LyEEd RS ot 2R BT o

A Direction Sensitive Doppler Radar Transceiver
For Vehicle Applications

FoyoA L HiES

PR el fL

Hr & X Bl je{ 20 F oo



LEL- SR RS N (A S L33
A Direction Sensitive Doppler Radar Transceiver
For Vehicle Applications

Student : Jen-Wei Chang

Advisor : Dr. Shyh-Jong Chung

A Thesis

Submitted to College of Electrical and Computer Engineering
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of
Master of Science
in
Communication Engineering

September 2006

Hsinchu, Taiwan, Republic of China

6%%@]{433{9


http://dpeecs.nctu.edu.tw/professor/p3.html

EFRBARG e AN BT

<+
|
5\1
iy
ETHAN

T T S A

B2l 8 B ER TR E gL

A RN - B 1/Q A SRR # O B - AR E SRR
BEL I/QAERAZTTREBBPELA R 2ER AP 4T ¢ - R
FOM-A b PRI B BB PR RSS2 C PV BRI 2 F B
BApRFECHRALSAS SS B/QIEI L5 ¥ ¢b > 1 * DGS cnghfdecd 7
3% i AL 2 5L 100KHz & eodp 523+ ¥ 10-16dB.

R - B 10.56Hz 2 38t 0 F ded s 0 ¢ 48 5. 25GHz G g & =
% ~5.25GHz % 10.5GHz 2. #F 5 32 B ~ 10.5GHz # i jgik B ~[/Q» &R A B
Pt BE O RFR Y - B X-Band R4 1 e HLAIE kBRI T E 0
P BRISERT T ORGP RS AT RPN P RS OB R

DO T T ST E TR b

|



A Direction Sensitive Doppler Radar Transceiver
For Vehicle Applications

Student : Jen-Wei Chang Advisor : Dr. Shyh-Jong Chung

Degree Program of Electrical and Computer Engineering
National Chiao Tung University

Abstract

In this thesis, an 1/Q hybrid mixer with particular characteristic of passing LO power to
antenna port is proposed to provide the direction and velocity for a moving target, which
the transmitted radar signal and the received €cho signal pass through the same antenna
with no circulator. In addition, the phase noise of oscillator has been reduced by 10-16dB
at 100KHz offset from carrier using the Defected Ground Structure ( DGS ).

A 10.5GHz Doppler radar transceiver consists of 5.25GHz PLL frequency synthesizer,
5.25GHz to 10.5GHz frequency doubler , 10.5GHz band pass filter ( BPF ), I/Q hybrid
mixers and IF amplifiers which has been designed , fabricated and integrated for above
each component. The designed Doppler radar transceiver is then measured using an
X-band standard horn antenna and Digital Signal Processing(DSP) that shows the validity
of distinguishing a receding target or an approaching target and the related moving

velocity for the applications of Intelligent Transportation Systems ( ITS ).
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Chapter 1 Introduction

1.1 Motivation and Objective

With the increase of traffic density and car accident on today’s road, Intelligent
Transportation Systems (ITS) have been adopted to monitor and manage traffic flow,
relieve traffic congestion, provide alternate routes to travelers, and improve
transportation safety and efficiency. An ITS consists of smart roads and routs, smart
cars, smarts buses, smart trains, smart cargo, smart baggage, and smart travelers all
working together in a cohesive system. The ITS market areas have been divided into
nine sections as shown in Fig.1.1 [1]. The sensor in ITS technology is able to sense and
measure the current state of the ftraffic on the highway and the status of the

transportation system as a whole.

8.Incident
management

4 _Traveler
information

9._Payment
systems

6.Transit
management

5.Commercial
vehicles

7.Intelligent
vehicles

2 _Emergency
management

3.Trasportation
planning

Figure 1.1 The ITS market areas




Currently there are three kinds of vehicles sensors on markets: circular loop sensors,
infrared sensors and radar sensors .And radar sensors will replace circular sensors and
infrared sensors in the future [2]. Radar sensor has two types: continual wave (CW)
radar sensor and linear frequency modulation continual wave ( LFMCW ) radar sensor.
CW radar utilizes the theory of measuring speed to detect traffic and speed of moving
vehicle. LFMCW radar utilizes the theory of measuring distance which is usually used
when vehicle are static or moving in very slow speed [3].

A Doppler radar sensor can easily measure both the true ground-speed of vehicles
and the relative speed between a car and an obstacle so that it can be used to reduce
reaction times in avoiding accidents or simply to monitor a high density traffic road [4].
However, for the applications of traffic monitoring systems, motion sensors and
automotive Doppler navigation aids, it is of interest to know whether the target is
approaching or receding. In order to obtain the veloeity sign information, an I/Q mixer
has been adopted and demonstratediusing-tweo,antennas to transmitting and receiving
respectively [5].

The purpose of this thesis is to design a Doppler radar transceiver which is able
to provide the direction and speed for a moving target using an I/Q hybrid mixer with

single antenna.



1.2 Radar System

Radar (Radio Detection And Ranging) detects the presence of objects and locates their

position in space by transmitting electromagnetic and observing the returned signal.

A. Simple Doppler Radar [6]
If the target has a velocity component along the line-of-sight of the radar, the returned
signal will be shifted in frequency relative to the transmitted frequency, due to doppler

effect. If the transmitted frequency is f,, and the radial velocity isv, then the doppler

frequency shift will be

_2vfy
c

fq (1.1)
where c is the velocity of light. Theireceived frequency is then f, = f,, where the plus
sign corresponds to an approaching target and the minus sign corresponds to a receding
target. Fig. 1.2 shows a basic doppler radar system.The oscillator signal f, can be used
as the transmitted signal, and the“oscillator signal f; can also be used as a local oscillator
for receiver mixer, because the received echo signal is frequency offset by the doppler
frequency. The filter following the mixer should have a pass band corresponding to the
expected minimum and maximum target velocities. It is important that the filter have
high attenuation at zero frequency, to eliminate the effect of clutter return and transmitter
leakage at frequency f,, as these signals would down-convert to zero frequency. This

type of filter response also helps to reduce the effect of 1/f noise.

The major drawback of the above radar is, can not distinguish between approaching and

receding targets, as the sign of f, is lost in the detection process.
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Figure 1.2 Simple Doppler Radar
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Figure 1.3 The classic Doppler radar for obtaining the velocity sign information



The sign of the doppler frequency, and therefore the direction of target motion,
may be found by splitting the received signal into two channels as shown in Fig. 1.3.
If the transmitter signal is given by
Ei = E,cosao,t (1.2)
the echo signal from a moving target will be

Er =K,E,cos[(@, £ o))t + 4] (1.3)

where E, = amplitude of transmitter signal
k, = a constant determined from radar equation
w, = angular frequency of transmitter, rad/s
w, = doppler angular frequency shift

¢ = a constant phase shift, which depends upon range of initial detection

The received signal and a portion of the transmitter heterodyne in the detector (mixer)

to yield a difference signal

E,= k2 E, cos(xa,t + @) (1.4)
The other channel is similar, except for a 90" phase delay introduced in the reference
signal. The output of the channel B mixer is

Eg =k E, cos(ia)dt+¢+%) (1.5)
If the target is approaching (positive doppler), the outputs from the two channels are

E (+) = k2 E, cos(ayt + @) Eg(+) = k2 E, cos(a)dt+¢+%) (1.6a)
On the other hand, if the target is receding ( negative doppler ),

Er(-)= k2 E, cos(wyt — @) Eg(-) = k2 E, cos(a)dt—(,/ﬁ—%) (1.6b)
The sign of @, and the direction of the target’s motion may be determined according

to whether the output of channel B leads or lags the output of channel A .



1.3 Overview of this Thesis

There are five chapters in this thesis as follows:
Chapter 1 presents the difference between simple Doppler radar and direction sensitive
Doppler radar.
Chapter 2 describes the architecture of the designed 10.5GHz Doppler radar transceiver.
And presents the basic theory.

Chapter 3 shows the results of the simulation and measurement for each component
including the I/Q hybrid mixer, 5.25GHz PLL frequency synthesizer, 5.25GHz
to 10.5GHz frequency doubler and 10.5GHz band pass filter.

Chapter 4 shows the measurement results of the designed 10.525GHz Doppler radar
transceiver for the phase noise and output power, then is measured using an
X-band standard horn ,antenna and Digital Signal Processing (DSP) for a
moving target.

Chapter 5 describes the conclusion‘and-future study.



Chapter 2 Transceiver Architecture and Basic Theory

2.1 Transceiver Architecture

In this thesis, an I/Q hybrid mixer with particular characteristic of passing LO power to
antenna port is proposed to provide the direction and velocity for a moving target, which
the transmitted radar signal and the received echo signal pass through the same antenna
with no circulator. There are two phase shifts of 45° in the I/Q hybrid mixer which are
located between 90° hybrid A and hybrid mixer I , and between hybrid mixer Q and 90°
hybrid B respectively. The designed doppler radar transceiver consists of 5.25GHz PLL
frequency synthesizer, 5.25GHz to 10.5GHz frequency doubler, 10.5 10.5GHz band pass

filter (BPF) , I/Q hybrid mixers and IF amplifiers as shown in Figure 2.1.

+
E................................E TO DSP - I A f
: : 0
: PLL 5 /\A/,_,
: Frequency —:
E Synthesizer . bbbttt 0 | S TEERTEEED anmsn """"""""""""E
: ; . Fof £ A,

0o m P#asse — H_yb”d
(T DGS Do, . shift| | Mixer | :
i 3dB—9OO Zg
i 1 Hybrid A :
fo/2| Unequal [ i :
Power Divider
i 3dB-90°
5.256Hz PLL Frequency 10.56Hz : worid] (@ Hybrid B
Frequency Synthesizer ~ Doubler BPF L] YO ] e
: Mixer Q| | shift

1/Q Hybrid Mixers

Figure 2.1 Architecture of the designed 10.5GHz Doppler radar transceiver



2.2 Hybrid Mixer

LO Input To Antenna

L
DC Bias I schottky
1L diode

|- IF Output +|

Figure 2.2 Schematie of the hybrid mixer

Fig.2.2 shows the schematic’of the hybrid mixer. It consists of a quadrature hybrid
and two schottky diodes, which has the symmetrical structure with differential IF output
to compensate the AM noise. The quadrature hybrid is designed using microstrip branch
line circuitry in the frequency of 10.5GHz. Since the LO signal is connected to the input
of the 90" hybrid , the schottky diodes are connected to the through port and coupler
port respectively, and the antenna is connected to isolation port. The quarter-wavelength
open stubs have been adopted to avoid directly short circuit between the IF output and
ground with respect to using via holes which act as RF ground to the schottky diodes.
RF chokes and LC low pass filters with stop frequency of 100 KHz are connected to the
IF outputs. Another RF choke is connected to the hybrid for DC biasing. The parallel
resistors of several hundred ohms to ground are required to discharge the static charge

at IF outputs.



In operation, the 90° hybrid splits the LO signal with equal amplitude and phase
difference of 90°. These split signals drive the mixer diodes and then reflected from the
diodes with little attenuation. These reflected signals enter the hybrid again and will
cancel at the LO port and combine at the antenna port. The insertion loss from LO to
antenna is the summation of the reflection loss from diodes and twice of the hybrid
transmission loss. Since the diodes are connected to a virtual short, the reflection loss is
quite small and the hybrid loss is also negligible. Thus most of the input LO power is
bypassed to the antenna for transmitting signal. Once the echo signal is received from the
antenna, it is split and enters the mixer diodes. The IF output of the hybrid mixer is a
differential format wit phase difference of 180° which is able to eliminate several noises
from RF source. The major noise from RF source such as AM noise and flick (1/f) noise
will appear in the common mode of the mixer output. This term will be rejected after the
following differential amplifier=Since the diodes are placed in parallel, DC bias can be
added to make the mixer work properly - when-LLO power is low. The added DC bias will
influence the insertion loss and the’ conversion loss of the mixer. The total loss can be
calculated as the summation of the insertion loss and conversion loss. Thus, an optimum

performance can be achieved by fine tuning the bias voltage for various LO power [8].



2.3 Defected Ground Structure (DGS)

MICROSTRIP LINE

REFERENCE
PLAMES

DIELECTRIC

SUBSTRATE Das N

GROUND PLANE

GROUND PLANE

REFERENCE PLANES

(=) (b)

Figure 2.3 (a) 3-Dimensinal view of the DGS unit section. (b) Equivalent circuit

Defected Ground Structure (DGS) consists. of narrow and wide etched areas in
backside metallic ground plan¢ as shown-in Figure 2.3(a). An etched defect in ground
plane disturbs the shield current distribution in the ground plane. This disturbance can
change characteristics of a transmission line such as line capacitance and inductance.

A DGS unit has a cutoff frequency at a certain frequency due to the increase of the
effective series inductance of the transmission line. It also has an attenuation pole above
the cutoff frequency. Thus , the equivalent circuit of the DGS can be modeled as a
parallel LC resonant circuit with a parallel conductance and include the parallel
capacitance due to the relatively large fringing field at the step discontinuity plane on
metallic ground surface as shown in Figure 2.3(b) . In order to derive the equivalent
circuit parameters, the S-parameters of a DGS unit cell at the reference plane are
calculated by EM-simulation. Once the S-parameters are calculated at the cutoff
frequency, the equivalent circuit parameter can be extracted by using the relation

between the S-parameters and ABCD-parameters as the following [9]:
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A:(1+Sn)(l_szz)+slzszl :1+Y_b (2.1)
2S,, Y.

B:(l+511)(1+322)—512521 :i (2.2)
28, Y, '

C :L(l_sll)(l_szz)_slzszl =2V, +£ (2.3)

Z, 2S,, Y,

D= (1_511)(1"'522)""512821 :1+Y_b (2.4)

28, a

where Y, =series susceptance of the the 7 -type symmetrical two-port circuit

Y, =parallel susceptance of the the 7 -type symmetrical two-port circuit
Then, the ABCD parameters of the 7 -type symmetrical circuit are represented by these
equivalent circuit parameters. The resulting relations between the equivalent circuit
parameters of the 7z -type symmetrical two-port circuit and the equivalent circuit

parameters of the DGS circuit are given by

Ya :l:L—F jBr (2.5)
B R,
_ 1+ .
Yb=A 1= 1_«/1+BC:D 1=i+ij (2.6)
B B B R,
From these relations, the equivalent ¢ircuit parameters of the DGS circuit are given by
BI’
C,=—r—"—"+ (2.7)
W W
@, ———=
L"z @ }
L, = ! (2.8)
° wC, '
Bp
C,=— (2.9)
o
R —_ | (2.10)
" ReY,] '
1
R =—— 2.11
Rl =1

where @, = cutoff frequency of the EM-simulated resulted for the unit DGS circuit
®, = attenuation pole of the EM-simulated resulted for the unit DGS circuit

RelY,] = real parts of Y,

RelY,] = real parts of Y,
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The frequency characteristic of the DGS section can be described by two parameters:
the etched lattice dimension and gap distance [10].
A. Influence of the Square Lattice Dimension

In order to investigate the influence of the square lattice dimension, the etched
gap(g) was kept constant to 0.2mm for all three lattice dimension cases: a =b =1.3mm,
a=Db=2.5mm , a=b =4.6mm as shown in Fig. 2.3(a). The substrate with 62-mil thick
and a dielectric constant of ten was used for all simulations. The simulation results are
illustrated in Fig. 2.4. There are attenuation poles in simulation results on the etched
unit lattices. These attenuation poles can be explained by parallel capacitance with the
series inductance. These capacitance values depend on the etched gap below the
conductor line, which are identical for all cases due to the identical gap distance. As the
etched area of the unit lattice is increased, the effective series inductance increases, and

increasing the series inductance gives rise to a.lower cutoff frequency and a lower

attenuation pole as seen in Fig. 2.4.

| VAR
o i = Y
10 : ‘,\\1‘ : ——F +
- e \l ‘/ -
o ™ H _—"I
I s B LY O
—_ 20 = - i
@ A - 4.'[ | !
h=) i ¥ Yy H el ;” .
£ Sl I‘f’ |
§ 30w ; n ; U
sodi 5 a=b=4.6mm || a=b=2.5mm | | a=b=1.3mm | |
. ; —t—s11 |i[ 811 ||——s1
H: : ———821 |i|——s821 || =82
s é D R R
50 1 T y T T 1 T t 1 T
0 1 2 3 4 5 8 7 8 9 10 11 12
Frequency [GHz]

Figure 2.4 Three DGS unit lattices simulation for varying the square lattice dimension
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B. Influence of the Gap Distance

The lattice dimension axb was kept constant to 2.5 mmx2.5 mm for all three
gap distance cases : g =0.2mm , g = 0.4 mm , g = 0.6 mm. The simulation results are
shown in Fig. 2.5. The effective series inductances are constant due to the constant
lattice dimensions. Unlike the influence of lattice dimension, there is no change in
cutoff frequency despite the variation of the gap distance. This means that the gap
distance does not affect the effective series inductance of a microstrip line. Variation of
the effective capacitance only affects the attenuation pole location. As the etched gap
distance increases, the effective capacitance decreases so that the attenuation pole

location moves up to higher frequency as seen in Fig.2.5.
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. | ——511dB
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-m T T L] = T T 3 T ]
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Frequency [GHz)

Figure 2.5 Three DGS unit lattices simulation for varying the gap distance
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2.4 Fundamental of Oscillators

2.4.1 Feedback Oscillators [11]

pllo)

Figure 2.6 The basic feedback circuit.

Fig.2.6 shows a basic feedback oscillator. The amplifier’s voltage gain is A,(j®),

and the voltage feedback network is.described by the transfer function £( jw).Positive

feedback occurs when the feedback signal (V) adds from input signal (v, ). The phase

of v determined ifVv, adds or‘subtracts-fromy; and is determined by the closed-loop

circuit in Fig.2.6. For positive feedback the total phase shift associated with the closed

loop must be 0° or a multiple of 360°. The closed-loop voltage gain A (jo)can be

found to be

. v A (jo)
=2 = 2.12
A U= = BGw)A (o) @12)

For oscillations to occur, an output signal must exist with no input signal applied.

With v;=0 in equation (2.12), it follows that a finite Vv, is possible only when
denominator is zero. That is, when
1-p(jo)A(jo)=0  or Blio)A, (jo) =1 (2.13)
Equation (2.13) expresses the fact that for oscillator to occur, the loop gain

[ B(jw)A, (jo®)] must be unity. This relation is known as the Barkhausen criterion.

14



With A(jw)=A, andleting  (jo)=f, (@) + i (@)

where S, (w)and S;(®) are the real and imaginary parts of S( j®), then (2.13) can be

rewritten as B (o)A, + 5 (w)A, =1

Equating the real and imaginary parts on both sides of the equation gives

|
=1 = 2.14
B (0)A, = Ao 5 (@) (2.14)
and
Bi(o)A, =0 = Bi(®)=0 (2.15)

since A, # 0. The condition (2.14) is known as the gain condition, and (2.15) as the
frequency of oscillation condition. The frequency of oscillation condition gives the
frequency at which the phase shift around the closed loop is 0° or a multiple of 360" .
From the circuit theory we know that oscillation occurs when a network has a pair of
complex conjugate poles on the imaginary aXis. Most importantly, the gain condition
should be modified to be S, (@)A,>1 to put the trafisfer-function pole in the right half
plane, to allow the oscillation to-commence:Then, as the oscillation builds, the amplifier
saturates, the gain decreases, and the oscillation stabilizes at S, (w)A,, =1.

In a feedback oscillator, it is relatively easy to avoid spurious resonance, which
could cause the oscillator to oscillate at an undesired frequency. As long as the resonator
has transmission only at resonant frequency, the oscillator can oscillate only at the
desired frequency. Unfortunately feedback oscillator can be difficult to design at high
frequencies due to the phase shift in the long connection from the amplifier output to
the resonator, so high-frequency oscillators are usually designed by means of a

negative-resistance theory.
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2.4.2 Negative Impedance Oscillators [12]

i(t)
Zs(1,,0)
Z (w)
) V()

Figure 2.7 The classical model of a negative-resistance oscillator

An oscillator is an energy cenversion device that transforms dc power into ac
power. A microwave oscillator'can belmodeled as a one-port in which the real part of
the port impedance is negative as shown in Fig.2.7. The load impedance Z, (®)is linear,
but the source impedance Z (1,,@)(the  output impedance of the oscillator) is a function
of |,, the magnitude of the fundamental frequency component of the output current.
The real part of Zg is negative and decrease with an increase in | ;. The voltage source
v(t) in Fig.2.7 provides a perturbation necessary to start oscillation in the unstable
circuit.In practical circuits it represents noise, an injection-locking signal, or the turn-on
transient of the circuit.

Kurokawa proved that the conditions for oscillation are

Zy(l,,0)+Z (0)=0 (2.16)
that is, the real parts of the impedances cancel and the imaginary parts resonant. Then, if

an infinitesimal perturbation V(t)exists, the magnitude of the response i(t)increases

exponentially with time and becomes sinusoidal at some frequency @, where

Im{Z; (wp)}=—Im{Z (@)}

16



The source could also be described by a nonlinear conductance Y (V,,®); then,

the oscillation condition is
Ys (Vy,0)+Y (0)=0 (2.17)

This is the case of a parallel resonance having a total negative conductance, in which
the transient perturbation comes from a shunt small-signal current source, and V, is
the magnitude of the shunt voltage. The oscillation begins when real part of the shunt
conductance is negative and Re{Ys} decreases as the oscillation increases until (2.17) is
satisfied. If a transistor oscillator circuit includes a high-Q resonator, the high-Q
resonator will dominate in establishing the frequency. In a high-Q resonator, Im{Yy}
varies rapidly with frequency close to resonance, so changes in Im{Ys} do not cause
much frequency deviation.

The oscillation is stable if the sinusoidal voltage or current returns to its steady-state
value after it is perturbed. Kurokawa derived.a condition for stable oscillation; in terms
of impedance, the condition is

ORg Xy r@Xs OR,
o odw Ol Ow

>0 (2.18)

where Rg=Re{Zs}, Xs=Im{Zs} , RL=Re{Z.} , X, =Im{Z.} , and the derivatives
are evaluated at [=[pand @=w, . In a simple case where Xgis independent of I and the

load is a simple series RL or RC circuit, (2.18) is always satisfied.
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2.5 PLL Frequency Synthesizer

MAIN DIV
N
faiv , Odiv
> LOOP
PFD/CP
REF. DIV K » FILTER —> Fout
> pd
R Z¢(s)
F fref R Qref
C 1
I fxtal

Figure 2.8 Block diagram of a single-loop PLL frequency synthesizer

A phase-locked loop (PLL) is used primarily in communication system. The
architecture of a single-loop integer-N _Plzlsis shown in Fig.2.8 which consists of a
voltage-controlled oscillator (VCO), a programmablé frequency divider with a divider
N, a phase-frequency detector/charge pump-combination (PFD/CP) and a loop filter. In
addition, the architecture also comprises a neference crystal oscillator and a reference

frequency divider of ratio R. When the loop is locked the phase of the divided output

signal f,, accurately tracks the phase of the reference signal f, ;. The phase-lock

process forces the frequencies of fy, and f tobe equal.

ref

Relating F

out

to f, and f can be obtained as

f

F :N.fref:N.xT;a' (2.19)

out

If the division ratio N is programmable in steps of 1, then F,

can be stepped with a

minimum step size equal to f .

In the basic PLL configuration of Fig. 2.8, the frequency range of the VCO must be

covering the total tuning range of the intended application [13].
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.2.5.1 Phase-Frequency Detector / Charge-Pump

PFD

CP

c
D up
f Q > ICP
ref L p>ck rst
reset —> i
|i D rst
Q > Ier
fdiv__>>ck down
1

Figure 2.9 Sequential phase-frequency detector combined with single-ended charge-pump

The block diagram of a common implementation of the phase-frequency detector

is presented in Fig. 2.9.1t consists of two D-type flip-flops (D-FF)which have their D

inputs connected to the active level. The upper D-FF, which is clocked by f

ref

generates the up signal. The lower D-FF, which is clocked by f,,, generates the down

div »

signal. The AND gate monitors the up and down signals and generate the reset signal
for the D-FFs at the moment both outputs become active. The up and down signals are
used to switch the current sources in the charge-pump CP. When up is active, a current
with magnitude of |, is sourced by the charge-pump; conversely, when down is
active, current is sunk into the charge-pump. When both up and down are inactive, no
current flows into or out the output node of the charge-pump. The output is a high

impedance node, under all circumstances.
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2.5.2 Loop Filter

LF1 LF2
Parameter LF1 LF2
7, R (C+(y) RiCy
1 i C.C,
R, — G R, — G 7, R,C, Rlﬁ
1 2
_— 1 b-1 17
c C - k o b ¢,
1
C, C,
| = b(7,/7;) legs oo

Figure 2.10 Two common passive loop filter topologies and corresponding relationships

design parameters and component values.

The loop filter provides the current-to-voltage conversion from the charge-pump signal
to the tuning voltage input of the VCQ4The purity of the tuning voltage determines to a
great extent the spectral components of the VCO output signal. The trans-impedance

transfer function of the loop filter as

Kl+rsz, “kl+s7,

Z.(S)=
) Sl+sz, si+sz,/b

(2.20)

where K is a gain factor which depends on the specific configuration of the loop
filter, 7, 1is the time constant of the “stabilizing” zero, 7, is the time constant of the

pole which is used to attenuate the reference frequency and its harmonics and b is the
ratio of the time constants 7,/7, .

Two passive loop filter configurations which comply to (2.20) are shown in Fig. 2.10.

The trans-impedance transfer functions Z; (s)andZ,,(s) for loop filters LF1 and LF2

respectively, are given as follows:
1+s(R,(C,+C,))

Z.,(5)= 221
n(®) sC,(1+SR.C,) @21)
I+s(R,C
Z,,(5) L (222)
s(C,+C,)(1+(sR,—2
(C,+C)+( 1C1+C2)

The purpose of the capacitor (C,) is to decrease the loop filter trans-impedance at
high frequencies, and therefore to decrease the magnitude of the voltage ripple of a

given value of DC leakage current.
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2.6 Active Frequency Multiplier

Vi)

+
Vgg _I =

Figure 2.11 Circuit of an ideal FET frequency multiplier

The circuit of a frequency multiplierywith an ideal FET is as shown in Fig.2.11. The
output resonator is tuned to the=nth harmonic of the excitation frequency, so it short
circuits the FET’s drain at all other frequencies, especially the excitation frequency, @, .
The gate-bias voltage in an efficient FET multiplier ' must be equal to or less than (more
negative than) the threshold voltageV,"."Thus, the FET’s channel conducts only during
the positive half of the excitation cycle, and the drain conducts in pulses; the shape of
the pulses is approximately a rectified cosine. The duty cycle of the pulses varies with
the dc gate voltage: if Vg= Vi, the duty cycle is 50% , but if Vg < Vi, the FET is
turned off over most of the excitation cycle. The duty cycle then is less than 50% [14].

Fig.2.12 shows the voltage and current waveforms of an ideal FET used as a frequency

doubler. Due to the output resonator eliminates all voltage components except the one at
the nth harmonic, the drain voltage Vq(t) is a sinusoid at radian frequency ne, . For
best efficiency and output power, the drain voltage must vary between V__ and V . .

The drain current peaks at the value I« , and the current pulses have the time duration

to; to<T/2, where T is the period of the excitation.
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1
L33

Figure 2.12 Voltage and current waveforms in an ideal FET frequency multiplier

Assuming that the current is maximum at t=0, the Fourier-series representation of
the current has only cosine componefits:
I, (=1, +}cos(@, D)+l cosZw,t)+..... (2.23)

When n>1, the coefficients are

41, ‘cos(n 7wty /T )‘

= 2.24)
n max . 2 (
7T |1-(2n4,/T)?|
and whenn=0,
21
| .=l -0 2.25
n max 7Z'T ( )
When ty/ T=0.5/n,n#0, (2.24) is indeterminate. Then, I, is
t
_ 0
I n= | max T~ (2.26)

Equation (2.24) shows that the FET multiplier has only means to maximize I, , namely
adjusting ty/ T for achieving maximum output power and efficiency. Fig.2.13 shows a
plot of I, / Imax as a function of to/ T when n = 2 through n = 4; each of these curves has
a clear maximum below to/ T = 0.5. It appears that, in order to achieve the optimum
value of I, Vg can be adjusted so that | (t) has the desired period of conduction, to .
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Figure 2.13 Harmonic drain-current components as a function of to/ T when the

drain-current waveform is a half-sinusoidal pulse train

If the gate voltage varies betweén Vi max and the peak reverse voltage Vg min , the phase
angle 6, ,over which V, (t) > Viis

ViV max—V

Oy =2ac08(—;—— g.min 2.27)
g.max % g min
The bias voltage that achieves this value of 6, is
\ +V .
g,max ,min
Vgg= 5 g (2.28)

0, 1s sometimes called the conduction angle of the device.

Equation (2.27) shows that a large negative value of V, min decreases the conduction

angle. It also shows that decreasing V, max has the same effect.
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Chapter 3 Design and Measurement of Components

3.1 Design and Measurement of the 1/Q Hybrid Mixer

Hybrid Mixer 1

! (t—/) A * schottky

diode

- _ H6——
1 I 1t
f,  DCBias % fo
/\/\[—P > T - [T - YT ' 3dB-90° /\/\[—>
® @ Hybrid B
LO Input <«\/\v
f o+ f,
To Antenna
3dB-90° @ il
Hybrid A 50N 0 M.
1
Q_ ........................ Q+
Q) -k ¢ ——

“‘H

v
schottky
diode

Hybrid Mixer Q

Figure 3.1 Schematic of the I/Q hybrid mixer using the MA4E2054-1141T

The 1/Q hybrid mixer consists of two 90° hybrids, two hybrid mixers and two phase
shifts of 45° in which are located between 90° hybrid A and hybrid mixer I ,and between
hybrid mixer Q and 90° hybrid B respectively as shown in Fig.3.1. There are four 90°
hybrids designed in the I/Q hybrid mixer using microstrip branch line circuitry in the
frequency of 10.5GHz.M/A-COM MA4E2054-1141T schottky diode is used on the I/Q
hybrid mixer and its configuration, spice model and circuit model are shown in Fig.3.2.

The amplification of IF amplifiers is assumed to be 1000 using ADI OP213.
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Let LO input voltage be a cosine wave of frequency f; :
Vi, (D)= ocos(27-f,t) 3.1

In operation, the I/Q hybrid mixer can be analyzed by transmitting signal path and

receiving signal path as follows:
(1) Transmitting signal path

Since LO signal is connected to the input of the 90" hybrid A , the hybrid A will split
LO signal into two equal amplitude with phase difference of 90° between point (D
and point (@ , and will be phase difference of 45" between point (3 and point &

due to the phase shift of 45° as
point 3 : Vg (t)=V o cos2z-f t—45"+¢,) (3.2)
point & : V| o (1)=V oocos(27-f1-90°+4)) (3.3)

, then pass through I/Q hybrid mixers with little attenuation and will be phase difference

of 90° between point (7)) and peint due to the phase shift of 45° as

point D : V o ()= o082z f5t—45"+¢,) (3.4)

point D Viog (=Y o c08(27- ft-135"+4, ) (3.5)

Finally these two LO signals will be combined in-phase at the output of the hybrid B
(antenna port) for radiation as

v, (1)=V, cos(27- f t+,) (3.6)

(2) Receiving signal path
If the transmitter signal is given by (3.6)

the echo signal from a moving target will be
v, (1) =k\V, cos[2z(f, = f )t + @] 3.7
where V, = amplitude of transmitter signal
k, = a constant determined from radar equation
f, = transmitter frequency, Hz
f, = doppler frequency shift, Hz

¢ = a constant phase shift, which depends upon range of initial detection
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Once the echo signal is received from the antenna , the hybrid B will split the echo
signal into two equal amplitude with phase difference of 90° between point (9 and
point , and will be phase difference of 45° between point (5 and point (® due to

the phase shift of 45° as

point & :  Vgg (1) =V cos[(2z(f, £ f)t—90" +¢,] (3.8)

point ©® :  Vigg () =Vgeq cos[(27( f, + f, )t — 45" +¢,] (3.9)

The received echo signal ( f, £ f,) and the transmitter signal ( f,) heterodyne in the
schottky diode to yield a difference signal and using differential amplifiers to produce

I/Q channels respectively as

I (t)=V,, cos(2z:f t+¢s) (3.10)

Q(1)=V o 008(+27- FE 9044 ) (3.11)

If the target is approaching (positive doppler), the outputs from 1/Q channels are
I 7 (1)=V,g, cos2r-f t+ds) Q" (1)=V g cos(27- f,1+90" +¢; ) (3.12)

It means | channel lag to Q channel for an approaching target.

If the target is receding (negative doppler), the outputs from I/Q channels are
|~ (t)=V g cos2r-f t—¢) Q™ (1)=V g cos(27- f,1-90"~¢) (3.13)

It means | channel lead to Q channel for a receding target
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Spice Model Parameters $00:323
$=3x10-A M =050 i
\C——1: RS=110 EG =089 :

i
N=105 B30V 1 0 0 m__
T=08 BY=1x10A l )
SINGLE Gj) =040 10-pF o i uy 1

MA4E2054-1141T Opar=0.41x10-2pF
(a) V=040V

(b) (c)
Figure 3.2 M/A-COM MA4E2054-1141T schottky diode for (a) configuration

(b) spice model (c) circuit model

The MA4E2054-1141T schottky diode using spice model and circuit model is used
on the simulation circuit of the I/Q hybrid miixer as shown in Fig.3.3. The simulation
result of the insertion loss for the 1/Q hybrid mixer-is shown in Fig.3.4 that LO signal
was set as frequency of 10.525GHz with power of 0dBm. Fig.3.5 shows the simulation
result of the conversion loss for the 1/Q hybrid mixer that RF, LO and relative IF signal
was set as 10.535GHz with power of -30dBm , 10.525GHz with power of 0dBm and
10MHz respectively. The simulated conversion loss is the single-ended output from one
of the IF outputs.

The measurement results of the insertion loss and conversion loss for various
LO power are shown in Table 3.1 and Fig.3.6. The total loss has been calculated as the
summation of the insertion loss and conversion loss. The measured conditions of the
insertion loss and conversion loss are the same as the simulation conditions except that
the LO power is variable from -4dBm to 14dBm. For measurement convenience, the
measured conversion loss is the single-ended output from one of the IF outputs. The IF

differential output has a theoretically 3dB improvement in the conversion loss.
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Figure 3.3 Simulation circuit of the I/Q Hybrid Mixer
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Figure 3.4 Simulation result of the insertion loss for the I/Q hybrid mixer with LO
power of 0dBm
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Figure 3.5 Simulation result of the conversion loss for the I/Q hybrid mixer with LO
power of 0dBm



Table 3.1 Measurement results of the I/Q hybrid mixer for various LO power

The Summary of I/Q Hybrid Mixer measurement results

LO DC Bias (V)
power | "YU T ToaToeJos [ 1 [ 12 e 1615 ]2
Insertion Loss [ 2.15 [ 2.83 | 3.7 | 3.12] 2.6 {228 [ 2.1 [1.93 [ 1.83]1.76 | 1.77
-4 | Conversion Loss | 54.5 | 21 [17.67] 18.5 [22.17]26.83]31.17]34.83|38.33[40.83 [43.67
Total Loss 56.65123.83(21.37(21.62(24.77]29.11]33.27(36.76 [40.16 [42.59 | 45.44
Insertion Loss | 2.18 [ 2.93 | 3.67 | 3.26 | 2.66 [ 2.31 [ 2.12 | 1.94 | 1.83 | 1.76 | 1.76
-2 | Conversion Loss | 44 | 20 [17.17[17.33]19.33] 23.5 |27.83|31.83|35.17[38.17[40.83
Total Loss 46.18122.93120.84120.59121.99[25.81129.95]33.77| 37 [39.93[42.59
Insertion Loss | 2.25 [ 3.03 | 3.64 | 3.37 | 2.78 | 2.37 [ 2.16 [ 2.09 | 1.85 | 1.79 | 1.82
0 Conversion Loss {32.33[19.17| 17 [16.83] 17.5| 20 [23.83| 28 |31.83]34.83|37.67
Total Loss 34,581 22.2 [20.64 20.2 20.28]22.37]25.99130.09 {33.68 | 36.6239.49
Insertion Loss | 2.39 [ 3.14 | 3.61 | 3.51 | 2.96 [ 248 [ 2.23 | 2.12 | 1.89 | 1.81 | 1.84
2 Conversion Loss | 24.5 [18.67| 17 [16.83] 16.5 | 17.5 [19.67[23.33|27.5 | 31 [34.67
Total Loss 20.89121.81120.61120.34[19.46/19.98] 21.9 |25.45{29.39[32.81 [36.51
Insertion Loss | 2.58 | 3.23 359359 4:3.17 | 2.65 [ 2.35 [ 2.18 [ 1.93 | 1.83 | 1.82
4 Conversion Loss |21.17 [ 18 ¥7{17.17416:831.16:33.[16.33[17.17 [ 18.83 | 22 ]25.67]29.5
Total Loss 23.75( 214 120.76120.:42119.5 £18.98[19.52121.0123.93 | 27.5 |31.32
Insertion Loss | 2.8 [ 3.29°1°3.56 1.3.63 | 3.36/1:2.88 | 2.55 [ 2.29 [ 2.05] 1.9 | 1.87
6 Conversion Loss |19.67| 18, | "7 =4-t6:83446.33116.17| 16.5 |16.67|17.83[19.83| 23
Total Loss 22.47(21.29120.56120.46 119,69 [19.05[19.05]18.96 | 19.88 [ 21.73 | 24.87
Insertion Loss | 2.97 | 3.34 | 35513631 3.54 | 3.1 [277] 2.5 12231205 2
8 Conversion Loss | 19 [17.83] 17 [16.83] 16.5 |16.17]16.17[16.17[16.33]16.83| 18
Total Loss 21.97121.17120.55[20.46 [20.04]19.27]18.9418.67 [ 18.56 | 18.88 ] 20
Insertion Loss | 3.12 [ 3.39 | 3.53 | 3.64 | 3.54 | 3.3 [3.03 275|248 ]2.26]2.18
10| Conversion Loss | 18.5 [17.67| 17 |16.83]16.67[16.33[16.17|16.17]16.17| 16 [16.33
Total Loss 21.62121.06]20.53120.47{20.21119.63] 19.2 |18.92|18.65[18.26 [18.51
Insertion Loss | 3.21 | 3.41 [ 3.51 [ 3.63 | 3.59 | 3.42 | 3.25 [ 3.03 | 2.78 | 2.54 | 2.45
12| Conversion Loss [18.17[17.67[17.17] 17 [16.67] 16.5 [16.33[16.17|16.17] 16 | 16
Total Loss 21.38121.08120.68120.63120.26[19.92[19.58 | 19.2 |18.95|18.54 [ 18.45
Insertion Loss | 3.27 | 3.4 [3.48[3.58 | 3.61 |3.48[3.38(3.23]3.04 284276
14| Conversion Loss | 18 [17.67[17.17]17.17]16.83[16.67{ 16.5 | 16.5 |16.33]16.17| 16
Total Loss 21.27(21.07{20.65]20.75120.44 {20.15[19.8819.7319.37[19.01 [ 18.76
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Figure 3.6 Measurement results of the I/Q hybrid mixer for various LO power
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Figure 3.6( continued )
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Figure 3.6( continued )

Table 3.2 The optimized results of the 1/Q hybrid mixer for various LO power

LO Power glétlé?jsl Converston.| Insertion | Total loss
(dBm) (volts) loss (dB) loss (dB) dB)
-4 0.5 17.7 3.49 21.19
-2 0.6 17.33 3.26 20.59
0 0.7 17 3.05 20.05
2 0.8 16.5 2.96 19.46
4 1 16.33 2.65 18.98
6 1.3 16.33 2.38 18.71
8 1.5 16.17 2.34 18.51
10 1.8 16 2.26 18.26
12 1.9 15.83 2.83 18.66
14 2 16 2.76 18.76

The optimal performance can be obtained by minimizing the total loss for the hybrid
I/Q mixer. Table3.2 shows the optimized result of the I/Q hybrid mixer for various LO

power.
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Figure 3.7 Measurement results of I/Q channels
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Figure 3.8 Photograph of the I/Q hybrid mixer

In order to manifest the performance of I/Q channels , LO signal ( f,) was set as
10.525GHz with power of 0 dBm , RF signal ( f, £ f,) was set as 10.525GHz +/- 3KHz
with power of -50 dBm and DC bias was 0.4 volts. Fig.3.7 shows the measurement results
of I/Q channels. It appears that Q channel lead to I channel for positive Doppler shift ( an
approaching target ) ; conversely, I channel lead to Q channel for negative Doppler shift
(areceding target ) . Fig.3.8 shows the photograph of the I/Q hybrid mixer.
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3.2 5.25GHz PLL Frequency Synthesizer with and without DGS
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Figure 3.9 Schematic.of 5.25GHz PLL Frequency Synthesizer

Defected Ground Structure (DGS) has been proposed and demonstrated to reduce
the phase noise of oscillators {15]" Fig:3:9 shows the schematic of 5.25GHz PLL
frequency synthesizer with and without' DGS which both of them have been fabricated
and measured simultaneously to verify the performance of the DGS. The 5.25GHz PLL
frequency synthesizer consists of a Voltage Controlled Oscillator (VCO), an unequal
power divider, a low pass filter (LPF), a synthesizer IC and a loop filter. The ADF4106
integer-N frequency synthesizer is the form of current output and is controlled by
3-wire serial interface. The loop bandwidth of the loop filter is assumed to be 2.5 KHz.

Section 3.2.1 shows the photographs and the results of simulation and measurement
for the one-section, two-section and three-section DGS respectively that the 3dB cut-off
frequency is designed as around 5.2GHz. In this thesis, two-section DGS has been
adopted to reduce the phase noise of oscillator that is a compromise between the electric

performance and the circuit size.
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3.2.1 Simulation and Measurement of the DGS

A. One-section DGS
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Figure 3.11 Measurement result of the one-section DGS

(b) Bottom side

Figure 3.12 Photograph of the one-section DGS
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B. Two-section DGS
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Figure 3.13 EM-simulation of the two-section DGS (a) 3-D view; (b) result
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Figure 3.14 Measurement result of the two-section DGS

(b) Bottom side

Figure 3.15 Photograph of the two-section DGS
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C. Three-section DGS
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Figure 3.16 EM-simulation of the three-section DGS (a) 3-D view; (b) result
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Figure 3.17 Measurement result of the three-section DGS

(b) Bottom side

Figure 3.18 Photograph of the three-section DGS
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The method of modeling the DGS had been presented in section 2.3. Following
up this method, the equivalent circuit of the two-section DGS can be modeled as the
7 -type symmetrical two-port circuit as shown in Fig.3.19.

Fig.3.20 shows the simulation result for the equivalent circuit of the two-section

DGS that is very similar to EM-simulation result as shown in Fig. 3.13(b).

PORT
PORT =
P=1 P=2

C=0.2081 pF

D -
Figure 3.19 The equivalent circuit of the two-section DGS
& DB(S[1 10 L) HDBISZIN (R)
2 Lattices DGS_equivalent circuit 2 Lattices DGS_equivalent circuit
0 F—= 0
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0 o £ £ = = 4 15
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Figure 3.20 Simulation result for the equivalent circuit of the two-section DGS
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3.2.2 Simulation and Measurement of 5.25GHz Unequal Power Divider
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Figure 3.21 Simulation of 5.25GHz unequal power divider (a) schematic; (b) result
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Figure 3.23 Measurement result of 5.25GHz
unequal power divider

An unequal power divider can be designed using the factork > -output power ratio [16].
In this thesis, the output power ratio of 5.25GHz unequal power divider is assumed to

be 3:1. The simulation and measurement results of the S-parametersS,,, S;, of show

as 1.78dB, 6.25dB and 2.12dB, 7.01dB as shown in Fig.3.21 and Fig3.23 respectively.
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3.2.3 Simulation and Measurement of 5.25GHz Low Pass Filter
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Figure 3.25 Photograph of 5.25GHz LPF
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Figure 3.26 Measurement result of 5.25GHz LPF

5.25GHz Low Pass Filter (LPF) using microstrip line circuitry was used in order

to obtain a pure signal at the RF input of ADF4106. The results of EM-simulation and

measurement for 5.25GHz LPF are shown in Fig.3.24 and Fig.3.26 respectively.
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3.2.4 Simulation and Measurement of 5.25GHz VCO with and without DGS

A. Simulation of the negative-impedance circuit

cAp
ID=C1 LOAD

ID=21
C=0.8 pF 7=50 Ohm

PORT
P=1
2250 0hm

Figure 3.27 Schematic of the negative-impedance using the BFG425W

- Re(Z[11]) (L) -5 ImZ[1,1]) (R)
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300 200
5.254 GHz
13.09
200 100
100 0
0 -100
-100 -200
5.250 GHz
-116
-200 -300
2 3 4 5 6 7 8

Frequency (GHz)

Figure 3.28 Simulation result of the negative-impedance circuit

The bipolar transistor BFG425W (Philips) is used to act as the active device on the
circuit of 5.25GHz VCO.A short stub was connected to the emitter of the BFG425W in
order to obtain a negative real part of input impedance as shown in Fig.3.27. Simulation

result of the negative-impedance circuit is shown in Fig.3.28.
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B. Simulations of the resonator with and without DGS
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Figure 3.29 Schematic of the resonator (a) with DGS (b) without DGS
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Figure 3.30 Simulation results of the resonator with and without DGS

TOSHIBA 1SV285 varactor diode is used on the resonator of 5.25GHz VCO as
shown in Fig.3.29 In the circuit of the resonator with DGS, the S2P file of the
two-section DGS 1is extracted from EM-simulation. Fig.3.30 shows the simulation
results of the resonator with and without DGS that the imaginary part of the resonator
with DGS has higher slope than the imaginary part of the resonator without DGS. It

implies that the resonator with DGS has a higher quality factor.
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C. Measurement result of 5.25GHz VCO with DGS

Table 3.3 Measurement result of 5.25GHz VCO with DGS

Vt (V) f0 (MHz) | outptupower(dBm) | Sensitivity(MHz/V)
0 5181 5.5
0.5 5204 5.5 44
1 5225 5.5
1.5 5248 5.67 47
2 5272 5.67
2.5 5297 5.67 54
3 5326 5.83
3.5 5357 6 64
4 5390 6.33
4.5 5423 6.5 59
5 5449 6.67
5500
5450

5400
5350
5300
5250
5200
5150

fO(MHz)

0 05 1 15 2 25 3 35 4 45 5
Vi(V)

Figure 3.31 The curve of Frequency vs. Tuning Voltage for 5.25GHz VCO with DGS

The performance of 5.25GHz VCO with DGS has been measured as shown in
Table3.3. Fig.3.31 shows the curve of Frequency vs. Tuning Voltage for 5.25GHz VCO

with DGS.
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D. Measurement result of 5.25GHz VCO without DGS

Table 3.4 Measurement result of 5.25GHz VCO without DGS

Vt (V) f0 (MHz) outptu power(dBm) | Sensitivity(MHz/V)
0 5189 5
0.5 5205 5.33 31
1 5220 5.33
1.5 5235 5.33 30
2 5250 5.5
2.5 5266 5.5 33
3 5283 5.5
3.5 5302 5.5 39
4 5322 5.5
4.5 5344 5.67 40
5 5362 5.67
5400
5350
’g 5300 |
2 5250 ¢
5200 —
5150

O 05 1 15 2 25 3 35 4 45 5
Vi(V)

Figure 3.32 The curve of Frequency vs. Tuning Voltage for 5.25GHz VCO without DGS

The performance of 5.25GHz VCO without DGS has been measured as shown in
Table3.4. Fig.3.32 shows the curve of Frequency vs. Tuning Voltage for 5.25GHz VCO

without DGS.
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3.2.5 Measurement of 5.25GHz PLL Frequency Synthesizer with and without DGS
A. Measurement results of 5.25GHz PLL Frequency Synthesizer with DGS
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Figure 3.33 Measurement results of the phase noise with DGS
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Figure 3.35 Photograph of 5.25GHz PLL frequency synthesizer with DGS
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B. Measurement results of 5.25GHz PLL Frequency Synthesizer without DGS
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Figure 3.36 Measurement results of the phase noise without DGS
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Figure 3.38 Photograph of 5.25GHz PLL frequency synthesizer without DGS
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Table 3.5 Summary of the measured phase noise with and without DGS

The phase noise The phase noise
With DGS Without DGS
Frequency | @10KHz offset | @ 100KHz offset| @10KHz offset | @100KHz offset
(MHz) (dBc/Hz) (dBc/Hz) (dBc/Hz) (dBc/Hz)
5200 1817 -110.17 -07.5 -93.67
5250 -31.67 -109.67 -00.5 95.5
5300 -19.0 -109.5 -07.17 -92.83
5350 1783 -103.17 -00.67 9483

Section 3.2.5 shows measurement results of the phase noise, tuning range and

spectrum for 5.25GHz PLL frequeney synthesizer with and without DGS. Fig.3.35 and

Fig.3.38 show the photographs of 5.25GHz PLL frequency synthesizer with and without

DGS respectively.

Table 3.5 shows a summary of the measured phase noise for 5.25GHz PLL

frequency synthesizer with and without DGS. It appears that using the two-section DGS

can reduced the phase noise by 10-16dB at 100 KHz offset from carrier. Thus, a higher

quality factor can be obtained using the two-section DGS.
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3.3 Simulation and Measurement of the Frequency Doubler

HARMONIC BALANCE Sithsevales
sh MO BaaNCE mm
HBL
RFpower=4_dBm MLV
MJB i i - i
Mguli Ore:S o Subst="MSubt"
H0508 Usekrylov=no R = , 06»25
=0uomm ~RFfeg’ G E 0§25mm
SweepVar="RFfe i \ide=20V e e
B=338 v ! .S\'fe;x)/a'jmmzanun MTEE /08 L=25mm MRSTUB
Mur=1 SareS01H: RREEEA0MH Teel inolU
CoLIE0 Sop-53000Hz J\sa\a;‘e“\:\:{e o ShsElSn Subt
o Sep=10MHz dispemp! = \i=03mn SubsE“NSub1*
?uoélt);;(?mm EquatonName[L[-RFpower" "HBLToneSpFreq’ W03 WE036mn
e Toad - (3250208 mn
Ta=00027 Equalonhane(tToad W03 Ang\e:ﬁO
Rough=0mm MLV
MLIN L4
ML s SubstNSubt*
112 SUbst="MSub1" W=03mm
. T SubsE b’ W_=12 m T L=4434986mm
Q MTEE  W=Ligmm L=049mm Teed

- 13 e
EL SbsENsL ey  SM \out

P 1Tone

PORT? N MTE -
W2 1 Ted T ol o
Z55000m D) C=1000pF )
Pedhmion RFponer) N L
Freg=RFfeq MLEF =

PreURRRUSLO 19921220
1L W

Figure 3.39 Schematic of the frequency doubler using the FHX35LG

The FHX35LG is used on the circuit-of 5.25GHz to 10.5GHz frequency doubler to act
as the active device as shown in Fig.3.39. The gate voltage is set as zero volts by
means of using a short stub that can minimize the required circuit size with a simple
bias condition, namely no requirement for RF choke and negative voltage at the gate
terminal. The results of the simulation and measurement for 5.25GHz to 10.5GHz
frequency doubler with input power of 4dBm are shown in Fig.3.40 and Fig.3.41
respectively.It appears that the conversion gain of the measurement result is better than
the simulation result about 5.9dB at input power of 4dBm.The photograph of 5.25GHz
to 10.5GHz frequency doubler is shown in Fig.3.42. The conversion gain of 5.25GHz
to 10.5GHz frequency doubler has been measured for various input power as shown in
Table3.6. Fig.3.43 shows the conversion gain and output power vs. input power curve

for 5.25GHz to 10.5GHz frequency doubler.
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Figure 3.40 Simulation results of the frequency doubler with input power of 4dBm
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Figure 3.42 Photograph of 5.25GHz to 10.5GHz Frequency Doubler
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Table 3.6 Measurement results of the frequency doubler with various input power

Input power
©5.25GHz Output power(dBm)@10.5GHz Conversion Gain(dB)
(dBm)

-10 -5.83 4.17
-9 4.17 4.83
-8 -2.83 5.17
-7 -1.67 5.33
-6 -0.33 5.67
-5 0.67 5.67
-4 1.83 5.83
-3 3 6
-2 4 6
-1 5 6
0 5.9 5.9
1 6.85 5.85
2 7.67 5.67
3 8.42 5.42
4 8.92 4.92
5 9.33 4.33
6 9.67 3.67
7 9:83 2.83
8 10:08 2.08
9 1042 1.42
10 10.83 0.83

‘ —®— Conversion Gain(dB) —&— Qutput power(dBm)@10.5GHz ‘
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Figure 3.43 The conversion Gain vs. input power curve for the Frequency Doubler
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3.4 Simulation and Measurement of 10.5GHz Band Pass Filter

A. 10.5GHz Hairpin Band Pass Filter with N=5
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Figure 3.44 EM-simulation of 1_(-)£5GHz Halrpln BPF (N=5) (a) 3-D view; (b) result
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B. 10.5GHz Hairpin Band Pass Filter with N=3
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Figure 3.47 EM-simulation of 10.5GHz Hairpin BPF (N=3) (a) 3-D view; (b) result
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Figure 3.48 Photograph of 10.5GHz BPF(N=3)
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Figure 3.49 Measurement result of 10.5GHz BPF(N=3)

Section 3.4 shows the results of simulation and measurement for 10.5GHz hairpin

BPF with N=3 and N=5 respectively.

It appears that the rejection of 10.5GHz hairpin

BPF with N=5 was deeper than 10.5GHz hairpin BPF with N=3 obviously. But in this

thesis, 10.5GHz hairpin BPF with N=3 had been adopted due to its small size.
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Chapter 4 Integration and Measurement of the Transceiver
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Figure 4.1 Schematic of the designed Doppler radar transceiver

Since the performance of each component had been demonstrated in the chapter 3,
these components are then integrated as a Doppler radar transceiver. Fig.4.1 shows the
schematic of the designed 10.5GHz Doppler radar transceiver which consists of
5.25GHz PLL frequency synthesizer with DGS, 5.25GHz to 10.5GHz frequency
doubler, 10.5GHz Band Pass Filter (BPF), I/Q hybrid mixers, IF amplifiers and voltage

regulators.
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The designed Doppler radar transceiver has been integrated and fabricated as shown
in Fig.4.2. The measurement results of the designed transceiver for the output power of

6dBm and 0dBm are shown in Fig.4.3 and Fig.4.4 respectively. Figure 4.3 (c) shows the

output frequency range is from 10.4GHz to 10.8GHz.

Figure 4.2 Photogrg&?hl;o‘f' the designe .fe;ppler radar transceiver
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Figure 4.3 Measurement results of the designed transceiver with output power of 6 dBm

58



ATTEN 20dB AMKR —38.33dB
RL. 40 .0dBm 10dB/ 10. 680GHZ=
r S = e - Py

R o ooy

I AMKR
110 .80 GH=z]|
|—38.33 dB

i H S T b I SO S - i S 4

CENTER 20.00GH=Z=z SPAN 40 .00GHZ
RBW 4 .0MHZ=Z vBW 1 .0MH=z= SWPFP 800ms

(b) Spectrum

NTTEN 20dB3 MER B5.57dB3m
RlL. 7 .0dBm 2dB.” 20 .85500G6GH=
)
W*—N..\f
MKA o
10. 85080 GH:=p
. dB3m
START 20.30006GH= STOR 40.80006H=
RABW 4 .0MH= VEBW 4 .0MH= SWPRP 50.0ms

(c) Flatness

Figure 4.3 ( continued )

59



ATTEMN 20dB AMEKR O -12041.0dB,Hx
RL. OdBm 10dB/ LC0C0KH=

100! kKH=Z

DI'-10l4 .0 aB/H=z j ’ .

SRR SR R =

i
i
B
|
1
i

CEMNTER 40 .300000GH= SPAM 4,000MH®=
H¥RBW 10xkHZzZ *»VEBW 200H= SWR 2. .50sec

(a) phase noise

ATTEN 40dB3 AR 47, 16dB3
RL. OdBm 120dB." 10 .5806H2

I a
N i sr e
AMKR
10.58 GH=z R N
—47. 16 @B
| i
| E '
i i
S S SO |

CENTER 25 .0006+H= SPAN S50 .006H=Z
RBW 4 .O0OMH= VBW 4 .0MH=z SWrFP 14 .00sec

(b) spectrum

Figure 4.4 Measurement results of the designed transceiver with output power of 0 dBm
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NI DAQCard-6062E X-Band standard horn antenna
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Figure 4.5 Phot(-i:'g:r:apii::?t.:if the -‘ﬁopplé—“r radar sensor

The Doppler radar sensor consists of ;che designed transceiver, an X-Band standard
horn antenna, NI DAQCard-6062E with Digital Signal Processing (DSP) and a battery
as shown in Fig.4.5 which has been measured for an approaching vehicle at the velocity
of 60km/hr and a receding vehicle at the velocity of 45km/hr respectively. The sample
rate is assumed to be 50k samples/sec. Fig.4.6 shows Q channel lead to I channel for an
approaching vehicle at the velocity of 60km/hr.Fig.4.7 shows Q channel lag to I channel
for a receding vehicle at the velocity of 45km/hr. Fig.4.8 shows the Doppler frequency
shift is about 1172Hz and the image rejection is about 29dB for an approaching vehicle
at the velocity of 60km/hr. Fig.4.9 shows the Doppler frequency shift is about -878Hz

and the image rejection is about 25dB for a receding vehicle at the velocity of 45km/hr.
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Figure 4.6 Measurement result of I/Q channels for an approaching vehicle at the
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Chapter 5 Conclusion and Future Study

An I/Q hybrid mixer is proposed and demonstrated in this thesis which the
transmitted signal and the received echo signal pass through the same antenna with no
circulator. In addition, the phase noise of oscillator can be reduced by 10-16dB at
100KHz offset from carrier using the DGS. Finally, the designed Doppler radar
transceiver has been measured using an X-band standard horn antenna and NI
DAQCard-6062E with Digital Signal Processing (DSP) for an approaching vehicle and
a receding vehicle. The measurement result shows the validity of distinguishing an
approaching vehicle or a receding vehicle and the related velocity.

Due to the 400MHz tunable synthesizing frequency, the designed transceiver can
be used with the frequency-scanning anténna for thé.application of multi-path sensors.

The drawback of the designed transceiver is its big circuit size. It is necessary to
reduce the circuit size. In the future, it is werth-considering that the designed transceiver
with Digital Signal Processing (DSP)canibe realized in the MMIC to minimize the

circuit size.
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