quadrature hybrid mixer performance with additional bias voltage applied when the LO

power is 0 dBm.
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Figure 3.9 Simulation results of the (a) transmission gain and (b) conversion gain of the quadrature

Table 3-3 Measured quadrature hybrid mixer performance versus bias voltage.

hybrid mixer with LO power 0. dBm.

The Summary of I/Q Hybrid Mixer measurement results

LO
Power

Loss (dB)

DC Bias (V)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Insertion Loss

2.15

2.33

37

3.12

26

2.28

2.1

1.93

1.83

1.76

1.77

Conversion [J0ss

4.5

21

17.67

18.5

22.17

26.83

3117

34.83

3833

40.83

43.67

Total Loss

56.65

23.83

21.37

21.62

24.71

29.11

33.27

36.76

40.16

42.59

45.44

Insertion Loss

2.18

2.93

3.67

326

2.66

231

2.12

1.94

1.83

1.76

1.76

Conversion Loss

44

20

1717

17.33

19.33

23.5

21.83

31.83

35.17

38.17

40.83

Total Loss

46.18

22.93

20.84

20.59

21.99

25.81

29.95

3371

37

39.93

42.59

Insertion Loss

2.25

3.03

3.64

337

2.78

237

2.16

2.09

1.85

1.79

1.82

Conversion Loss

3233

19.17

17

16.83

17.5

20

23.83

28

31.83

34.83

31.67

Total Loss

34.58

22.2

20.64

20.2

20.28

22.37

25.99

30.09

33.68

36.62

39.49

3

Insertion Loss

2.39

3.14

3.61

351

2.96

248

2.23

2.12

1.89

1.81

1.84

Conversion Loss

24.5

18.67

17

16.83

16.5

17.5

19.67

23.33

21.5

31

34.67

Total Loss

26.89

21.81

20.61

20.34

19.46

19.98

219

25.45

29.39

3281

36.51

Insertion Loss

2.58

323

3.59

3.59

3.17

2.65

235

2.18

1.93

1.83

1.82

Conversion Loss

21.17

18.17

17.17

16.83

16.33

16.33

17.17

18.83

22

25.67

29.5

Total Loss

23.75

214

20.76

20.42

19.5

18.98

19.52

21.01

23.93

21.5

31.32

Insertion Loss

2.8

329

3.56

3.63

3.36

2.88

2.55

2.29

2.05

1.9

1.87

Conversion Loss

19.67

18

17

16.83

16.33

16.17

16.5

16.67

17.83

19.83

23

Total Loss

2247

2129

20.56

2046

19.69

19.05

19.05

18.96

19.88

21.73

24.87

Insertion Loss

2.91

3.34

3.55

3.63

3.54

3.1

2.71

2.5

2.23

2.05

Conversion Loss

19

17.83

17

16.83

16.5

16.17

16.17

16.17

1633

16.83

18

Total Loss

21.97

21.17

20.55

20.46

20.04

19.27

18.94

18.67

18.56

18.88

20

Insertion Loss

312

339

3.53

3.64

3.54

33

3.03

275

248

226

2.18

Conversion Loss

18.5

17.67

17

16.83

16.67

16.33

16.17

16.17

16.17

16

16.33

Total Loss

21.62

21.06

20.53

20.47

20.21

19.63

19.2

18.92

18.65

18.26

18.51

Insertion Loss

321

341

3.51

3.63

3.59

3.42

3.25

3.03

2.78

2.54

2.45

Conversion Loss

18.17

17.67

17.17

17

16.67

16.5

16.33

16.17

16.17

16

16

Total Loss

2138

21.08

20.68

20.63

2026

19.92

19.58

19.2

18.95

18.54

18.45

Insertion Loss

3.21

34

3.48

3.58

3.61

3.48

3.38

3.23

3.04

2.84

2.76

Conversion Loss

18

17.67

17.17

17.17

16.83

16.67

16.5

16.5

1633

16.17

16

Total Loss

21.27

21.07

20.65

20.75

20.44

20.15

19.88

19.73

19.37

19.01

18.76
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From the simulation result, an optimized conversion loss is obtained when applying
1V to the mixer diodes, however, it costs a higher insertion loss to the LO signal. Table
3-3 gives a summary of the measurement results of the implemented quadrature hybrid

mixer when applying bias voltage.
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Figure 3.10 Measured insertion loss, conversion loss, and total loss of the LO transmissive

quadrature hybrid mixer versus bias voltage with different LO power levels.
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Figure 3.10 show the transmission and conversion performances of the mixer versus
the bias voltage when LO power is -4, 0, 4, and 10 dBm, respectively. When the LO
power is 0 dBm (figure 3.10 (a) ), the insertion loss changes only a little when bias
voltage change from 0 to 2 V. The conversion loss reaches to the lowest when the bias
voltage is 0.7 V. Higher conversion loss is obtained when the bias voltage becomes
more than 1 V. Consequently, an optimized total loss can be obtained when the bias is
0.7 V. When the LO power is above 10 dBm (figure 3.10 (d)), the additional bias
voltage does not affect the performance a lot. An optimum bias point can be obtained
for each LO power level. Table 3-4 gives a summary of the optimized operating point

for various LO power level.

Table 3-4 Summary of the optimized bias point and performance of the proposed quadrature hybrid

mixer-versus LO power level.

EioL — ggﬁ:j Comersio | Imsestivn: | Tobblbss
[ dBm) (valts) nloss (dB) | loss (dB) (dE)
4 05 1470 349 1519
2 08 1473 326 17.5
0 07 14,00 303 17.05
3 0% 13.40 298 16,46
4 10 1373 263 155
6 13 1373 238 1571
2 15 13.17 234 15.51
10 18 1300 226 152
12 19 123 283 1566
14 20 1300 276 15.7%

The LO transmissive quadrature hybrid mixer is to be connected to the antenna
directly, thus, the harmonic signals generated by the mixer itself may leak to the air
through the antenna. Figure 3.11 shows a measurement result of the largest 2" harmonic
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power at the antenna port of the quadrature hybrid mixer with various input power level.
The result shows a -26 dBm of 2"® harmonic power will be generated when the LO power
is 10 dBm. As the LO power increases, the relative 2" harmonic power also increases.
The harmonic power is lower than -20 dBm during this experiment.

-20

99

24 -

-26 4

-28 4

-30 4

2nd Harmonid power (dBm)

-32

'34 T T T T
-5 0 5 10 15 20

LO poewr (dBm)

Figure 3.11 Measured largest 2nd harmonic signal strength.

3.1.2 The 5.25 GHz frequency synthesizer

Figure 3.12 shows a block diagram of a Phase-Lock Loop (PLL) frequency
synthesizer.

Malin-frequency Fundamental
divider frequency filter

Refarence-
Eﬁf ency Loop-filter VCO
RE Y- P
ot
Power
Eera PFOf CP divider

Figure 3.12 Block diagram of a typical PLL frequency synthesizer.

The frequency synthesizer is composed of a VCO, a power divider, fundamental

37



Chapter-3

frequency filter, a main frequency divider, a precise reference frequency oscillator along
with relative reference frequency divider, a Phase-Frequency Detector (PFD) integrated
with a Charge-Pump (CP), and a loop-filter. The PFD detects the phase deviation
between the divided main and reference signal source, and generates the relative
feedback voltage to adjust the VCO output frequency. In this study, a commercial
available frequency synthesize IC ADF4106 is selected, which integrates the main /
reference frequency divider, PFD/CP together, and provides a bandwidth of 6 GHz. The
divider ratio and CP current can be controlled by a 3-wire interface, which provides a
feasibility to adjust the output frequency and PLL lock-in time according to the
operating environment. The reference signal is driven by a temperature compensated
crystal oscillator (TCXO) with output frequency of 40 MHz. The loop-filter is designed
using typical LC circuitry with low pass characteristic and bandwidth of 2.5 KHz. The
VCO design and frequency synthesizer integration are described in the following

sections.

3.1.2.1 The 5.25 GHz VCO

The design of the VCO starts from the negative-impedance concept. As we know all
the active devices are possible to be configured as a negative-impedance device, the
Bipolar-Junction Transistor (BJT) is usually considered to have better phase noise
performance than other devices. In this study, a general purposed BJT Philip BFG425W
is used as the transistor in the VCO design. The transistor is biased at the condition of

Vce =2V and Ic = 25 mA.
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Figure 3.13 Schematic of the negative-impedance implementation using the BFG425W.
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Figure 3.13 gives the negative-impedance circuit schematic using the BFG425W

transistor. A short-stub is connected to the emitter port of the transistor, which provides

an electric current path for the bias current to ground and a feedback path for the small

signal to make the circuit unstable at the desired frequency band.
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Figure 3.14 Simulation result of the negative-impedance section.

-100

-200

=300

Figure 3.14 shows the simulation result of the negative impedance circuit using the

BFG425W transistor. The left and right Y-axis gives the real part and imaginary part of

the input impedance, respectively. As illustrated in the Fig 3.14, the negative-impedance

is obtained from 4 to 5.8 GHz, with the lowest real part impedance of -116 ohm at

5.25GHz.
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After the negative-impedance design, a corresponding resonator circuit is designed for
the proper oscillating frequency. A resonator with high quality (Q)-factor is considered
to have better phase noise performance in the VCO design. There are several ways to
design a resonator with high Q-factor, however, they cost extra components or
additional circuit area. In this study, the DGS architecture is adopted in the resonator
design. The DGS is an etched area in the backside ground of a microstrip line. The
disturbance on the ground plane can change characteristics of a transmission line such
as line capacitance and inductance. The DGS provides a band-gap characteristic in the
designed frequency with only one unit lattice, and results in better quality factor than
other microstrip planar structures [38]. The DGS has been found in many filter
applications and also been proven to improve the oscillator phase noise [39]. Fig. 3.15
(@) illustrates the two-section DGS used in this study. The equivalent circuit of the DGS
can be modeled as a parallel LC resonant circuit in the series arm and two shunted
capacitors, as shown in Fig. 3.15 (b). Each section of DGS behaves as a low-pass filter
with an out-band transmission zero provided by the parallel LC pair. Figure 3.16 gives
the measurement results of the two-section DGS designed with a cutoff frequency at
5.25 GHz. By fixing the cutoff frequency near the oscillation frequency, a high input
phase slope can be obtained in the transmission coefficient, which implies high
frequency stability in the oscillator design. It is also seen that the in-band insertion loss

IS better than 0.7 dB and a deep transmission zero at 8.3 GHz is produced.

(@)
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Figure 3.15 (a) A sketch of the two-section DGS and (b) the equivalent circuit model of the

two-section DGS.
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Figure 3.16 The measurement result of the two-section DGS.

The varactor diode is commonly used in the VCO design. Here we choose the
TOSHIBA 1SV285 varactor diode as the voltage tuning device in this VCO. The
1SV285 has a Cyy/ Cyy ratio of 2.3 which is suitable for the wide tuning range VCO
design. Figure 3.17 gives a sketch of the circuit schematic of resonator design using the
1SVv285 and DGS. Another design without the DGS is also implemented for

comparison.
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Figure 3.17 Schematic of the resonator design (a) with DGS and (b) without DGS.
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Figure 3.18 Simulation results of the resonator with and without DGS.

Figure 3.18 gives the simulation result of the resonator with and without DGS. As
illustrated, the resonator with DGS has two poles in the real part of input impedance at
4.5 and 5.9 GHz. In the imaginary part, the slope of the input impedance with DGS is
higher than that of the one without DGS, which means a better Q-factor is accomplished

at the structure with DGS.
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Figure 3.19 Measured output frequency versus the tuning voltage of the implemented VCO with DGS.

Figure 3.19 gives the measured output frequency and tuning voltage relationship of

the implemented 5.25 GHz VVCO. From this measurement, a tuning range of 275 MHz is

achieved when tuning voltage comes from 0 to 5 volts. Table 3-5 gives a summarization

of the VCO output power and frequency performance versus tuning voltage.

Table 3-5 Measured output performance of the implemented 5.25 GHz VVCO.

W W) fo (MHz) Output power (dBm)
0 5181 55
05 5204 55
1 5225 55
15 5248 567
2 5272 567
25 5297 567
3 53726 583
35 5357 3]

4 5340 £.33
45 5423 65
5 5449 667
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3.1.2.2 The 5.25 GHz PLL Frequency Synthesizer

3-Wires serial
interface

ENB DATA CLK

18

PLL
Frequency
Synthesizer

Loop Filter

5.25 GHz LPF

DC
Circuit

— Output

Unequal
vzrigtéteor = Power Divider
I Short stub

Figure 3.20 Schematic of the 5.25 GHz frequency synthesizer with two-section DGS.

The 5.25 GHz PLL frequency synthesizer is integrated as the schematic shown in
figure 3.20. An unequal power divider and low-pass filter is also designed within the
frequency synthesizer. The power divider splits a certain amount of power to drive the
synthesizer IC without affecting the output power too much. In this study, the output
power from the VCO is about 5 dBm, while the synthesizer IC requires -10 dBm at least.
Theoretically, a power divider with dividing ratio of 3:1 is sufficient, however,
considering the circuit loss and adding some power margin to the output power. The
dividing ratio of unequal power divider is designed to be 2:1. Figure 3.21 shows the
photograph of the implemented power divider and the measurement results. The

fabricated one shows the Sy; and Ss; characteristics of 2.12dB and 7.01dB respectively.
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Figure 3.21 (a) A photograph of the implemented unequal power divider and (b) measurement result.

Since the harmonic signals generated by the VCO may cause the synthesizer fail. A
5.25 GHz low-pass filter is required to obtain the pure fundamental signal at the RF
input of synthesizer IC. The LPF is designed having high rejection ratio to the 2"%- and
3" harmonic frequencies. The cut-off frequency is designed at 5.25 GHz and a fan stub
structure is adopted in this study to obtain good rejection ratio at the harmonic
frequencies. Figure 3.22 shows the photograph of the fabricated 5.25 GHz LPF along
with the measurement result. From this result, the 2" and 3 harmonic reject ratios are

better than 30 and 25 dBc, respectively.
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Figure 3.22 (a) A photograph of the implemented 5.25 GHz low-pass filter and (b) measurement result.
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Figure 3.23 gives a photograph of the integrated frequency synthesizer. All circuits
are implemented on a substrate of RO-4003 with thickness 20-mil. The frequency
synthesizer is composed of a 5.25 GHz VCO, a PLL synthesizer IC (ADF4106), a 40
MHz TCXO, a 5.25 GHz low-pass filter, and an unequal power divider. In the bottom
side, an etched ground area which forms the DGS to provide better phase noise

performance.

(a) top view (b) bottom view

Figure 3.23 Photographs of the 5.25 GHz PLL frequency synthesizer with DGS.
Figure 3.24 gives the measurement result of the integrated frequency synthesizer. The
output power is 5.5 dBm at 5.25 GHz, and the maximal power deviation is lower than 1
dB when output frequency sweep from 5.2 to 5.4 GHz. Figure 3.24 (b) gives the
measurement result of the harmonic spectrum, both the 2" and 3™ harmonic are lower

than -30 dBm.
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Figure 3.24 Measured (a) output power and (b) harmonic frequency spectrum of the 5.25 GHz frequency

synthesizer.

Figure 3.25 shows the phase noise performance of the frequency synthesizer. The
phase noises measurement-result of 5.2, 5.25, 5.3, 5.35 GHz at offset frequency of 100

kHz are -110.2, -109.6, -109.5, and -105.2 dBc/Hz, respectively.
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Figure 3.25 Measured phase noise performance of the implemented 5.25 GHz frequency synthesizer.

3.1.3 The 5.25 GHz frequency doubler

I bias

0.B5pF

W=1.2,

FHX35LG L=F.3

Input—»—ﬁ{ }F—ﬁ l:’

W=0.5,
L=1.5 J—

Figure 3.26 Circuit schematic diagram of the 5.25 GHz active frequency doubler.

The 5.25 GHz frequency doubler is used to convert the input of 5.25 GHz to the

desired 10.5 GHz output. An active type frequency doubler is adopted in this thesis for

the advantages of minimized component cost and feasibility to adjust the output power.
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A general purposed FET transistor Fujitsu FHX35LG is used to design the active
frequency doubler. Figure 3.26 illustrates the circuit schematic diagram of the active
frequency doubler. The transistor is biased at Vgs= 0 V, and Ip= 25 mA. The transistors
biased at zero Vgs usually have the best non-linear characteristic which is suitable for
the doubler design. An open stub with length equivalent to a quarter of fundamental
frequency wavelength is connected at the output stage of the frequency doubler as a
frequency stopper to reflect the leaked 1% harmonic signal. The open stub reduces the
fundamental signal leakage and also improves the conversion efficiency.

Figure 3.27 gives the simulation result of the 5.25 GHz frequency doubler when
input power is 4 dBm. From the simulation results, the conversion gain at 5.25 GHz is 1

dB and the signal rejection ratio to the 1* harmonic is 19.6 dBc.
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Figure 3.27 Simulated (a) output power and (b) harmonic spectrum of the frequency doubler with input

power 4 dBm.

Figure 3.28 shows the photograph of the implemented 5.25 to 10.5 frequency
doubler, and figure 3.29 illustrates the measured output power and harmonic spectrum
when input power is 4 dBm. The results show a conversion gain is 4.7 dB and
fundamental signal rejection ratio is better than 30 dBc. The experiment result shows
better performance than the simulation one attributing to a better non-linear

characteristic when biased at Vgs= 0 V in the real case than the equivalent circuit mode.

b }\
- ’ : .1,1
- .I SR
' Y _' — .

Figure 3.28 Photograph of 5.25GHz to 10.5GHz frequency doubler.
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Figure 3.29 Measured (a) output power and (b) harmonic spectrum of the frequency doubler with input

power of 4 dBm.
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Figure 3.30 Measured conversion gain and output power of the frequency doubler versus the input power

levels.

Figure 3.30 illustrates the conversion gain and output power performance versus the
input power. From the result, the maximal conversion gain is around 6 dB with input
power level of -2 dBm. As the input power increases the conversion gain decreases, and

eventually the output power saturates to the output level of 11 dBm.

3.1.4 The 10.5 GHz band-pass filter

A edge-coupled microstrip BPF is designed in the transceiver architecture to filter
out the unwanted harmonic signals. The design of the filter is performed by the
EM-simulation software called IE3D. The BPF is designed on the substrate of RO-4003
with thickness of 20-mil. Figure 3.31 shows a photograph of the implemented BPF
along with the measurement results. The result shows an insertion loss of 2.6 dB and a

rejection ratio better than 40 dB at 5.25 GHz.
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Figure 3.31 (a) A photograph of the edge-coupled microstrip BPF and (b) the measurement result.
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3.1.5 Integration of the single antenna radar transceiver

Loop Filter

mI :‘4[ i Te Antenn,
T

—

&

LO Transmissive
Quadrature Hybrid Mixer

Figure 3.32 Complete schematic of the 10.5 GHz Doppler radar transceiver.

Figure 3.32 shows the complete circuit schematic of the presented 10.5 GHz
Doppler radar transceiver. A 5.25 GHz frequency synthesizer, 5.25 to 10.5 GHz
frequency doubler, a 10.5 GHz BPF, and a LO transmissive quadrature hybrid mixer are
integrated into a single PCB. Two voltage regulators are also integrated to supply the
required voltage source +5V and +3.3V. There are four IF amplifiers are used in this
transceiver, two amplifiers for each | and Q channels. The amplifiers are used to convert
the differential output from the hybrid mixer to single-ended and amplify the
down-converted base-band signal. Figure 3.33 shows the photograph of the

implemented radar transceiver.
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DS frequency synthesizer Frequency doubler quadrature hybrid mixer

Figure 3.33 Photograph of the integrated 10.5 GHz Doppler radar transceiver.

Figure 3.34 shows the phase noise performance of the radar transceiver at the
operating frequency of 10.5 GHz with the output power of 6 dBm and O dBm,
respectively. The phase noise is -101 dBc/Hz when output power is 0 dBm, the result
shows 8 dBc degradation from the 5.25 GHz synthesizer output. When the output power
comes to 6 dBm, the phase noise degrades to -94 dBc/Hz. The descent of the phase
noise performance is mainly contributed by the noise generated in the active frequency
doubler. Figure 3.35 shows the measured harmonic spectrum of the radar transceiver in
both 0 and 6 dBm output power levels. From this result, the fundamental frequency at
5.25 GHz is completely eliminated because of the help of 10.5 GHz BPF. The largest
harmonic occurs at the frequency of 21 GHz with power of -47 and -32 dBm when
output level is 0 and 6 dBm, respectively. Figure 3.36 gives a frequency sweep
measurement of the output power. From this result, the transceiver is capable to
generate RF signal from 10.36 to 10.76 GHz with a tuning range of 400 MHz and

maximal power deviation less than 2 dB.
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Figure 3.34 Measured phase noises of the radar transceiver at 10.5 GHz when output power is (a)
0 dBm and (b) 6 dBm.
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Figure 3.35 Measured harmonic spectrums of the radar transceiver when output power is (a) O
dBm and (b) 6 dBm.
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Figure 3.36 Measured output power of the presented radar transceiver with frequency sweep
from 10.36.to 10.76 GHz.

3.2 Performance analysis between the LO transmissive quadrature
hybrid mixer and conventional quadrature mixer

As depicted in chapter-2, the new quadrature hybrid mixer has the advantages of
higher overall LO power usage efficiency, especially with limited output power level. In
this section, another conventional quadrature mixer using ring mixer architecture as
shown in figure 2.4 (a) is also fabricated and measured for comparison. The
conventional one is designed using the same diode and followed by the same tuning
network but replaces the hybrid mixers with a conventional ring mixer. Figure 3.37
shows the simulated conversion loss versus LO power level of both new LO transparent
hybrid mixer and ring mixer. The conversion performances are really similar from this

result in the single mixer section.
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Figure 3.37 Simulated conversion losses of the proposed hybrid mixer and a ring mixer.

Figure 3.38 Photograph of the quadrature mixer using the conventional ring mixer architecture.

Figure 3.38 shows a photograph of the fabricated quadrature mixer using the ring

mixer architecture. An inspecting equipment shown in figure 3.39 has been built up to

evaluate the performances precisely. In this measurement, the mixers are driven by a

precision signal generator (SG) Agilent E83640B. A running belt driven by a servo

motor provides a constant Doppler frequency shift to the radar. An X-band standard

horn antenna with 12 dBi gain is fixed above the belt with an incident angle of 15

degrees aimed to the running belt. The four IF ports of both the proposed and
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conventional mixers are amplified independently, then these IF signals are acquired

through a NI-DAQ (DAQ-6065) for analysis.
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Figure 3.39 The environment (a) setup and (b) picture for the radar architecture evaluation.
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Figure 3.40 The received power at each IF ports of (a) the LO transmissive quadrature hybrid mixer

and (b) a conventional quadrature mixer.

Figure 3.40 gives the measured receiving power at each IF ports of both LO

transmissive quadrature hybrid mixer and conventional quadrature mixer. The received
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powers deviate a lot when input power is lower than 5 dBm. The power difference is
mainly contributed by the unbalance and mis-match of the mixer diode itself. As the LO
power increase, all the mixer diodes are driven properly with sufficient LO power, then

the power deviation is eased.
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Figure 3.41 Signal processing flow of accumulating the total received power.

The received powers at each channel are then summed to obtain the overall power
using the signal processing flow illustrated in figure 3.41. The positive and negative
parts of both I and Q signals are subtracted first to get the real | / Q signals. Then these
signals pass through a DC cancellation filter and perform the real-part FFT. The
processed | and Q magnitude spectrum at the specified frequency index are summed
together to get the total received power. Figure 3.42 shows the processed power
spectrum density of the received | / Q and total power with various input LO power

levels.
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Figure 3.42 Measured power spectrums of the received I / Q signals with input power of (a) 0 dBm, (b)
5dBm, and (c) 10 dBm.

From this measurement, even though the received | and Q signal powers differ, the
total power received by the proposed LO transmissive quadrature hybrid mixer
architecture is higher than that of the conventional one at all LO power levels. Figure
3.43 gives a plot of the accumulated power at all ports versus the input power level.
From this result, the proposed radar architecture has more than 3.6 dB improvement in
the receiving power level than the conventional one. As mentioned in the first section of
this chapter, the LO quadrature hybrid mixer is able to be biased to obtain the optimum
performance, especially at low LO power condition. Figure 3.44 shows another
experiment result of the quadrature hybrid mixer with additional bias voltage. The result
shows a significant improvement in the conversion efficiency when LO power is lower
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than 5 dBm. About 16.2 dB enhancement is achieved when the LO power is 0 dBm.
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Figure 3.43 Accumulated power at all ports versus the input power level.
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3.3 Test of the 10.5 GH Doppler radar

A 10.5 GHz Doppler radar using the new LO transmissive quadrature hybrid mixer
architecture and DGS frequency synthesizer is implemented to detect the direction and
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speed of moving target. The radar front-end module is implemented on a RO4003
substrate. The Doppler radar transceiver is composed of a 5.25 GHz frequency
synthesizer with DGS to enhance the phase noise performance, an 5.25 to 10.5 GHz
active frequency doubler, a LO transmissive quadrature hybrid mixer, a 10.5 GHz
band-pass filter, a base-band amplifier, and two voltage regulators. The output
frequency can be synthesized from 10.4 to 10.8 GHz via digital control interface and the
output power can also be adjusted by tuning the driving voltage to the active frequency
doubler. The down-converted radar signal is filtered through an operational amplifier
composed active LPF, which has a cut-off frequency at 100 kHz with 20 dB/decade
slope and gain of 40 dB. A horn antenna with 12 dBi gain is used to transmit and receive
the radar signals, and an ARMY7 based microprocessor ADuC7021 with 12-bit
analog-to-digital converters (ADC) and 12-bit digital-to-analog converters (DAC) is
used to control the output frequency and power, acquire the base-band signal, and

process the radar signal.

ADuC7021 Radar

BNE BNCY front-end VI
DSP BNC] BNC| module [—

CAN-bus

7 - am mm mm == = -~
] Motor O’
PC A\ - -

——

Figure 3.45 Environment setup to measure the Doppler radar module performance of acquiring the

ground speed.

To evaluate the performance of ground speed acquirement, a test environment is
setup in that way as shown in figure 3.45. There is a belt driven by a servo motor to
simulate the relative speed to the ground. Table 3-6 gives the summary of the Doppler
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shift measurement. The relative speed from 1 to 150 km/hr has been tested and

evaluated. The measured speed has good agreement with the real belt speed.

Table 3-6 Summary of ground speed measurement.

Belt speed g;’;l':!’f" Estimsted
(kmih) Theqae by (HE) speed (kmh)
150 2817 14959
15 L4082 ST
25 A0 2502
-3 o4 ]
-1 -19 -1.01
1 18 0.9
5 03 495
23 464 24597
75 1403 T4.87
150 2817 14999

The developed radar is tested to measure the direction and speed of a real vehicle on
the roadside. The detection point .is in a location approximate 20 m away from the
antenna and there is a 10 degree difference between the main-beam direction and
vehicle moving direction. Figure 3.46 shows the measured time-domain waveform at
both I and Q channels with a vehicle (a) approaching at a velocity of 60 km/h, and (b)
leaving at a velocity of 45 km/h. Figure 3.47 gives the calculated frequency-domain
spectrum relate to figure 3.46. The result shows the Doppler frequency shift is 1149 Hz
for the approaching target at the velocity of 60km/hr, and —861 Hz for the removing
target at the velocity of 45 km/hr. Furthermore, the image rejection ratio of the

transceiver is better than 25 dBc.
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Figure 3.46 The acquired time-domain waveforms of the base-band signals from the output of the
quadrature hybrid mixer for (a) a target with speed of 60 km/hr moving toward the sensor, and (b) a target

with speed of -45 km/hr moving away from the sensor.
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Figure 3.47 The power spectrum densities of the quadrature signals acquired from the proposed Doppler
radar transceiver with (a) an approaching target with speed of 60 km/hr, and (b) a leaving target with
speed of -45 km/hr.
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Chapter 4 24 GHz Vehicle Collision Warning Radars

The collision warning radars are key equipment in the advanced vehicle safety
system. In this chapter, two 24 GHz radar systems are presented. Comparing to the 77
GHz system, the 24 GHz systems has the advantages of lower cost and reliable
durability. The linear FMCW technology has been adopted, which provides good
distance resolution with relatively simpler circuit architecture. Within this chapter, the
FMCW radar principle is first described, then, the design and implementation of the
components used in the 24 GHz radar system are illustrated. In the following, a
sideway-looking radar designed for vehicle blind-spot detection is presented. In the end
of this chapter, the forward looking radar is proposed. A new frequency linearizer
mechanism is adopted in this radar system to improve the modulation linearity. The
two-dimensional Fast Fourier-Transform (2D-FFT) algorithm is also applied to this

radar to estimate the obstacle relative distance and speed simultaneously.

4.1 FMCW radar principle

transmitted signal

echo signal

time

Figure 4.1 Modulation waveform of the FMCW mechanism.

The FMCW is a frequency modulation method which provides a way to acquire

obstacle distance with simple circuit complexity and good resolution for the radar
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applications. Figure 4.1 illustrates the basic concept of this technique.

In figure 4.1, the transmitter generates a linearly frequency modulated signal (also
called as ramp signal) as the detection signal. The linear FM signal can be generated by
applying a saw-tooth waveform to a regular VCO. The radar signal reflected from the
obstacle is then received by the receiver. There is a relative time difference /\t between
the transmitted and received signals owing to the wave propagation delay in space.
Because the output frequency varies as a function of time, there is a frequency
difference between the transmitting and receiving signals. In other words, the relative
distance can be obtained by measuring the frequency difference between the
transmitting and receiving signals. In the analytical view point, the transmitting signal

can be expressed as:

TX(t) = Acos[27z( f,t +%at2 +6,)] (4-1)

where A is the signal strength of the output power, f; ‘is the fundamental frequency of

the output ramp, a is the ramp slope, and 90 1s the initial phase of the ramp signal.

The Tx(t) is the integral result of the linear ramp function f;, (t)=27z(f,+at)t. The

received signal can be obtained by replacing the t in Equ. (4-1) with (t-A\t) , which can

be expressed as:
27[(f, —art)t]+ ¥ at?

RX(1)= Acos +(— f At + %ozAt2 + Qr)

(4-2)

After mixing the Tx and Rx signals and extract the IF term by filtering the mixed signal
through a LPF (ie, extract the phase difference term only), the IF signal can be
expressed as:
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IF(t)=M cos(27r(aAt)t+ f,At- 1 ant’ +9C) 43)

From this result, for a non-moving object, the time difference Al is a constant, where

the IF signal is simply a single-tone signal. The frequency of the IF signal is @At

2d
where Al is a function of distance At = e (c is speed of light). Thus, the distance

of object can be obtained by measuring the frequency of IF signal. In practice, the DFT
(Discrete Fourier-Transform) is use to transfer time-domain signal to frequency-domain.
Because of the limitation of sampling duration when applying the DFT, the frequency

resolution can not be better than 1/T (T is the ramp duration) in theory. Thus, the

theoretical distance resolution is limited to , BW is the modulation frequency

bandwidth occupied.

In the case of a moving target, At in Equ (4-2) is a function of time, because of

the dynamic distance is changing. Where At is shown as At:w (v is the
c
relative speed). The Equ. (4-3) should be rewritten like:
[(2ad = 21V
( +—t
C C
IF(t) =M cos| 27 2
4ad, vt 2vtT 2ad, (4-4)
N 2 2 +0,
i C C C i

In the automotive applications, the relative speed v is much smaller then the speed of
light c, the 1/c? terms within the Equ. (4-4) can be omitted, thus, which can be
simplified as:

2ad +2fov t+0,

IF(t) =M cos| 27 - - 45)

71



Chapter-4

From this result, the speed will influence the IF signal by adding a Doppler frequency
shift to the IF output. When the Doppler shift is larger than half of the frequency
resolution of DFT, the influence becomes visible and results in an inaccurate reading of
the estimated target distance. From this view point, the ramp frequency should be larger

than twice of the maximal Doppler shift to avoid the influence of Doppler shifting.

4.2 Design and implementation of the components for 24 GHz radars

Several components are developed for the 24 GHz radars, includes a 6 GHz VCO,
a 6 to 12 GHz frequency doubler, a 12 to 24 GHz frequency doubler, a 12 GHz gain
block, a SHM (Sub-Harmonic Mixer), and a 24 GHz LNA. The 6 GHz VCO is selected
as the signal source because of the advantages of lower cost, good stability, and relative
easier to fabricate. The transmitting signal is doubled twice to 24 GHz by two frequency
doublers. The SHM is adopted which can down-convert the received 24 GHz signal to
base-band with 12 GHz LO signal. The forward-looking system needs longer detecting
range than the blind-spot detecting system, which means a higher sensitivity receiver is
required. A 24 GHz LNA is also designed to provide better signal-to-noise ratio than

just connect the mixer to the antenna directly.

4.2.1 6 GHz Voltage-Controlled Oscillator

Figure 4.2 (a) shows the schematic of the designed 6 GHz VCO. A general
purposed BJT (BFG425W) is used in this design. The transistor is biased at a 3V with I¢

= 18 mA. The varactor diode is selected using SMV-1232,
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Figure 4.2 (a) Schematic and (b) photograph of the 6 GHz VCO.

Figure 4.3 (a) gives the output frequency response versus the tuning voltage of the 6
GHz VCO. For a tuning voltage range from 0 to 5 V, the VCO output varies from 5.85
to 6.2 GHz. As illustrated in the Figure 4.3 (b), this design also shows phase noise of
-98 dBc/Hz at 100 kHz offset. The measured output power of the fabricated one is 8

dBm.
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Figure 4.3 Measured (a) output frequency and (b) the phase noise of the 6 GHz VCO.

4.2.2 Active Frequency doublers

Figure 4.4 shows the schematic of the 6 to 12 GHz frequency doubler. A FET
(FHX76LP) is used in this design. The FET is biased at the condition of Vgs =0 V for
the best non-linear characteristics, the current is controlled to Ip = 20mA by a series
resistor connected between the power supplier and drain port of the FET. An open stub
with length equal to half wavelength at 12 GHz is connected to the output port. The
open stub doesn’t affect the output impedance for the 12 GHz signal, however it shows
a short circuit condition to the 6 GHz signal thus eliminates the 6 GHz signal leakage.
In the input, another open stub with length equal to quarter wavelength at 12 GHz is
connected. The open stub in the input section helps to reflect the leaked 12 GHz signal
back to the FET and thus improves the conversion efficiency. Another short stub with
length of half wavelength of 12 GHz signal also added in the input section. The short

stub keeps the gate DC voltage to zero and also helps to reflect the 12 GHz signal back
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to the FET because of the short circuit characteristic shown at 12 GHz.

6 GHz __ _, 12GHz
input output

(a) (b)

Figure 4.4 (a) Schematic and (b) photograph of the 6 to 12 GHz frequency doubler.

Figure 4.5 shows the measurement result of the 6 to 12 GHz frequency doubler.
The conversion loss is 5 dB when applying an input power of 8 dBm. From this result, a
3 dBm 12 GHz output power level can be expected when connect the previous 6 GHz

VCO to the frequency doubler input directly.
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Figure 4.5 Measured (a) conversion loss and (b) output harmonic powers of the frequency doubler

with input power of 8 dBm.

Another 12 to 24 GHz frequency doubler is also designed to convert the LO signal
to the required frequency band. Figure 4.6 shows the (a) schematic and (b) photograph
of the designed 12 to 24 GHz frequency doubler. The transistor is selected as FHX76LP
with a bias point of Vgs= 0V, Ip = 20 mA. In the output part, a 24 GHz BPF is
connected. The BPF allows the 2°® harmonic pass through only, and thus eliminates the
leakage of thel® and 3™ harmonic signals. In the input section, a short stub with a length

of 12 GHz quarter wavelength is connected.

|H h— - -'--
12 GHz 24 GHz s :
input —* Foutput

(a) (b)

Figure 4.6 (a) Schematic and (b) photograph of the 12 to 24 GHz frequency doubler.
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12to 24 GHz Conversion Loss
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Figure 4.7 Measured conversion loss of the 12 to 24 GHz frequency doubler.

Figure 4.7 gives the measured conversion loss of the 12 to 24 GHz frequency

doubler. The designed doubler shows an optimum conversion gain of 0.2 dB when input

power is -3 dBm. The 1* harmonic is suppressed below -30 dBm. When the input power

is 3 dBm, a 24 GHz output power of 2.6 dBm can be obtained.

4.2.3 12 GHz Gain Block
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Figure 4.8 (a) Schematic and (b) photograph of the 12 GHz gain block.
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Figure 4.8 shows the schematic and photograph of the 12 GHz gain block. The
gain block is designed using the FHX76LP FET which is biased at Vgs =0 V and Ip =
35 mA. The purpose of this gain block is to enhance the 12 GHz signal strength for the
down-converting mixer. In the FMCW system, the AM noise contributed by variance of
LO power is significant. The gain block also performs as a power limiter to the LO

signal, which ensures a stable power level delivered to the mixer in different FM

modulating index.
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Figure 4.9 Measured (a) frequency response and (b) output power of the 12 GHz gain block.
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Figure 4.9 (a) and (b) shows the measured frequency response and output power of
the 12 GHz gain block, respectively. From this result, the transmission gain is about 12
dB around 12 GHz. The output power saturates to 12.5 dBm when input power is larger
than 3 dBm, thus, a stable output power can be obtained when input power larger than 3

dBm even if the input power varies.

4.2.4 24 GHz LNA

A 24 GHz LNA is designed for the forward-looking radar application. Figure 4.10
(a) and (b) gives the schematic and photograph of the designed 24 GHz LNA,
respectively. There are two stages in the LNA. The input matching of the first stage is
designed to have the optimum noise figure, while the second stage provides the
necessary gain to the output. The transistors are selected using the FHX76LP, with bias

condition of Vgs =0V, and Ip = 20 mA each.

(@) (b)

Figure 4.10 (a) Schematic and (b) photograph of the 24 GHz LNA.

Figure 4.11 gives the measured amplifier gain and noise figure of the designed 24 GHz
LNA. The transmission gain is about 18 dB around 24 GHz, with the noise figure of 3

dB.
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Figure 4.11 Measured gain and noise figure of the 24 GHz LNA.

4.2.5 Sub-Harmonic Mixer (SHM)

A SHM is designed as the down-converting mixer in the 24 GHz radar systems. An
anti-paralleled Schottky diode DMK-2308 is used in this design because of the excellent
characteristic that no 2" harmonic signal can be generated from this diode configuration.
Figure 4.12 shows the schematic of the SHM. In the RF terminal, an open stub with
length of half wavelength at 24 GHz is connected. The open stub shows as a virtual
short to the 12 GHz signal and thus eliminates the leakage to antenna. In the LO
terminal, a pair of open / short stubs are connected. Each stub has the length of quarter
wavelength at 24 GHz. The open stubs show a virtual ground characteristic which
reflects the 24 GHz signal and thus enhances the conversion gain. The open stubs will
also affect the input impedance to the 12 GHz signal. Thus, two short stubs are

connected to compensate the influence of open stubs to the 12 GHz signal.
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Figure 4.12 Schematic of the SHM.
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Figure 4.13 Measured conversion loss of the SHM.

Figure 4.13 shows the measured conversion loss of the SHM. The conversion loss is

about 17 dB when the LO power is larger than 7 dBm.
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4.3 A compact 24 GHz radar sensor for sideway-looking applications

A sideway-looking radar is proposed to be installed under the back-mirror of a
small vehicle. The radar provides an active safety function to alarm the driver when
there is any object (other vehicle) inside the vision blind spot area, like shown in figure
4.13. According to the ISO specification [40], if any object inside the red area the radar
must alarm, while no object inside either the red or yellow area must not alarm. The

radar should detect an area with minimal distance about 3.5 meters.

:_ Radar

{—Coverage

Subject
Vahatle

Figure 4.14 Blind spot area around a small vehicle and sideway-looking radar coverage area.

Figure 4.14 also shows the coverage of the presented sideway-looking radar. The
radar is designed to have a detection range of 4 meters with a FOV (Field-of-View)
angle of 30 degrees.

Figure 4.15 shows the system diagram of the 24 GHz sideway-looking radar system.
The RF components are designed and illustrated in the previous section of this chapter.

A 6 GHz VCO is adopted as the signal source, the signal is multiplied to the frequency
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of 24 GHz by two active frequency doublers. A SHM is used to down-convert the
received signal. A micro-controller (MCU) is used to generate the required modulating
waveform. A digital signal processor (DSP) is implemented to process the signal and

identify the objects.

G GHz Freguency
WiCO doubler BRF ;
% ‘) Antenna

Figure 4.15 Block diagram of the 24 GHz sideway-looking radar.

The antenna used in this radar sensor is co-designed with the RF circuit board. Figure
4.16 shows the architecture of a patch-fed horn antenna. The feed of the antenna is a
square probe planar patch designed at 24 GHz. The horn is fabricated using a light metal
plat, which acts as the wave reflector and thus enhances the gain of the antenna. The
antenna frames are connected to the RF circuit board by soldering. The antenna main
beam is designed to have a 5 degree tilt angle from the broadside direction, in order to
make the detection direction point to the vehicle blind spot. Figure 4.17 shows the
directivity of the implemented antenna. The maximal gain of the designed one is about

10.2 dBi. The half-power beam width (HPBW) is around 30 degrees.
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Figure 4.16 The architecture of the patch-fed horn antenna.
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Figure 4.17 Measured antenna directivity of the patch-fed horn antenna.
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Figure 4.18 Photographs of (a) RF circuit board, (b) base-band circuit board, and (c) the integrated 24

GHz sideway-looking radar.

Chapter-4

Figure 4.18 shows the photographs of the implemented 24 GHz sideway-looking

radar system. The dimension of this module is 60 x 45 x 30 mm® (L x D x H). This size

is acceptable to be integrated into the right / left back-mirror of a small vehicle. A 8051

based MCU ADuC831 is.integrated into the base-band PCB. The MCU contains a

12-bit DAC (Digital-to-Analog Converter), which provides the tuning voltage

waveform to the VCO. A DSP TMS320F2812 is also integrated in the back-side. The

DSP acquires the IF signal by the ADC and performs the FFT function, then estimate

the possible obstacle within the detecting region. Table 4-1 gives a summary of the

integrated 24 GHz sideway-looking radar.

Table 4-1 The summary of the 24 GHz sideway-looking radar.

Operation frequency 24.125 GHz
Bandwidth 250 MHz
Maximal output EIRP 15 dBm
Power flatness <0.7 dB
Phase noise -76 dBc/Hz
Sensitivity <-90 dBm
Detection range 15 Meters
Field of view 30 Degrees
Distance resolution 0.6 meter
Power consumption <3 Watts
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Figure 4.19 shows a test result of the 24 GHz radar sensor. The horizontal axis
indicates the target distance and the vertical axis shows the relative power in log scale.
In this test, a small car and a person placed in a distance of 10 and 7 meters, respectively.
There are two distinguishable peaks on this chart. Each peak represents a significant
object. Noticeably, there is a big power observed near the zero distance. This peak is

mainly contributed by the leaked power from Tx to Rx antenna.

Relative power (dBc)
8

-140 T T T
a 10 20 30 40

Distance (meters)

Figure 4.19 DSP result of the radar echo when two targets are located in a distance of 7 and 10 meters.
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4.4 A 24 GHz FMCW radar for automotive obstacle detection

4.4.1 Implementation of the 24 GHz forward looking radar

Antenna array

Frequency
daoubler

|
X2
|

BGHz Freguency
WCO discriminator =

Linear ramp
controller
r 3

Display

Figure 4.20 System block diagram of the 24 GHz forward-looking radar.

This forward-looking radar is to be installed inside the front bumper a car. Different
to the 77 GHz system, the 24 GHz forward-looking radar covers a region up to 20
meters long. Figure 4.20 shows the system block diagram of the proposed 24 GHz
forward-looking radar system. Referring to the sideway-looking system, the RF source
is generated from a 6 GHz VCO. The transmitting signal is multiplied to 24 GHz by two
frequency doublers. A SHM is used as the down-converter, which converts the radar
echo to base-band signal directly. An additional LNA is use in this system to provide
better signal-to-noise ratio (SNR). A frequency discriminator based frequency linearizer
is also integrated into the system. A MCU is used to monitor the modulated frequency
and then generate the adjusted tuning voltage to the VCO.

Figure 4.21 shows the architecture of the 9x8 series-fed patch antenna array used in
the forward-looking system. Along the x-axis, each element within the series-fed
antenna chain is designed independently, before integration. Treating the elements like
two-port resistive elements, the input / output impedances are designed uniformly and

the insertion phase difference are all zero. The radiating resistance of the center element
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is higher than that of the side elements, thus, a bow-type power distribution is arranged
and results in lower side-lobe level (SLL). Along the y-axis, a Chebyshev power

distributing network is designed for the lowest SLL.

Figure 4.21 Architecture of the 9x8 series-fed antenna array.
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Figure 4.22 (a) The antenna directivity and (b) return loss of the 9x8 series-fed antenna array.

Figure 4.22 gives the measured antenna performances of the fabricated 9x8
series-fed antenna array. The developed antenna has a 10 dB bandwidth of 600 MHz
from 23.7 to 24.3 GHz. The peak gain of the antenna is 18.5 dBi measured in the
board-side direction. The largest side-lobe level is 18.8 and 21.2 dBc lower than the
peak in the E- and H- plane, respectively. The half-power beam-width is 10.5 and 11.2

degrees in E- and H-plane respectively.

(a)
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(b)
Figure 4.23 (a) Backside and (b) front-side photographs of fabricated 24 GHz forward-looking radar
system.
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Figure 4.24 Transmitting (a) power and (b) frequency of the forward-looking radar.

Figure 4.23 shows the photographs of the integrated 24 GHz forward-looking radar.
The VCO, 6 to 12 GHz doubler, 12 GHz gain block, and frequency discriminator are
integrated in the backside. A tuning voltage controller PCB is also integrated. In the
front-side, a 12 to 24 GHz frequency doubler, a 24 GHz LNA, SHM, and two 9x8
series-fed antenna array are implemented. Figure 4.24 gives the output performances of
the implemented radar. The maximal output EIRP is 23 dBm. During the frequency
sweep range, the power variance is lower than 0.7 dB.

A frequency linearizer mechanism is proposed in this radar transceiver. The purpose
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of this mechanism is to compensate the non-linearity of VCO by adjusting the
modulating waveform. Figure 4.25 shows the algorithm of the frequency linearizer
mechanism. An initial ramp modulation signal is generated when power up sequence.
The frequency discriminator output is compared to the ideal ramp (the goal). Then the
difference between each sampling point is weighted and fed back to the modulating
waveform. This algorithm is a close-loop control function, by changing the modulating
waveform little by little, in the end the output from discriminator will approach to the

ideal ramp.

Initial Ramp

-+

Wi

VCO &
discriminator

Figure 4.25 The frequency linearizer algorithm.

Figure 4.26 shows the experiment result of the frequency linearizer algorithm. In
figure 4.26, (a) gives the modulating waveform and frequency discriminator output
before linearization. In the beginning, the initial waveform is a pure saw-tooth wave
(the upper chart). Because of the non-linear voltage-frequency characteristic of the VCO,
the modulated frequency is not linear, a significant difference between the measured
(white) and ideal (red) line, that a 9 % maximal deviation observed. The linearized
result shows in figure 4.26 (b). After several times of iterations, the tuning voltage

changes and frequency linearity approaches to the goal (only 0.3% maximal deviation
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observed).
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(a) (b)
Figure 4.26 Tuning voltage (up) and frequency discriminator output (down) of the frequency linearizer (a)

before and (b) after linearization.
4.4.2 Implementation of 2D-FFT

In the forward-looking system, the relative speed with direction is quite important in
the decision of warning level. However, the relative speed and distance information are
mixed in the FMCW system. A 2D-FFT algorithm is presented to separate the speed and

distance information into two different axes.

When detecting an object with relative speed, the Equ. (4-5) can be expressed in the
complex form like:

IF(t)= % ezn(z?j+zzovjt+9m

c

—27[[$+th—9m
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Within Equ (4-6), Hm is a constant value for the same object, thus, if only looking for

the magnitude of power spectrum, 9m can be ignored. Obviously, there will be two

20d +2fv and _2ad+2fVv
c

signal peaks located in the frequency of when

performing the complex Fourier-Transform. In most case, the Doppler frequency shift
should be controlled much smaller than the resolution frequency of FMCW ramp. It
means the Doppler frequency shift is not observable in the magnitude term when
performing the DFT to a single ramp signal, thus it will not influence the distance
measurement. A 2D-FFT mechanism is proposed in order to estimate the distance and
speed of target at the same time.

The 2D-FFT mechanism uses number of FMCW ramps to obtain the requested
speed information. Figure 4.27 illustrates the sampling mechanism for the 2D-FFT

function.

T‘m‘. ........

=[N

Figure 4.27 Sampling mechanism for the 2D-FFT function.

The echo waveform within the FMCW ramp duration is sampled by the sampling
frequency fs, where the ramp repeats in a repeating frequency fr. Apply the periodic

modulating function into Equ. (4-1), the transmitting signal can thus be re-written as:
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TX(m,t) = ACOS[27Z'( fot +%0(t2 + QO + meacc )] (4-7)

Where m is the index of specific FMCW ramp, and 6j¢c is the constant accumulated

phase difference within the ramp duration. The IF output can thus be expressed like:

2”(2ad+2fovjt+0m 2ﬂ2f0VT -
c c
e xe ¢

IF(m,t):%

—Zﬂ(zi?j+2:?vjt—6% )
+€ X e

2 fgvT . (4-8)

After performing the Fourier-Transform over the t-axis on each FMCW ramp, the power

spectrum density at a specific frequency index of can be expressed as:

47rfOVTm
Pos(M=K,e

c

(4-9)

From this result, speed and moving direction of the object can be obtained by
performing the complex Fourier-Transform again over the m-axis. The sign of speed is
also distinguishable from this result.

Figure 4.28 shows the whole DSP flow chart of the 24 GHz forward-looking radar
using the 2D-FFT algorithm. In the following experiment, the sampling frequency of the
implemented system is set to 200 KHz. 128 points are sampled within each FMCW
ramp, where 64 ramps are acquired for one process. From the ADC output, a digital
filter is inserted to filter out the DC component. Because the ADC and DAC maybe not
running synchronously, the start point of each ramp signal needs to be aligned first.
Then perform the t-axis FFT to obtain the target distance information. After the t-axis
FFT, perform the m-axis FFT to estimate the speed information. The m-axis FFT can be
performed for only the specified distance index to minimize the calculating time. Figure
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4.29 shows a screen shot of the 2D-FFT result. The x-axis indicates the target distance
while the y-axis shows the relative speed. In this experiment, a human located in a
distance of 11.5 meters is moving toward the radar with a relative speed of 4 km/hr.
There is a significant spot in the 2D power spectrum, which indicates the relative

distance and speed.

24GHz
radar
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Figure 4.28 DSP flow chart of the 24 GHz forward-looking radar system.
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Figure 4.29 A screen shot of the 2D power spectrum. (A human in 11.5 meters away moving toward the

radar with relative speed 4 km/hr).
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Chapter 5 A Compact RF Front-End Configuration

for Short-Range Communication

Due to the dramatic increase of the wireless personal communication need in recent
years, many new transceiver architectures have been proposed to simplify the circuit
configuration and to reduce the system cost. These designs may not focus on increasing
the communication range but emphasize on the communication convenience in the near
proximity of the users. This chapter proposes a compact RF front-end configuration for
short-range communication using a novel full-duplex bi-directional amplifier. The
configuration uses single path for the transmitting / receiving signals. Without using any
signal switch or diplexer, the proposed architecture is suitable to be applied to both

half-duplex and full-duplex systems.

Antenna /\Z\//i
Up/Down ¥ i
Converter !
|
IFI/0 |
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N i

Band-Pass Bi-directional

Filter Amplifier

Transmit

Eeceive

Figure 5.1 Block diagram of the transceiver front-end using the full-duplex bi-directional amplifier.

Figure 5.1 shows the block diagram of the proposed RF front-end architecture. The
front-end is composed of a full-duplex bi-directional amplifier, a band-pass filter, a
balanced mixer, and a planar Yagi-antenna. The operating frequency of this RF
front-end is around 10 GHz. The proposed bi-directional amplifier provides gain to both

the incoming and outgoing signals, simultaneously. The band-pass filter is used to filter
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out the image signal and out-band signals such as harmonics and noises. The balanced
mixer serves as a frequency up / down converter at the same time. In this study, an
external RF signal generator is connected to the circuit. All the circuits and antenna are

developed on the RT/duroid 5880 20-mil substrate.

5.1 The design of full-duplex bi-directional amplifier

As illustrated in chapter-2, the proposed bi-directional amplifier consists of a 90
-hybrid and two reflection-type amplifiers. A branch-line coupler is used as the 90°
-hybrid, with two ports connected to the reflection-type amplifiers and the other two as
the 1/0O ports of the bi-directional amplifier. The reflection-type amplifier is designed
using a NE32584C p-HMET. Figure 5.2 illustrates the schematic of the reflection type
amplifier. The reflection-type amplifier is designed from the negative impedance
concept. In the source terminal of transistor, a short-stub and open fan architecture are
connected. These architectures are used to force the transistor unstable in the required
frequency band. The 1/O port is placed in the drain terminal of the transistor for the
purpose of obtaining the maximal output power. A quarter wave impedance matching
network is connected to the drain of transistor to achieve the required signal gain.
Figure 5.3 shows the simulated and measured gain of the reflection-type amplifier. The

measured maximal gain obtained at 9.7 GHz is 13 dB.

Ly=3.100,=07
+» /O port

Figure 5.2 Schematic of the reflection-type amplifier.
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Figure 5.3 Simulated and measured return gain of the reflection-type amplifier.

Signals coming from either the I/O ports of the bi-directional amplifier are equally
split by the branch line coupler with 90° phase difference. These signals are enhanced
and reflected from the reflection-type amplifiers, then the reflected signals sum up at the
output port and cancel with each other at the input port because of a 180" round-trip
phase difference. In theory, the bi-directional gain of bi-directional amplifier is equal to
the gain of each reflection-type amplifier, and the power handling capability will be
twice larger because the power into a reflection-type amplifier is only half of the input
power to the amplifier. The symmetry in circuit structure results in a balanced gain in
both forward and reverse directions. Figure 5.4 shows the photograph of the
implemented bi-directional amplifier. Figure 5.5 shows the measured gains of the
bi-directional amplifier in both forward and reverse directions. It is seen that the
frequency responses of the forward and reverse gains match quite well. In the range
from 9.6GHz to 9.8GHz, both the measured gains are larger than 10dB. The observed

peak gains are located around 9.7GHz with levels about 13.5 dB.
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Figure 5.4 Photograph of the bi-directional amplifier.
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Figure 5.5 Measured bi-directional gains of the bi-directional amplifier.

5.2 The implementation of bi-directional transceiver

The proposed RF front-end includes a bi-directional amplifier, a balanced mixer, a
band-pass filter (BPF), and an antenna. The mixer is composed of a 180°-hybrid and two
Schottky diodes, which is used to up-convert the transmitting signal to the RF and to
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down-convert the received signal to the IF frequency. The measured up and down
conversion losses of the balanced mixer are 5.3 and 5.1 dB, respectively, when the LO
power is 8 dBm. In the measurement, the LO, IF, and RF frequencies are set as 9.35
GHz, 400 MHz, and 9.75 GHz, respectively. The BPF is designed as a second-order
folded edge-coupled microstrip (ECM) filter with a relative bandwidth of 5 %. The
measured insertion loss of the band-pass filter is 1.8 dB and the half power bandwidth
extends from 9.6 GHz to 9.9 GHz. Because the bi-directional amplifier enhances the
power in both forward and reverse directions, the amplifier is relatively easy to
self-oscillate when input / output ports are not well matched. To avoid self-oscillation in
the bi-directional amplifier, a wide-band antenna is needed in the study. To this end, a
printed Yagi-antenna with seven directors [41] is adopted. Figure 5.6 shows the
measured return loss of the designed antenna. The antenna shows a 10 dB bandwidth of
1.3 GHz from 8.6 to 9.9 GHz. Figure 5.7 gives the simulated radiation patterns in both
E- and H-planes. From this result, the directivity of the antenna is 12 dBi. The

half-power beam width is around 40°in both E- and H- planes.
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Figure 5.6 Measured return loss of the designed planar Yagi-antenna.
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Figure 5.7 Simulated radiation pattern of the planar Yagi-antenna.
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Figure 5.8 Photograph of the implemented transceiver front-end using the bi-directional amplifier

architecture.
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Figure 5.9 Measured overall conversion gain of the bi-directional transceiver front-end.

Figure 5.8 shows a photograph of the implemented RF front-end using the proposed
bi-directional amplifier, the components are integrated on a single substrate with a
dimension of 130 x 40 mm?. Figure 5.9 shows the measured transmission gains of the
integrated RF front-end from IF to space. In this measurement, a standard horn antenna
used to receive / transmit the power from / to the RF front-end. The observation antenna
was placed in a distance of 5 meters away. The transmitted and received power was
calibrated using a standard antenna before this measurement. It is seen that the
integrated RF front-end achieves an overall gain of 17 dB from RF to IF in both
transmitting and receiving modes. This value is quite approximate to the summation of
the gains / losses of the bi-directional amplifier, band-pass filter, mixer, and antenna.
The estimated maximum EIRP of the front-end is 15.5 dBm and the measured overall
noise figure is 10.5 dB. The noise figure is mostly contributed by the reflection-type
amplifiers in the bi-directional amplifier. The 10 port is located at the FET drain

terminal of the reflection-type amplifier, which may result in a larger noise figure [42].

103



Chapter-5

104



Chapter-6

Chapter 6 Conclusion

The development of vehicle collision warning radars and short-range communication
RF front-end was illustrated. In the chapter-2, three new quadrature hybrid composed
circuits were presented. A new LO transparent hybrid mixer architecture was proposed.
The proposed hybrid mixer is composed of a quadrature hybrid and two Schottky diodes,
with the unique characteristic to pass the LO power through, which is suitable to be
used to simplify the radar front-end complexity. A new LO transmissive quadrature
hybrid mixer using the proposed hybrid mixer was developed. The quadrature hybrid
mixer was designed to have similar characteristics to the proposed hybrid mixer but
output quadrature signals. A -novel full-duplex bi-directional amplifier was also
presented. The bi-directional amplifier has the characteristic to amplify the signals in
two directions, which is proposed to simplify a RF transceiver front-end architecture.

In chapter-3, a Doppler radar using the new quadrature hybrid mixer was presented. A
LO transmissive quadrature hybrid mixer and a 10.5 GHz radar transceiver were
implemented. The implemented quadrature hybrid mixer showed 3.1 dB LO to RF
insertion loss and 15.5 dB conversion loss from RF to base-band when the LO power
was 10 dBm. Only small performance regressed when the LO power dropped to the
value as low as 0 dBm. Within the 10.5 GHz radar system, a 5.25 GHz frequency
synthesizer with the defected-gound-structure was implemented for the requirement of
excellent frequency stability. It had been measured that the frequency synthesizer had
output phase noise of -110 dBc/Hz. The integrated 10.5 GHz radar had output power of
6 dBm with adjustable frequency range from 10.36 to 10.74 GHz. Compared to the
conventional single antenna quadrature radar, the radar using the proposed LO
transmissive quadrature hybrid mixer had more than 3 dB power enhancement in the

received signal strength. The proposed one also had the ability to be optimized for
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different LO power levels. This result implies about 1.2 times of the detection range
was achieved. The experiment showed that the presented radar still worked when the
LO power reduced to the level below O dBm. The implemented radar had been
demonstrated to be operated as a road-side-unit in a traffic management system to
monitor the traffic flow and a speed sensor to measure the vehicle speed, which
provides a speed resolution of 0.25 km/hr. It is also able to detect the sign of the
Doppler shift due to the quadrature radar technology. The image rejection ratio of the
implemented one was better than 25 dBc. With high local power usage efficiency,
compact size, and capability to operate under low local power condition. The proposed
radar architecture using the LO transmissive quadrature hybrid mixer is ready to be
utilized in many radar applications.

In chapter-4, two complete 24 GHz vehicle collision warning radar systems were
illustrated. The radars were developed for the sideway-looking and forward-looking
applications, respectively. /A complete radar front-end was implemented includes a 6
GHz VCO, active frequency doublers, amplifiers, and antennas. The FMCW technique
was adopted in these radar systems to measure the object distance with relative simpler
circuit complexity. The implemented sideway-looking one had ability to detect a human
within 8 meters, field-of-view 30 degrees, which fulfills the requirement of blind-spot
warning system. In the forward-looking system, a 9x8 series-fed patch antenna array
was developed. The implemented antenna showed a gain of 18.5 dBi, with side-lobe
level lower than 18.8 dBc in both E- and H- planes. A modulation frequency linearizer
mechanism was also verified in this system. The result showed the modulation linearity
deviation improved from 9 % to 0.3 %. The signal processing mechanism was also
implemented in the 24 GHz radar systems. A 2D-FFT algorithm was presented to
measure the object relative speed and distance, simultaneously. The implemented
forward-looking radar had the capability to measure a human in 15 meters with
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field-of-view angle 10 degrees. The developed front-end architecture and the signal
processing mechanism were verified and ready to be utilized for automotive
applications.

In chapter-5, a full-duplex RF front-end using a novel bi-directional amplifier was
presented. A transceiver front-end architecture was proposed for the short-range
wireless communication applications, which contains a bi-directional amplifier, a up /
down conversion mixer, a band-pass filter, and an antenna. Using the bi-directional
amplifier architecture, the requirements for RF signal switches or diplexers to separate
the Tx / Rx signals are eliminated. The designed bi-directional amplifier provided a gain
of 13.5 dB in both Tx / Rx direction. The measurement overall conversion gain from
base-band signal to emission was 17 dB at 9.7GHz for both Tx /Rx modes. The
estimated maximal output EIRP of the designed one was 15dBm.

The LO transparent hybrid mixer architecture was verified in a low power Doppler
radar system, the future work is suggested to implement this architecture into a large
power system or a FMCW radar system. The future works of the bi-directional amplifier

is to improve the amplifier noise figure and maximal output power in the meantime.
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Abbreviation

Full name

ACC Adaptive cruise control

ADC Analog to digital converter

APTC Advanced public transportation system
ATIS Advanced traveler information system
ATMS Advanced traffic management system
AVCSS Advanced vehicle control and safety system
BLDS Blind sport detecting system

BPF Band pass filter

CvO Commercial vehicle organization

CW Continuous wave

DAC Digital to analog converter

DFT Discrete Fourier transform

DGS Defected ground structure

DSP Digital signal processor

ECM Edge coupled microstrip

FFT Fast Fourier transform

FMCW Frequency modulated continuous wave
FOV Field of view

HPBW Half power beam width

IF Intermediate frequency

ITS Intelligent transportation system

LNA Low noise amplifier

LO Local oscillator

LPF Low pass filter

MCU Micro-controller unit

PLL Phase lock loop

RF Radio frequency

SHM Sub-harmonic mixer

SLL Side lobe level

TCXO Temperature compensated crystal oscillator
UNEP United Nations environment programme
VCO Voltage controlled oscillator
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