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and System Integration

Student : Chi-Ho Chang Advisor : Dr. Ching-Kuang C. Tzuang
Institute of Communication Engineering

National Chiao Tung University

ABSTRACT

The paper presents an X-band CMOS-based frequency-modulation
continuous-wave (FMCW) sensor system for the transportation management.
The proposed sensor system adopts two antennas to transmit and receive signal
separately. The completed radio frequency (RF) transceiver is realized by using
standard 0.18 um one-poly “six-metal. (1P6M) complementary metal-oxide
semiconductor (CMOS) technology with a chip area of 1.68 mm x 1.6 mm.

The so-called synthetic quasi-TEM complementary conducting-strip
transmission line (CCS-TL) is also employed throughout the entire RF chip
design. The main features of the CCS TL are the reduction of electromagnetic
coupling of adjacent components in the RF CMOS transceiver chip and it able to
densely integrate various RF signal-processing components into a single chip.
Therefore, the CCS TL provides the on-chip isolation of 55.0dB from the
receiving path to the transmitting path at 10.5GHz.

Additionally, two planar leaky-mode antenna arrays with a gain of 18 dB
are designed. Experiments indicate the isolation between two antenna arrays
with a spacing of 5.0 mm is higher than 42.0 dB at 10.5 GHz. The planar

antenna was achieved the csc’® type antenna pattern and also took as the

v



sensitivity time control (STC) function of IF filter for short range detection. The
prototype of the FMCW sensor system is applied to the range measurement of
multiple lanes for the Transportation Management System (TMS).

The best contribution of the paper is integrated a 0.18 um CMOS
transceiver and antenna arrays into a FMCW RF-frond. Another originality of
the work that used the planar leaky-wave antenna array to shape a csc’0-type
radiation pattern, then assisted a triangular-wave circuit, an IF amplifier, a
digital signal processor, and lot of instruments to prove the nearly uniform SNR
concept. Finally, the measured results from field tests agree well with the system
simulation results.

The future work of the dissertation is miniaturized of the radar system.
The works use the CMOS integrated: circuit technology to miniaturize and
integrate the original radio frequency system, intermediate frequency analog
circuits and the digital signal processing circuit and so on. They namely of the
system on chip (SOC) for the radar system is integrated by radio frequency
integrated circuits (RFIC), analog integrated circuits (AIC), and digital

integrated circuits (DIC).
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CHAPTER 1

Introduction

1.1 History of the RF frond-end development of FMCW sensor

Radar is a system that uses electromagnetic waves to determine the range,
altitude, direction, or speed of both moving and fixed objects such as aircraft,
ships, motor vehicles, weather formations, and ground. The term RADAR was
created the first initials in 1941 as an acronym for Radio Detection and Ranging.
The term has since entered the English language as a standard word, radar,
misplacing the capitalization. Radar was originally called RDF (Radio Direction

Finder) in the United Kingdom [1].

The history of radar began in the 1900s when engineers designed reflection
devices. Around the 1930s, radar stations were being utilized. When radar was
in its earliest stages of development, it is generally accepted that radar systems
fell into two basic categories. Thus, operational radar was either a continuous
wave (CW) system that had inherently been very good velocity (Doppler shift)
measuring capability, or a pulsed radar system that had good range measuring
and resolution capability [2]. Doppler radars may be coherent pulsed, continuous
wave, or frequency modulated. A CW doppler radar is a special case that only
supplies a velocity output. Early doppler radars were CW, and it quickly led to
the development of Frequency-modulated continuous wave (FMCW) radar,
which sweeps the transmitter frequency to determine the range. FMCW radar
was highly developed for the time of World War II for the use by US Navy
aircraft. Antenna designs for the CW and FMCW started out as separate transmit

and receive antennas before the advent of low-cost microwave designs. In the
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late 1960s traffic radars began being produced, which used a single antenna.
This was constructed possible using circular polarization, and a multi-port
waveguide section operating at X band. The late 1970s, this changed to linear

polarization and the use of ferrite circulators at both X and K bands.

The microwave FMCW technique is better than other approaches such as
infrared, ultrasound, video image and so on, because of its ease of
implementation, inexpensiveness, wide range of applications, long-distance
detection, and relative resilience against environmental effects. It applied the
infrared technique or the video image processing to detecting the vehicles, the
quality of measurement is easily degraded by the rain, the fog, the snow, the
storm and so on. The ultrasound technique is usually used in the parking
distance control, such as reversing radar. If it takes the inductive loops and
magnetometer technique to detect vehicles; then the road excavation will be

carried out and follow-up maintenance is not easy to do.
1.2 Development of the RF frond-end for FMCW sensor

Interest in frequency-modulation continuous-wave (FMCW) sensor has
steadily risen in recent decades for diverse applications in commercial and
consumer electronics. Such applications include automotive radar at 77GHz
[3]-[10], liquid tank altimeters at 9.5-10GHz, 5.8GHz, and 24 GHz [11]-[12],
global maritime distress and safety systems at 9.2-9.5GHz [13] and, most
recently, the Transportation Management System (TMS) to monitor
instantaneous main road vehicle transportation at the X-band [14]. The two most
popular methods for making FMCW sensor transceivers at microwaves and
millimeter-waves are hybrid microwave integrated circuit (MIC) [6], [15] and

the GaAs monolithic microwave integrated circuit (MMIC) chipset [3], [5],
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[9],[10],[16], [17], [18], [19], according to studies on FMCW radio frequency
(RF) front-end designs.

The study reports, to the best of the authors’ knowledge, the first X-Band
TMS CMOS sensor with a uniformly distributed SNR (signal-to-noise ratio) for
monitoring multiple-lane traffic. The RF signal processing at the front end has
the following two features: 1) a CMOS multifunction chip to process most RF
signals, and 2) a leaky-mode array to shape a csc” type antenna radiation pattern
[20]-[22], thus establishing uniform SNR across the illuminated zone covering
multiple lanes. Restated, the structure builds an equivalent sensitivity time
control (STC) [23]-[27] that adds attenuation in the receiver as a function of
time, to reduce the near-field interferences in the receiving path and to equalize

the amplitude of echoes independent of range.

Base on traffic application, apply the circuit/system simulation software
Agilent™ ADS (advance design’system) to construct the building block of the
FMCW radar system was shown in Fig. 1. And it presents the block diagram of
the complete integrated X-band radar with dual planar antenna arrays at the
transmitter output and the receiver input, a fully integrated monolithic
transceiver that has all building blocks that are required in RF signal processing,
and a baseband digital signal processing unit for simultaneously measuring the

range of a moving vehicle for the fast evaluation of radar performance.

The future works will use the CMOS integrated circuit technology to
miniaturize and integrate above radio frequency circuits, analog circuits and
digital circuit and so on. The next generation of the radar system integrates with
radio frequency integrated circuits, analog integrated circuits, and digital

integrated circuits into a single chip, and it is the so-call system on chip (SOC).
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Fig.1.1 Block diagram of the proposed X-band FMCW sensor system, comprising two
external antenna arrays, a single-chip CMOS transceiver (enclosed by the dashed line) and an
external digital signal processing unit and necessary electronics. A power amplifier (PA) is

added to increase the output power level,

Figure 1.1 shows the building blocks of the X-band FMCW sensor, which
are as follows: dual planar antenna arrays at the transmitter output and the
receiver input; a 0.18um 1P6M CMOS fully integrated monolithic transceiver,
which performs most of the required RF signal processing as shown inside the
dashed lines, and a baseband digital signal processing unit for instantaneous and
simultaneous assessment of range measurements. It is worth noting that using
two antennas rather than only one eliminates the circulator, which is generally
expensive and does not provide sufficient isolation between the transmitter and

the receiver.

The rest of the paper is organized as follows. Chapter 2 summarizes the
principles of range measurement based on the FMCW sensor. Chapter 3
introduces the CMOS implementations for X-band FMCW transceiver, and then

the print circuit board (PCB) integration of leaky-mode antenna arrays is



reported in chapter 4. The accessory circuits include that the external IF circuit
and digital signal processing unit are also illustrated in chapter 5. Chapter 6
describes the field tests of range measurement for detecting vehicle occupancy
in multiple lanes after the signal-to-noise ratio (SNR) of the proposed sensor
system 1is theoretically and experimentally confirmed. Conclusions are finally

drawn in chapter 7.



CHAPTER 2

Principles and Theories

There are three major theoretical foundations in the thesis; it is such three
items as the principle of frequency-modulated continuous wave, the introduction
of radar equation and the concept of the cosecant-squared antenna, respectively.
These theoretical foundations not only construct the system block of all paper

but also provide a basis for the measurements.
2.1 Principle of the frequency-modulated continuous wave

There are two ways of target detection in the radar; first, measurement of
the distance or height of targets, the second is the speed measurement of the
target (relative speed). The two ways have its theory and application, the chapter
will present the way to measure target of the radar from the superficial to the

deep.

Basic concept of range measurement of radar can prove by Fig.2.1. The R
represents the distance of measurement, 7), is the round-trip time, ¢ show the
speed of light (close to 3.0x10°® m/s). The value of R can be derived by equation
(2-1).

:chp
2

(2-1)

It is a basic principle of all radar that the measured distance was determined
by the round-trip time of the light wave from the radar to the target, but its key

point was a produced technology of the narrow-pulse and high-energy source.



Transmitted Signal Echo of Target
|<7 Measured Range (R) 4’|

Fig. 2.1 System block of range measurement by the radar.

The moving-target speed measurement of the radar system was calculated
by the Doppler frequency shift. The relative speed of the moving-target in the
free space was shown by Fig. 2.1; the first step must analyze the included angles
of the Cartesian coordinate system, and then the relative speed was transferred
to the Doppler frequency in order to measure velocity. The formula of the

Doppler frequency shift is revealed in'(2-2),
v 1
fu 22 f; TxRos(I =2 fy Txeos(, ) xcos(ry) (2-2)

v 1s the relative speed of the target, y represent the angle of
three-dimensional space between the target's forward velocity and the line of
sight from the target to the radar, f;depict the Doppler frequency, and f; present

the carrier frequency by the transmitter of the radar system.

Velocity v Velocity v
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" - i \
Vertical line . .
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Fig. 2.2 System block of speed measurement by the radar




There are difference applications of radar between the frequency-modulated
continuous wave (FMCW) system and the continuous wave (CW) system. It
makes a brief explanation with the continuous wave system first, by Fig. 2.3
notice of invitation continuous wave system frequently can make speed

measurement only, but can’t do range measurement.

oA
=
2
S L. .. l _____ Echo_  _ . _ . . ... _._._._._
&3 Doppler Frequency fz
P T Tx Signal
(a) Time

A A

5

B

o

(a9

0 fe Frequency -

(b)

Fig.2.3 (a) The time response and (b) the spectrum of continuous wave system

Secondly, the range measurement was calculated by the beat frequency of
the modulated-frequency continuous wave, and at the same time can estimate
the relative speed by the Doppler frequency. However, the signal source of
frequency-modulated continuous wave is a linear function such as the triangular
wave or saw-tooth wave. We make the signal source of the frequency-modulated
continuous wave with the sine wave, and then Fig. 2.4 illustrate the beat
frequency is not unique. If the response of time domain transfers to the

frequency domain, then the spectrum of the beat frequency is spread too widely



resulted in the target signal is hard to solve.

The linear frequency-modulated continuous wave is chosen that can
calculate accurate range information, however, can solve the accurate range
information, namely its beat frequency is very even and unique and its spectrum
displays a very clear unique frequency. The function of the frequency versus
time of the frequency-modulated continuous wave can be displayed by Fig. 2.5.
The linear frequency- modulated continuous wave (FMCW) system is defined
by physics meaning from Fig. 2.5. It can verify the correct information of the
range measurement, but the formula and lemma must be proving the linearity at
mathematics theory. And then prove the linear relation with the beat frequency f,

and the measured range R, can be directly derived by [28] as next page.
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Fig.2.4 The frequency against the time plot of FMCW with the sine wave
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Fig.2.5 The frequency against time plot of FMCW with the linear function wave

Why adopt it to the linear-modulated FMCW (LFMCW) radar that
measuring the distance and speed of target? Because the traditional cosine-wave
modulated system, intermediate frequency (IF) of the demodulation signal is
nonlinear relative with the distance from radar to target, so it must prove the IF

of demodulation signal is linear relative with-the distance in LFMCW.

In most active sensors, the frequency is modulated in a linear manner with

time:

S (1) =Apt

Substituting into the standard equation for FM, we obtain the following

result:
! Ab )
v(t) = A, cos[w,t+4,[ tdt]=4,cos[w, + 0]

The transmit signal will be shifted from that of the received signal because

of the round trip time 7.
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A
Vin(t=7) = 4, o[ (=) + 2 (=7 ],
In the LFMCW system, the frequency is varying with time and can get beat
frequency: wy, = we-we,.

And a portion of the transmitted signal is mixed with the returned echo, and

calculating the product:

Vi =V (t—1)- Vi ()

A A
= A’ cos[w,,t + Tbtz] -cos[w,,(t— 1)+ Tb(t —7)°]
Equating using the trigonometric identities for the product of two sines, since
1
cos Acos B= E[cos(A +B)+cos(4—- B)]
and w, = w.-w,;, we get
_1 2 Ay
v, (1) = E[COS{(WCI +w, —A7)t+ At + (71 —-w,T)}
Ab 2
+cos{(—w, + A, 7))t +(w, 7 — 77 )}

The first cos term describes a linearly increasing FM signal (chirp) at about
twice the carrier frequency, this term is generally filtered out, and the second cos
term describes a beat signal at a fixed frequency. (w,=27f3)

4,

fr=1= Er, (Let vl'.f (t) =0, fo derive w, ) (2-3)

By (2-3) the signal frequency (beat frequency) is directly proportional to the

11



delay time 1, and hence is directly proportional to the round trip time to the

target.

We apply triangle-wave modulated signal to the linear FMCW system, base
on the previous formula of linear FMCW and the delay time proportional to the
beat frequency, use the point-slope form of basic mathematical to simplify the

formula of linear FMCW (See Fig.2.6).
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Fig.2.6 Range measurement graphic of the linear frequency modulation system

All parameters of Fig. 2.6 are defined as follows: f; is the signal of the
transmitter, £, is the signal of the receiver, ¢, present the periodic of signal, f
represent the initial frequency (offset frequency). f, is the frequency difference
(beat frequency), £, is the beat frequency of the up sweep modulation, £, is the
beat frequency of the down sweep modulation. f; reveal the Doppler frequency,
f. illustrate the carrier frequency, AF shows the bandwidth of the system, R
represents the range of measurement, C is the velocity of light. We base on the
above plot of FMCW formula, the formula derivation is separated into a
stationary target and moving target cases. When the target is stationary: (f; = 0)

and we get

12



R
2XAF x(t=2%x2)

2xAF xt
fi=h+="— f=h+ <,

t

m m

the delay time 7 of the receiver signal is 2xR/C , then we can derive the beat

frequency f;, , that is

4x AF xR
(T

m

Sy =S =

Finally, it transfers the beat frequency to the distance, we get

o CxXty < fy __ Cxf, 1

AxAF  4xAFx [’ Tn=1 (2-4)

m

When the target is moving: (f; #0), we also get

R
2xAF x(t—2x—)
2xAF xt
ft:fO+ t ? fr:f;)—i_fdi ¢ )

t

m m

The Doppler shift of moving target is carried in the receiver signal in this
case. The direction of target relative to the FMCW radar may be opposite or
followed, then we note that the sign of the delay term with “+” operator. Next,

we derive the beat frequency f; (up sweep modulation) is

_4><AF><R_
t, xC

Iy =1=1 Jas

and also derive the beat frequency f, (down sweep modulation) is

13



N 4x AF x R
fb :fr_ﬂ: +fd’
t xC

N _ 8xAF xR
+f =
R

m

m

Next, it transfers the beat frequency to the distance, we get

_Cxtmx(fb++fb_)_Cx(fb++fb_) _L
R AF " sxaFxy, T @)

m

Finally, we use the fundamental theory of the Doppler frequency shift to derive

the velocity of the moving target. That is

_ ., 2xvxcos@xf,
Jo=ty —Jo= C ’

and

U= fxc
2x f. xcos® (2-6)

Moreover, by following the derivations documented in chapter 12.4 of [29],

the i1deal range resolution of the FMCW sensor can be estimated as follows.

C

Ry=——
2-AF

(2-7)

Equations (2-4), (2-5) and (2-7) show the principles of FMCW sensors for
range measurements. Furthermore, the signals in the transmitting and receiving
paths are assumed to be independent of each other in the sensor. These
derivations do not consider the coupling effects between the transmitting and

receiving paths. However, such leakages could significantly reduce the

14



sensitivity of the FMCW sensor [29].

Equation (2-3) is represented by R, = ﬁ If the range resolution (R,) of

the system is set to 1 meter, then RF bandwidth (BW) of 150MHz is derived by
Eq. (2-3). On the other hand, the BW is changed from 150MHz to 5S0MHz, and
then R, is converted from 1 meter to 3 meters. An example of from physics is
considered to illustrate. Consider two vehicles of width 1 m, separated by a gap
of 1m. When R is 3 m, the FMCW system cannot easily distinguish one vehicle
from another, and will often identify two vehicles as a large vehicle. When Ry is
1 m, the FMCW system can easily distinguish one vehicle from another. Hence
the bandwidth of the modulated signals is wider, and the range resolution is

better.
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2.2 Introduction of the radar equation

The basic relation between the characteristics of the radar, target, and the
received signal is known as the radar equation [30]. The geometry of scattering
from an isolated radar target is displayed in the Fig. 2.7, with the parameters

involved in the radar equation.

Trans_mitter Racaiver

Effective

Fig.2.7 The radar-detection block from transmitter to receiver

When a power P, is transmitted by an antenna with gain G, the power per
unit solid angle in the direction of the scatter is P, G,, where the value of G,in

that direction is used. At the scatter,
S =(PG )(;) 2-8
s -t 4 Rz ( - )

where S,is the power density at the scatter. The spreading loss 1/(4zR°) is the
reduction in power density associated with spreading of the power over a sphere
of radius R surrounding the antenna. To obtain the total power intercepted by the
scatter, the power density must be multiplied by the effective receiving area of

the scatter.

g
|

rs SsArs (2_9)

16



Note that the effective area of A4, than the actual size of the scattering of
incident light intercepted, but the effective area, that is, it is in the region all the
powers of the incident light will be removed if it was assumed that all the

remaining power of the beam through the continuing intermittent.

The actual value of A4, depends on the effectiveness of the scatter as a
receiving antenna. Some of the power received by the scatter is absorbed in
losses in the scatter, unless it is a perfect conductor or a perfect isolator; the rest
is reradiated in various directions. The fraction absorbed is f,, so the fraction

reradiated is 1- £, and the total reradiated power is
P, =P.(-1,) (2-10)

The conduction and displacement currents that flow in the scatter result in
radiation that has a pattern. Note that the effective receiving area of the scatter is
a function of its orientation relative to_the incoming beam, so that 4,, in the
equation above is understood to apply only for the direction of the incoming
beam. The radiation pattern may not be the same as the pattern of 4,,, and the
gain in the direction of the receiver is the relevant value in the radiation pattern.
Thus,

S, =PG 1

t ts tsW (2_11)

where P, is the total reradiated power, G, is the gain of the scatter in the
direction of the receiver, and 1/(4nR/) is the spreading factor for the radiation.
Note that a major difference between a communication link and radar scattering
is that the communication link has only one spreading factor, whereas the radar

has two. Thus, if R, = R,, the total distance is 2R;; for a communication link with
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this distance, the spreading factor is only:

1
47R?

t

1/4(——)

1 1
whereas for the radar it is (—)2 (—)4
4r° R,

Hence, the spreading loss for radar is much greater than for a
communication link with the same total path length. The power entering the
receiver is

P=S54 (2-12)
where the area 4, is the effective aperture of the receiving antenna, not its actual
area. Not only is this a function of direction, but it is also a function of the load
impedance the receiver provides to the antenna; for example, P, would have to
be zero if the load were a short circuit or an open circuit.

The factors in (2-8) through(2-12) may be combined to obtain

P - (P,G,)(M%}‘lm(l - 1.6, (ﬁ}l

t t

( PG 4,
" (4 RR

= j[Ars(l_fa )Gts] (2'13)

The factors associated with the scatter are combined in the square brackets.
These factors are difficult to measure individually, and their relative
contributions are uninteresting to one wishing to know the size of the received
radar signal. Hence they are normally combined into one factor, the radar

scattering cross section:
o :Ars (l_fa)Gts (2'14)
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The cross-section s is a function of the directions of the incident wave and
the wave toward the receiver, as well as that of the scatter shape and dielectric
properties. The final form of the radar equation is obtained by rewriting (2-13)

using the definition of (2-14):

PG Ao

TG RE e

The most common situation is that for which receiving and transmitting
locations are the same, so that the transmitter and receiver distances are the same.
Almost as common is the use of the same antenna for transmitting and receiving,

so the gains and effective apertures are the same, that is:
R=R, =R
G=G, =G
A=A,=A

Since the effective area of an antenna is related to its gain by:

A=—— (2-16)

We may rewrite the radar equation (2-15) as

_PG*Pc  PA’c
" (4n)’R*  4nV’R’

(2-17)

where two forms are given, one in terms of the antenna gain and the other in
terms of the antenna area. Equations (2-15) and (2-17) are general forms for

both point and area targets. That is, the scattering cross-section s is not defined

19



in terms of any characteristic of a target type, but rather is the scattering
cross-section of a particular target. The form given in (2-17) is for the so-called
monostatic radar, and that in (2-15) is for bistatic radar, although it also applies

for monostatic radar when the conditions for R, G, 4 given above are satisfied.

In the paper present that the power of the electromagnetic waves that
propagate between the sensor and the single vehicle is estimated from the radar
equation (2-17). And then the radar equation will be applied to the SNR
measurement, the measured result can prove that the structure of the presented

FMCW sensor has good performance for TMS.

20



2.3. Concept of the cosecant-squared antenna

An important property of the cosecant-squared (csc®) antenna is that the target
power received from a target at constant altitude, h, remains independent of
target range [28]. The cosecant-squared (csc”) antenna pattern of the traditional
airborne radar extends the beam coverage of fan-beam antenna where the

appended coverage is desired, as shown Fig. 2.8.

Fan Beam

Aircraf ¥ 0o
o v

Targe

Fig. 2.8 Cosecant-squared antenna coverage

The extended coverage is required up to the vertical line passing through the
antenna was presented by [28]. In the past, this is impossible with a single
antenna to realize csc” pattern. The csc’ pattern may be generated by a distorted
parabolic antenna dish or by proper location of multiple feed horns in a true

parabolic antenna.

The gain pattern of a cosecant-squared antenna is given by

2
csc
G@)=Gg) 5l g <p<y (-18)
csc” @,
where G(¢) 1s the gain at angle ¢ ¢ and ¢ are the limits of the

cosecant-squared beam. In the previous section, the radar equation was derived
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and signal-to-noise ratio is given by

S  P,G,G Ao R, 4
—= =(— 2-19
N (4n)’R*FKTB,.L R ) (2-19)

the terms of this equation, which depend on the transmitted power Pry, the gains
of transmitted antenna G7 and received antenna Gp, wavelength of carrier
frequency 4, radar cross section factor o, distance between radar and target R,
noise figure F, the Boltzmann’s constant & (1.38x10™), noise bandwidth B, (Hz),

the Kelvin temperature 7, and system loss L.

Let Gy is equal to Gy, Using (2-18) and (2-19) and designating the collection

of constant terms by K,

esct ¢

& (2-20)

S —
(ﬁ)r el

where the subscript r refers to target return signal-to-noise ratio. From Fig. 2.8,
since sing = h/R, we get cscg = R/h'where R is the range of the target from the

radar. Upon substitution in (2-20)

(%),4 = % , K, is constant value (2-21)

which remains constant for constant altitude targets.

Ultimately, the characteristics of the presented antenna array with a csc’0
pattern can compensate for the space loss of 1/R*that can perform suitably the

range measurement of multiple-lane for TMS application.
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2.4. System Simulation of FMCW Radar

Then, the previous theoretical result is used and all parameters in the
simulation environment (Fig. 2.9) defined. The Advanced Design System
(ADS2006) Agilent™™ is used to perform the simulation and the behavior model
is adopted to construct the FMCW radar system. The behavior models of all
the blocks of the above system structure were obtained using each circuit
parameter and measurements made in individual IC probe tests. Therefore, the
real circuits were not cascaded to the system block and the behavior models

applied to construct.
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Fig. 2.9 FMCW radar system simulated environment

The most important components of the external path in the system simulation
were two antennas, a delay line and the attenuators. Gain and return loss
information regarding two antennas were obtained by measurement to set
antenna blocks; the path loss was derived from the Friis formula, the delay time
set based on the phase-delay of the modulated signal, and the RCS of the target
was supposed to unity. The modulated signal was a 110 KHz triangular wave

and the FM bandwidth was 50 MHz (Fig. 2.10). After the delay and the path loss
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were adjusted, the beat frequencies can be determined and the ranges from the

sensor to the target can be also estimated. As presented in Fig. 2.11, an example

of beat frequency was derived at a distance of 9 m.

m11

m10
freq=10.50GHz
dBm(fvco)=2.281

freq=10.55GHz
dBm(fvco)=2.221

dBm(fvco)

Fig. 2.10 The calculated bandwidth of LFM system is 50 MHz.
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Fig. 2.11 The calculated range was set to 9m, and then the derived beat frequency was

about 600 KHz.
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CHAPTER 3

Design and Realization of the RF Transceiver

There are two versions of the RF CMOS transceiver in the paper. When the
previous version updated to new version, the functions of VCO and more
performances of other parts had been improved. And then above two structures

of the RF CMOS transceiver have verified by the system simulation.
3.1 First Version CMOS FMCW Chip Design

Figure 3.1 shows the CMOS FMCW RF front-end in the region enclosed
by the dashed line. The CMOS single chip transceiver receives an external
triangular modulating signal provided by the analog signal-processing unit and
feeds the triangular waveform to the on-chip voltage-controlled oscillator
(VCO), followed by a buffer amplifier and attenuator. The transmitted signal is
then split into two paths. The upper path encounters an isolator followed by a
driving amplifier. The lower path encounters an isolator followed by an

amplifier driving the local oscillator (LO) input port of the mixer.
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Fig.3.1 The X-band FMCW sensor system block diagram consists of two external antenna
arrays, a single chip CMOS transceiver (enclosed by the dashed line), and an external analog

signal-processing unit.
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Since the power amplifier (PA) needs more consuming power and produces
the higher noise level, so the design excluded a PA from the whole RFIC. And
the external PA can flexibly adjust the system output power. The RF input port
of the mixer receives the signal from the isolator followed by the low-noise
amplifier (LNA), which receives the reflected signal from objects. The output of
the mixer is fed into the analog signal-processing unit that demodulates received

signals.

The CMOS FMCW RF (radio frequency) front-end is depicted in the
region enclosed by the dashed line as shown Fig.3.1. The CMOS single chip
transceiver receives an external triangular-modulating signal provided by the
analog signal processing unit and feed the triangular waveform to the on-chip
VCO (voltage-controlled oscillator), followed by a buffer amplifier and an
attenuator. Then the transmitted signal is split into two paths. The upper path
encounters an isolator followed by a~ driving amplifier. The lower path
encounters an isolator followed by an amplifier driving the LO (local oscillator)
input port of the mixer. The mixer’s RF input port receives the signal from the
isolator followed by the LNA (low-noise amplifier), which receives the reflected
signal from objects. The mixer’s output is fed to the analog signal processing
unit for demodulating the received signals. The measurement setup of the probe
test described in this section includes a Cascade'™ M150 probe station, an
Agilent™ 8510C vector network analyzer, an Agilent’™ 8565E spectrum
analyzer, an Agilent'™ 54622A digital oscilloscope, and other accessory cables
and tools. Each measured chip was copied from the sub-circuit of the CMOS
transceiver in Fig. 3.1 and the measurements were made of sub-circuits of the

complete circuit that incorporated I/O pads, which were for probe-testing.
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The core technology employed in the CMOS transceiver design is critical
to first-pass success of the FMCW sensor. Figure 3.2 shows a photograph of the
single chip RF transceiver with each RF building block marked on the chip
photo. Chip size is 2.4x1.3 mm, approximately 8.4x107X, by 4.55x107 4, at the
10.5-GHz operating frequency. The so-called synthetic quasi-TEM
complementary conducting-strip transmission line (CCS-TL) [31], [32] was

employed throughout the entire RF chip design.
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Fig.3.2 Chip photo of the CMOS FMCW transceiver

The CCS-TL can be identified by closely observing the chip photograph, in
which one sees grids distributed throughout the chip. In this chip design, the
signal trace is either located on the M6 (top) layer or M5 layer. The meshed
ground plane is on the M1 (bottom) layer. The signal portion and perforated
ground plane constitute a complementary pair with four arms reaching out for
signal interconnections. The main features of the CCS TL are as follows. 1) The
CCS TL flexibly synthesizes (non-unique solutions) the characteristic
impedance and the slow-wave factor of a quasi-TEM line when a standard IC
foundry process is used [32]. 2) The CCS TL is insensitive to variations in
propagation characteristics by the transmission line for a compact microwave
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circuit design [32]. 3) The reduction of electromagnetic coupling of adjacent
components in the RF CMOS transceiver chip is significant. The CCS TL must
be able to densely integrate various RF signal-processing components (Figs. 3.1
and 3.2) into a single chip. When adjacent coupling or crosstalk exist between
the transmitting path and receiving path, demodulated signals show interfering
signals that resemble an echo from a nearby object. Figure 3.3(a) shows a chip
photograph of two closely coupled inductors using CCS TLs [33]. These
inductors were placed only 90 um apart. Figure 3.3(b) shows measured
comparative studies of adjacent inductor coupling for inductors made of CCS

TLs and inductors integrated directly onto a CMOS substrate.
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Fig. 3.3 (a) The chip photo for measuring cross-coupling of two inductors located 90 um apart

using CCS TLs, and (b) measured transmission coefficient of the adjacent inductors on the
CMOS substrate.

Measured results show an approximate 30 dB improvement in coupling
reduction at 1 and 20 GHz. Thus, potential CMOS substrate coupling is
alleviated by using the synthetic CCS TL. All building blocks and inter-stage
connections are utilized by the CCS-TL to achieve the highest attainable
isolation required by the FMCW sensor [34]. Notably, the Wilkinson power
divider at the upper left corner of the chip photograph (Fig. 3.2), consisting of

two 70.7 QQ CCS TLs with a shunt 100 Q resistor at two output ports, occupies
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only 400 um by 280 pm, occupying 1.372x10™Ay” in chip area. Measured
transmission loss was 6.5 dB, which is very close to the theoretical value of 6.3
dB obtained by the electromagnetic (EM) simulation software of HFSS™. The
measured input (output) reflection coefficient was —16 (—20) dB, which is also
very close to theoretical prediction of —15.3 (—22) dB. In [34] the details of how
the active building blocks were designed and tested individually in the test

chips.

A brief description of the design and test of the CMOS isolator, which is
important for providing isolation in the signal path, is given here. The study
adopts the circuit topology developed by Podell and Ali [35] and applies it to the
0.18 pm CMOS technology. Figure 3.4 (a) shows the schematics of the CMOS
isolator, which is a parallel combination of a common base (M2) and source
follower (M1) stage. The capacitor, C1, 1s used for compensating the insertion
loss. The input and output DC blocking capacitors, C2 and C3, are also
integrated into the CMOS isolator design. The simple architecture result in the
electronic isolator only occupies 300x320 um of chip area. Figure 3.4(b) shows
measurement results of the CMOS isolator. Measurement data implies that the
best response of inverse isolation <—25 dB is at 1-20 GHz. Hence, the 1solator is
added to the transmitter and receiver paths to isolate the VCO from reflecting

the signal caused by the impedance mismatch on signal paths.
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Fig. 3.4 (a) Schematics of the CMOS isolator, and (b) measured S-parameters of the 0.18um
CMOS isolator

Off-chip package measurement was conducted to evaluate transmitter
performance. The continuous-wave (CW) power measured at the output of the
external power amplifier was —4.65 dBm, whereas —12.5 dBm was obtained
under FMCW modulation with ‘a-50-MHz bandwidth. Figures 3.5 (a) and (b)
show the single tone CW output spectrum centered at 10.5 GHz, and the
frequency-modulated output spectrum; respectively, illustrating good signal

quality ready FMCW sensor assessment.
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Fig. 3.5(a) The FMCW transceiver at continuous-wave (CW) mode; (b) output spectrum of
the FMCW transceiver with frequency modulation at 50.0 MHz

Table 3.1 Performance of Prototype in Fig. 3.2

f=10.5 GHz
Gain -2.5dB
Buffer Amp Return-loss 10.0 dB
Reverse isolation 8.1dB
Driving Amp Gain 22dB
Return-loss -7.0 dB
LNA Noise figure 6.0 dB
Isolation (RF-to-IF) 384 dB
Mixer Isolation (LO-to-IF) 27.3 dB
Conversion gain 3.5dB
Gain -5.0dB
Isolator Return-loss 10.1 dB
Isolation 25.2dB
Insertion loss 6.5dB
Power Divider Return-loss at input port 16.0 dB
Return-loss at output port 20.2 dB
Attenuator Attenuation 3.1 dB
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3.2 New Version CMOS FMCW Chip Design

Figure 3.6 shows the building blocks of the X-band FMCW sensor, which are
as follows: dual planar antenna arrays at the transmitter output and the receiver
input; a 0.18um 1P6M CMOS fully integrated monolithic transceiver, which
performs most of the required RF signal processing, and is shown inside the
dashed lines, and a baseband digital signal processing unit for the instantaneous
and simultaneous assessment of range measurements. Notably, the use of two
antennas rather than only one eliminates the need for a circulator, which is
generally expensive and does not provide sufficient isolation between the

transmitter and the receiver.

The frequency of the FMCW._ sensor. was set to 10.5GHz to comply with
regulations pertaining to transportation management systems for monitoring
instantaneous transportation of highway vehicles [14]. The transceiver of the
sensor, as enclosed by the dashed line in the Fig. 1.1, was fully implemented by
0.18um 1P6M CMOS technology. All the components, including voltage
controlled oscillator, amplifiers, mixer, power divider, were realized and
combined using an innovated guiding structure, called the complementary-
conducting-strip transmission line (CCS TL) on the standard silicon substrate.
Figure 3.6 shows a photograph of the single-chip CMOS transceiver, containing
all necessary RF building blocks of the FMCW sensor system. The chip size,
including the necessary contacting pads, was 1.68mmx1.6mm, corresponding to
5.9x10*ko by 5.6x10*k at 10.5GHz. The pad of the transmitting path in Fig.
3.6 that connects with the TX antenna arrays is enclosed by black lines and
labeled “TX”; the other pad of the receiving path in Fig. 3.6 that connects with

the RX antenna arrays is also enclosed by black lines and labeled “RX”.
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The guiding technology adopted in the design of CMOS FMCW transceiver is
essential to the first-pass success of the sensor system. The CCS TL was adopted
throughout the RF chip design, [31]-[32]. The proposed chip locates the signal
trace on the top metal layer, and the meshed ground plane on the bottom metal
layer [36]. The CCS TL significantly reduces the electromagnetic coupling of
the adjacent components on the CMOS substrate, where various RF transceiver
building blocks must be compact and placed in close proximity to save chip area
[34],[36]. Hence, all building blocks and their inter-stage connections are
realized by the CCS TLs in order to maximize the attainable isolation required
by the FMCW sensor. The good isolation achieved in the CMOS RF transceiver
diminishes the degree of difficulty of the IF filter design or DSP control method,

thus canceling the leakage from the'transmitting port to the receiving port [37].

Power Divider Amp LO Amp TX

VCO Mixer RX LNA

Fig.3.6 The 0.18um CMOS FMCW transceiver. The chip comprises a VCO, a buffer amplifier,

a power divider, a low-noise amplifier and two driving amplifiers.

The triangular wave, which is controlled by the external digital signal

processing unit, is fed to the on-chip voltage-controlled oscillator, as indicated in
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Fig. 1.1. The transmitted signal is then split into two paths using an integrated
two-way equal-split power divider, which is fully realized by the CCS TL.
Figure 3.6 shows the two-way Wilkinson power divider, which is located on the
upper left corner of the chip, and which comprises two 70.7Q CCS TLs and an
isolation resistor of 100Q2 shunting two output ports. The size of the power
divider is only 400pumx280um, corresponding to 1.372x10 *A¢>at 10.5GHz. The
driving amplifier (Amp TX in Fig.3.6) is fed by the upper output of the power
divider through a CCS TL with a length of 320um, thus completing the
transmitter path of the CMOS transceiver. The lower output port is connected to
another driving amplifier (Amp LO in Fig.3.6) by a CCS TL of 670um. The two
driving amplifiers are identical in the present CMOS transceiver. Figure 3.7
shows the measured results of a.composite network comprising two driving
amplifiers and a CCS TL power divider. The network had transmission
coefficients of —2.0dB and 0dB. for the TX-path and the LO-path, respectively.
The measured input reflection coefficient at 10.5GHz was about —16.6dB in the
50Q system. The measured isolation between the TX-port and the LO-port at
8—12GHz was higher than 40dB, revealing that the network combining the
CMOS Wilkinson power divider and driving amplifier had very low
electromagnetic coupling. The design of the voltage control oscillator is based
on the typical differential cross-coupled VCO, which is well documented [38].
The p-type differential cross-coupled pair is considered as a negative differential
resistor, and the core resonator is realized by two quarter-wavelength CCS TLs
(Fig. 7 of [39]). To simplify the thesis and because of the special purpose to
which is applied, the measurement of speed is omitted. The measured chip is
copied from the sub-circuit of the CMOS transceiver in Fig. 3.6 which

comprising two driving amplifiers and a CCS TL power divider. The measured
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frequencies are from 8 to 12GHz and the measured scatter parameters of the
on-chip are shown in Fig. 3.7. The measurements were made of sub-circuits of
the complete circuit that incorporated I/O pads, which were for probe-testing.
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Fig. 3.7 Measured scatter parameters of the on-chip TL-based power divider with two

driving amplifiers in the 50Q2 system.

The MOS capacitor is applied as a varactor for the frequency control of the
VCO shown in Fig. 3.8(a). According to the on-chip measurements, the output
power of the VCO was —18dBm, and its corresponding phase noise was
—83.2dBc with an offset frequency of 100.0 KHz from the carrier at 10.5GHz.
Figure 3.8(b) illustrates the frequency tuning at 9.3GHz-11.0GHz. The
fundamental linearity that enclosed by the dashed line in Fig. 3.8(b) was about
0.06%. However, the VCO linearity cannot immediately be applied to estimate
the performance of the FMCW system. The real linearity of VCO corresponds to
the definition of linearity of FMCW system, since the range resolution correlates
directly with the modulated bandwidth. Therefore, a new method is adopted to
calculate the Ilinearity of VCO. Additionally, the proposed VCO is
experimentally characterized with the input triangular wave. Figure 3.8(c) shows
the frequency modulation bandwidth against the amplitude of the triangular

wave at 10.38GHz. That is, the frequency of 10.38GHz is relative to the initial
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peak value of the triangular wave. Increasing the amplitude of the control
voltage from 12.0mV to 150.0mV increased in the bandwidth of the output
frequency-modulated signal from 50.0MHz to 550.0MHz. The VCO linearity
under a modulation bandwidth of S00MHz was estimated as 3.0 % by following
the computation in Fig. 6 [39]. The curve shown in Fig. 3.8(c), based on (2-4) in
chapter 2, is directly linked to the control-scheme for the range measurement

using the proposed CMOS sensor in the chapter.
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Fig. 3.8 (a) Schematic of the VCO by the MOS capacitor, (b) Frequency tuning characteristics,
and (c) measured modulated bandwidth against the input amplitude, of the triangular wave for
the on-chip VCO in CMOS transceiver.
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The receiver path comprises a mixer and an LNA. The mixer was a
MICROMIXER, as described by B. Gilbert [40]. The single-ended RF input was
matched and converted differentially to the core of the mixer. The output of the
IF was located on the left-hand side of the CMOS transceiver, followed by the
external digital signal processing unit for the signal analyses. The measured
LO-port reflection coefficient, RF-port reflection coefficient and conversion
gain of the mixer were —12dB, —17dB and —6 dB, respectively. The isolations
between the adjacent ports of the mixer were characterized by the on-wafer
measurements. Furthermore, the isolations between the transmitting path and
receiving path in the proposed transceiver were also experimentally studied [33],
[36]. The on-chip VCO was activated and controlled by the triangular wave
during the experiments. An Agilent™ 8565E spectrum analyzer was adopted to
observe the signal at output and input ports of the transmitting and receiving
paths, respectively. Figures 3.9(a) and (b) display two measured spectrums. The
power spectrum of the receiving path was 55dB less than that of the transmitting
path at 10.5GHz. These measured results confirm that the proposed system
obtained high leakage suppressions by using the CCS TL guiding structure
throughout the entire chip design. Since the original power spectrum of
receiving path in Fig. 3.9(b) was sunk in the noise floor by the general
parameters setting of the spectrum analyzer, the slight power of receiving path
wasn’t discovered until the resolution bandwidth (RBW) of the spectrum
analyzer was properly adjusted. To ensure consistency of measurement, to RBW
of the spectrum analyzer is set to the same value in the measurement of
transmitting power. When the RBW of the spectrum analyzer was reduced, the
bandwidth of the first-stage filter of the RF input port was also degraded.
Therefore, the power spectrum of Fig. 3.9(a) exhibits slight distortion with the
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narrow RBW. It therefore explains the two power peaks in the spectrum of Fig.
3.9(a). Table 3.1 summarizes the performance of the prototype shown in Fig. 3.6.
The prototype combines all RF functions for FMCW sensor, and has an external
medium power amplifier to increase the output power to 0dBm. Measurement
results of the chip indicate two properties that are helpful for developing the
FMCW sensor: there are the VCO linearity of 3% of the modulated bandwidth
against the triangular wave amplitude from 10.3GHz to 10.8GHz, and the
on-chip isolation of 55.0dB at 10.5GHz.
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Fig. 3.9 Measured spectra of the CMOS FMCW transceiver: (a) spectrum at output of

transmitting path, (b) spectrum at input of receiving path.
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Table 3.2 Performance of Prototype in Fig. 3.6

f 10.5 GHz
Supply Power 3.0V/64 mA
Output Power -18.2 dBm
Noise Figure 10 dB
Pout —18 dBm
vVCO Phase-noise 83.2 dBc
Linearity 3%
Buffer Amp Gain 0dB
Driving Amp | Gain 9.25dB
Insertion loss 6.5 dB
Building Block Power Divider
Isolation 40.0 dB
Gain 6.2 dB
LNA
Noise Figure 5.3dB
Isolation (RF-to-IF) 38.4 dB
Mixer Isolation (LO-to-IF) 27.3dB
Conversion gain -6.0 dB

Eventually, the future improvement of CMOS RF ICs is a temperature
compensation circuit design, can overcome the frequency drift and promote a
stable VCO circuit. At the same time, we will enhance the speed measurement

accuracy of the field test.
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3.3 Package of CMOS FMCW Chip

All pads size on RFIC were 100 umx100 um. Set the size of pads on PCB
were 200 umx200 pm, and the distance from RFIC pad to PCB pad was 500 um.
The diameter of bond wire was 0.7mil (0.01778 um); the specification was
defined by IST. The simulation setup of wire bonding was designed by Ansoft'™
HFSS. In the chip package, there were two types of via hole, one via holes were
next on the chip (Fig. 3.10 (a)), and the other were bored of being in the bottom
of the chip (Fig. 3.10 (b)).

Signal pad
Gnd pad

1000 um

Signal pad
Gnd pad

200 um

100 um

(b)
Fig. 3.10(a) via holes was next on the chip in the chip package, and (b) via holes was in the

bottom of the chip.
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While via holes were in the bottom of the chip package with a better
frequency response that was shown in Fig. 3.11 (b), but then more easily lead to
mount chip failure by its uneven surface. On the other hand, Figure 3.11 (a)
illustrated the via-holes were next to the chip on a package more easily mount

the circuit board, but its relatively poor frequency response.
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Fig. 3.11(a) the response of via holes was next on the chip, and (b) the response of via holes

was in the bottom of the chip.

Figure 3.12 was shown that matched concept of a CMOS transceiver (RFIC)
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package. The first stage of the matched network design was made a L-section to
match the output impedance of wire-bonding to 50€2, and the second stage of the
matched network design another L-section to match the input impedance of the

external driving amplifier to 50€2.

r

Second stage matching

RFIC o EWF__E_,

First stage matching

Fig. 3.12 The matched concept of a CMOS transceiver (RFIC) package for the transmitter
port matching.

In the first stage, the return loss of the transmission port of the RFIC was
measured from the probing test by cascade’ ™ M150 and the S-parameters of the
bond wire were obtained from the linear simulation by Ansoft™ HFSS. The
L-section matched network design for the output impedance of wire-bonding
was made by Agilent'™ ADS2006, and then the network would be matched to
50Q. Figure 3.13 displayed the structure and result of the simulation. It was
combined with the L-section matched network and SP files (S-parameters) of the
bond wire and TX output of RFIC. The purpose of this simulation was built the
physical layout for the L-section matched network and matched the impedance
of a signal path to 50Q. Therefore, the smith chart would be applied to the
matched network design, the lengths and widths of the L-section were adjusted
to leading the curve of S;; (the return loss of the path) to 50Q2 at the operating
frequency (10.525GHz). In the second stage, the S-parameters of the external

driving amplifier were obtained from the Hittite'™ datasheet. The L-section
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matched network design for the input impedance of the external driving

amplifier was also made by Agilent'™ ADS2006. Figure 3.14 displayed the

structure and result of the simulation.
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Fig.3.13 The structure and result of the output impedance matching were illustrated for the
wire-bonding.
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Fig.3.14 The structure and result of the input impedance matching were illustrated for the

external driving amplifier.
If the mismatched impedance was still existed between the output of the

wire-bonding and the input of the external driving amplifier, then the m-pad
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design would be used to compensate the mismatched impedance. First the
prototype model was made from ideal components of Agilent™ ADS2006, the

schematic and the response of m-pad design was illustrated in Fig. 3.15.

~ FW\f T | &% | SPARAMETERS
N RE ~ S Param
TT..\]S . 18 Onm ) THH4 S_Para
erm _ erm T
Num=3 R4 RS Num=4 ~ S@r=s GHz
7=50 Ohm R=300 Ohm R=300 Ch 7=50 Ohm Stop=12.0 GHz
— _ Step=0.1 GHz
m3 m4
freq=10.50GHz freq=10.50GHz
dB(S5(4,3))=2.995| |dB(S(3.3)--44.578

m3
k4

Fig. 3.15 The schematic and response displayed of the ideal n-pad design.

Nevertheless, the physical transmission line would be considered in the
n-pad design. The layout of transmission lines designed according to the size of
physical resistors of m-pad and the operating frequency. The layout, schematic,
and response of m-pad design were shown in Fig.3.16, but the response result
was poor in operating frequency. The resistance values of m-pad would be
recalculated with pad effect. After re-calculation, the resistance of 18(2 was
changed to 30Q2 and 30002 was changed to 540€2, then the better response result

was obtained and displayed in Fig. 3.17.
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freq, GHz

Fig.3.16 The layout, schematic, and response of m-pad design with pad effect of the
transmission line.
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Fig. 3.17 Better response results after recalculated the resistors of m-pad design.

After the matching process, the package job would be started, the pin
assignment of RFIC should be defined (Fig. 3.18), then the RF pads would be
matched to the proper impedance that was like the above matching process and
DC pads could be connected directly with the ESD circuits. Figure 3.19
demonstrated the physical layout pads definition of the CMOS transceiver
(RFIC).
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Fig. 3.18 Pin assignment defined for the CMOS transceiver (RFIC).
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Fig 3.19 Physical layout defined for the CMOS transceiver (RFIC).

Additionally, the CMOS RF transceiver IC was wire-bonded (golden wires
of 0.7 mils in diameter) directly on the RO4003™ substrate separately for
evaluation purpose. As shown in Fig. 3.20 the CMOS chip was silver glued on
the substrate before bonding and before the glow top epoxy process was
performed. The wire inductance were compensated for by the additional
matching circuits on the board to ensure the RF signal integrity or was used as
part of the RF choke for DC bias. The matching circuit was made from
well-known transmission line L-matching circuits with a single stub. A
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parallel-coupled filter was added on the board between the L-matching circuit

and the antenna arrays.

Fig. 3.20 Photograph of FMCW CMOS die attached to board with aluminum bonding wires.
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CHAPTER 4

Dual Leaky-wave Antenna Arrays Structure Design with High

Isolation and High Gain

The traditional csc’® type antennas were designed by technology of the
aperture or the reflector antenna [20], [41] and applied both airborne and
surveillance radar for military utilization. However, those operations of military
possess the greater power consumption, large scaling volume, more complicated
structure, and farther distance measurement. Especially, the characteristics of
csc’® type antennas were the special pattern compensates for the space loss of
1/R*that can perform suitably the range:measurement of multiple-lane for TMS
application. Furthermore, the:short range detection and low power depletion
were required for this application, and then the FMCW detected method was

considered to achieve the new system.
4.1 The Design Method of the Leaky-wave Antenna Arrays

The csc’0 pattern was our special design that increases the length of the
antenna, which the characteristics of the csc’® pattern became increasingly
apparent. The characteristic curve was showing a range between the two
dashed-lines in Fig. 4 of [42]. The theory of a csc’0 pattern of leaky-wave
antenna has already been derived and proved in [42]. For the article how to use
one element of the leaky-wave antenna to design a csc’® pattern for the method
illustrated, the variable length of the antenna metal (Fig. 4.1) adjust gradually to
prove that the csc’0 pattern of the design concept by the numerical solution. The

return loss of one element of the leaky-wave antenna at the operating frequency
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was shown in Fig. 4.2.

Fig. 4.1 Tuning the metal length of one element of the leaky-wave antenna array.
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Fig.4.2 Return loss of one element of the leaky-wave antenna.
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4.2 The Integration and Realization of Leaky-wave Antenna Arrays

First design a pair differential port to feed one element of the leaky-wave
antenna array. Figure 4.3 shown the structure (balun) of a differential input of
one element of antenna array and achieved a phase difference of 180° between
those ports. Secondly, the differential feeding network has been realized and
then the equal power divider is designed to combine each element of the
leaky-wave antenna array (Fig. 4.4). After feeding design, the full wave
simulation of the whole feeding network of the leaky wave array was executed
by IE3D™, and Fig. 4.5 shows the structure for the feeding network with an

8-element array.

One element of antenna array
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Fig. 4.3 Feeding ports of one element of the leaky-wave antenna array

Feeding Network

/7/ \;\
!

Power Divider ﬁ

"-'— Antenna Array
; ¥
e i Y
- . Feeding Network

Fig. 4.4 Feeding network and power divider of the leaky-wave antenna array
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Fig. 4.5 Whole feeding network of the 8-element leaky-wave antenna array

The proposed antenna was designed to operate in the first high-order leaky
mode (EH,) of a microstrip excited differentially at the X-band [43], [44]. And
the derivation and explanation of the leaky-wave antenna theories are found in
[43]-[48]. The basic structure of a leaky-wave antenna comprises a feeding
network and a substance of -antenna. Additionally, the leaky-wave antenna
design is used as the differential feeding structure to excite the leaky mode. As
shown in Fig. 4.6, this antenna’array. may consist of a set of equal power
dividers of a feeding network [43]. And eight matching baluns for the
differential input of each element of antenna [44], [46], and microstrip
leaky-wave antennas of length (L) 150.0mm, width (W) 7.80mm, spacing (S)
6.40mm, and thickness (h) 0.508 mm in the designed array. The designed

3™ gubstrates that have a relative dielectric

antennas are fabricated on RO400
constant (g;) of 3.5. The baluns were realized by a microstrip circuit with a phase
difference of 180° between two differential ports and the equal power dividers
were designed to combine all elements of the leaky-wave antenna array. Figure

4.7 shows the results of simulation of the feeding network with an 8-element

array.
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Fig. 4.6 The Leaky-wave antenna array, including (a) a set of equally power dividers of
feeding network, (b) 8 matching baluns for the differential input of each element of antenna,
and (c) Microstrip leaky-wave antennas with. length of L, width of W, and spacing of S on the
top side of the substrate.
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Fig. 4.7 Performance of the feeding network for the 8-element array

According to depending on the relationship between the propagation
constants of the guided mode, the higher-order modes of the microstrip line can

be divided into the following four frequency regions [46]:
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1) f>ps, a=0, bound mode region;

2) fs>p>ky, small o, surface wave leakage region;

3) ky>p, small ¢, surface wave and space wave leakage region;
4) ky>p large o, cutoff region.

with £ is the phase constant and a is the attenuation constant of higher-order
mode of the microstrip line, fs is the propagation constant of the surface wave
mode of the surrounding structure, and k, is the wave number in the air. The
original concept of this proposed antenna array is from the design of [43].
Moreover, the dispersion characteristics of the leaky-wave antenna between the
operating frequencies derive an inequality as f < k,, with small a. fis the phase
constant and o is the attenuation constant of the microstrip line higher-order
mode, and k, is the wavenumber in the air. In [46], the inequality represented the
higher-order modes of microstrip line can‘be entered the surface wave and space
wave leakage region.

A simple procedure of the leaky-mode antenna array was designed according
to using one of two approaches, namely, E-plane and H-plane techniques. In an
E-plane antenna array, the number of antenna elements controls beam width of
the E-plane pattern, and coarsely tunes gain. Table 4.1 shows the beam width
and gain of an E-plan antenna. In an H-plane antenna array, the length of each
antenna element regulates the beam width of the H-plane pattern, and fine tunes

gain. Table 4.2 shows the beam width and gain of an H-plan antenna.

Table 4.1: E-Plane Beam-width and Gain vs. the Number of Antenna Elements

No. of antenna elements 2 4 8
Beanwidth of E plane (°) 60 26 12
Gain (dB) 12 15 18
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Table 4.2: H-Plane Beam-width and Gain vs. the Length of one Element

Length of one element (mm) | 50 100 150 | 200 | 300
Bandwidth of H plane (°) 30 22 20 19 19
Gain (dB) 7.5 10.8 | 11.8 |12.0 |12.1

Preceding paragraphs have already pointed out the E-plane and H-plane in
our design, so the relationship was redefined between the E and H planes for the

leaky-wave antenna was shown as Fig. 4.6 by the coordinate of Fig. 4.8.

H-Plane

E-Plane

Fig. 4.8 The relationship between the E and H planes for the leaky-wave antenna

To satisfy system requirements, the number of antenna elements was set to 8
and antenna length was set to 15'cm'based on data (Tables 4.1 and 4.2). To
validate the array design, full-wave electromagnetic simulations were performed

using the commercial software Zeland™

IE3D. The optimal design of one
element of the leaky-wave antenna followed the data of Table 4.2. Simulation
results indicate that the efficiency and antenna gain of the antenna array at

10.5GHz were 80% and 18.4dB, respectively.
4.3 The Measurement Result of Leaky-wave Antenna Arrays

The antenna pattern measurement of the leaky-wave antenna array was
performed in the far-field antenna laboratory (is belonged to prof. Yu-De_Lin) of
department of Communication Engineering, National Chio-Tung University.

The test frequencies of the antenna arrays pattern measurement are 9.7GHz,
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10.4GHz, 10.5GHz, 10.6GHz, and 11.0GHz. The antenna pattern
measurement includes E-plane Co-polarization measurement, E-plane
Cross-polarization measurement, and H-plane Co-polarization measurement.
The leaky-wave antenna array was realized by the printed circuit boards (PCB)

process. Figure 4.9 displayed the photograph of the leaky-wave antenna array.

Fig. 4.9 The photo of the leaky-wave antenna array

The co-polarization represented that the observed signature when the
transmitted and received polarizations are the same. The setup of the E-plane
co-polarization measurement was shown in Fig. 4.10. The right side of Fig. 4.10
was a measured antenna array and the left side of Fig. 4.10 was a standard horn.
The standard horn was a transmitted antenna and the leaky-wave antenna array
was received antenna. The polarizations of two antennas are the same. The

antenna pattern measurement was shown in Fig.4.11.
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Fig. 4.10 Setup of pattern measurement for E-plane co-polarization
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Fig. 4.11 The pattern of E-plane co-polarization of the leaky-wave antenna array

The cross-polarization represented that the observed signature when the
transmitted and received polarizations are orthogonal. The setup of the E-plane
cross-polarization measurement was shown in Fig. 4.12. The antenna pattern
measurement of the E-plane cross-polarization was shown in Fig.4.13. The

E-plane pattern was also an azimuth direction pattern.
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Fig. 4.13 The pattern of E-plane cross-polarization of the leaky-wave antenna array

The setup of the H-plane co-polarization measurement was shown in Fig.
4.14. The H-plane pattern was also an elevation direction pattern. The antenna

pattern measurement of the H-plane co-polarization was shown in Fig. 4.15.
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Fig. 4.14 Setup of pattern measurement for H-plane co-polarization
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Fig. 4.15 The pattern of H-plane co-polarization of the leaky-wave antenna array

Since the pattern energy of H-plane cross-polarization of the leaky-wave
antenna array was very low, which resulted in the measurement was omitted.
After the antenna pattern measurement, other important measurements are return
loss and coupling efficiency measurement for the 8 stubs leaky-wave antenna

array.

58



There are two leaky-wave antenna arrays in the measurement. The antenna
arrays were labeled as A and B. The isolation measurement was adjusted the
spacing of the two individual leaky-wave antenna arrays from the most left

metal stripe of the antenna array B to the most right metal stripe of the antenna A

(Fig. 4.16).

Antenna Array A Smm, Antemna Array B
- ___________________+

e

Antenna Array A 20mmm Antennz Arrav B
dp=amaaammnnnas b oD -

Fig. 4.16 The isolation measurement was adjusted the spacing of the two individual

leaky-wave antenna arrays.

Fig.4.17 and Fig.4.18 represented the return loss measurement (from 1GHz
to 20 GHz) for Antenna A and B. Since our system used the two antennas to
isolate the coupling influence, we tuned the space between two antennas and
measured the insertion loss (S21) for two antennas. Figs. 4.19-4.23 represented
the coupling measurement for antenna arrays A & B Spacing from Ocm to 8cm.
The instrument of the return loss and coupling measurement is Agilent 8510C,

before the measured procedure we execute the full ports calibration.
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Fig.4.19 Coupling measurement for antenna arrays A & B Spacing 0 cm

60



42

“] A

o ' Nk )
RSRIER TR NS
= ol HHH |'1u1. i

:::1[ I—"l_|' iy ‘[J “'-. ||_| | J\r'—,l- -{-1

SE— || Il' I‘ Tt
-] -6._: 'll Iinll Ill J
2] |l ﬂ -

poR
o] |'| l

B(S4

A

i

B L o B R R R R R R
a0 a1 32 8.3 24 g5 2.6 a7 98 a3 100 104 10.2 03 104 10.5 106 107 108 108 1.0
freq, GHz

Fig.4.20 Coupling measurement for antenna arrays A & B Spacing 2 cm
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Fig.4.21 Coupling measurement for antenna arrays A & B Spacing 4 cm
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Fig.4.22 Coupling measurement for antenna arrays A & B Spacing 6 cm
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Fig.4.23 Coupling measurement for antenna arrays A & B Spacing 8 cm

It summarized the above measurements that the conclusions were derived
the following description: the space of two antennas which increase over 4 cm,
the insertion loss (S21) will be dropped to —48dB. And then the insertion loss
(S21) of the space of two antennas is also represented the coupling effect of two
antennas. Hence, the space of the leaky-wave antenna array is wider than one

wavelength, and then the coupling effect can be neglected.

More significantly, the electromagnetic coupling of the two antenna arrays
must be measured before combining the entire sensor system. Figure 4.24 plots
the measured isolation of the two antenna arrays separated by only 5.0mm,
revealing a coupling of less than 42dB. Table 4.3 shows the measured coupling
versus the spacing between two antenna arrays, revealing that the coupling is
insensitive to the spacing. Significantly, an attainable isolation value for a good
circulator in the X-band is around 35dB, which is approximately 10dB below
that obtained by the proposed two-antenna array approach. Figures 4.25 and
4.26 show the measured cut-plane on the main beam at 56° from the E-plane (yz
plane) and the H-plane (xz plane) radiation patterns of the leaky-wave antenna
array at 10.5GHz. The measurements in Fig. 4.24 demonstrate that the half

power is about 15 dB and is bounded between -6.5° and +6.5°. Hence, the 3dB
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beam-width of the antenna array was 13° in the E-plane, and that of the
main-beam with a gain of 18.5dB was 56° from the broad side of the array in the
H-plane. The first lobes of the E-plane radiation pattern were equal to 3.2 dB,
because of the original design of the leaky-wave antenna. Since the path lengths
of the differential feeding structure of the leaky-wave antenna were not equal,
the side-lobes were not symmetrical. Nevertheless, the main direction of the
beam is still 0° in the E-plane. In the paper, it applied the elevation pattern
(H-plane) to achieve the range measurement. The azimuth resolution (E-plane)
haven’t discussed in the dissertation. The radiation angle of the elevation pattern
has no relation with range resolution. However, the radiation angle effects
directly the echo power distribution and the signal-to-noise rate (SNR) of range

measurement.

The FMCW front-end, which includes the CMOS transceiver and antenna
arrays, was designed and experimentally characterized. The next section
presents a practical example of obtaining the vehicle occupancy in TMS to

indicate the capability of the proposed FMCW sensor system.
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Fig. 4.24 Electromagnetic coupling of the two antenna arrays with a spacing of 5.0mm.
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TABLE 4.3 Coupling of Two Antenna Arrays in Different Spacing

S(cm) 0.5 2.0 4.0 6.0 8.0
S, (dB) @ 10.5GHz -42 -43 -46 -45.5 -45.7
20
I 18.5034 A
15 - 15.0721 15.1088
10 |
5 —
I 3.28742

180

Fig. 4.25 Measured E-plane radiation pattern of the cut-plane on the main beam at 56° of the
8-element antenna array.
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Fig. 4.26 Measured H-plane radiation pattern of the eight-element antenna array.
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The csc’O-type antenna pattern in system applications, originated with the
surveillance radar with a fan-shaped beam. The azimuth (E-plane) beam angle is
small, and the elevation (H-plane) beam angle is large [20]. The main lobe
pattern of the H-Plane of the leaky-wave antenna is always at an oblique angle.
The oblique angle is then increased as the length of the antenna array. When the
oblique angle was adjusted to a suitable value, the conditional cosecant-squared
antenna pattern was realized. The characteristic curve of the cosecant-squared
antenna pattern ranges between the two dashed-lines in Fig. 4 of another
investigation [42]. The theory of the csc®0 pattern of a leaky-wave antenna has
also been derived and proved elsewhere [42]. In the investigation, one element
of the leaky-wave antenna is used to design a csc’ pattern associated with the
proposed method that the length of'the:antenna metal must be varied gradually
to prove the design concept with reference to the numerical solution. When the

lengths of the metallic antenna are larger than 80.0mm, the csc’0 patterns are

obtained (Fig. 4.27).
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Fig. 4.27 Patterns of elevation angles vary with the stripe length of antenna from 25.0 to
150.0mm.

Figure 4.27 illustrated that when the strip line of the antenna array is

longer, the property of the csc’0 pattern is more significant. If the strip line of
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the antenna array is shorter, then the radiated energy cannot be immediately
leaked to the space and the most of the energy was reflected the other end of the
antenna array, that is, when the strip line of the antenna array is less than

80.0mm, resulting in the energy peak appears in the left side of Fig. 4.27.

We made a comparison with one antenna system in NCTU, our two
antennas system had higher isolation (-45dB) than the mono-static system
(-35dB of a circulator) and can add the external amplifier flexibly. Another
important reason is the circulator designed by the CMOS technology did not
provide enough isolation between the transmitting and receiving paths. In the
paper, the power spectrum of the receiving path was 55dB less than that of the
transmitting path at 10.5GHz. These measured results confirm that the proposed
system obtained high leakage. suppressions by using the CCS TL guiding
structure throughout the entire chip design. However, two antennas system need
more space to put the antennas. The radiation angle of the elevation pattern has
no relation with the range resolution. But the radiation angle affects directly the
echo power distribution and the signal-to-noise rate (SNR) of range

measurement.
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4.4 Integrating the Antenna Arrays and the CMOS Transceiver into a

Mechanical Fixture

The mechanical fixture of first version FMCW sensor will be designed for
integrating with the antenna arrays and CMOS transceiver. The fixture was used
for an experiment of the range measurement. The structure of this fixture
includes a hollow box with the CMOS transceiver and accessory circuits are
placed into and the antenna arrays are put on, a rotated holder with the hollow
box is held and rotated, and the base of a fixture. The mechanical drawing was
illustrated in Fig. 4.28 the fixture photograph was demonstrated in Fig. 4.29, and
the hardware integration of the FMCW sensor system was also shown in Fig.

4.30.

..« —————Feeding Input

Leaky-wave
Antenna Array ——

Fig. 4.28 Mechanical drawing of the fixture with a CMOS transceiver and antenna arrays
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Fig. 4.29 Photograph of the leaky-wave antenna array system.
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Fig. 4.30 Hardware integration of the FMCW sensor system.

Figure 4.30 show that the signal processor was followed the RF transceiver

1s analog circuits.

The building blocks of the new version FMCW sensor system shown in
Fig. 4.31, which has an RF transceiver, a digital signal processing unit and two

antenna arrays, were integrated within a metallic enclosure prior to experiments
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were performed. The width, length and height of the enclosure were 20cm, 22cm
and 12cm, respectively (Fig. 4.32). Two antenna arrays were installed on top of

the enclosure, and covered by a radome, which is 2.0mm-thick a Teflon sheet.

Fig.4.31 Prototype of the leaky-mode antenna arrays.
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Fig. 4.32 Mechanical installation of the FMCW sensor for TMS.
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CHAPTER 5

Design of the Accessory Circuits: the External IF Circuits and

Digital Signal Processing Unit

The major contribution of the paper is to integrate a 0.18um CMOS
transceiver and antenna arrays into a FMCW RF-frond, then adopt a
triangle-wave generator, an IF amplifier and a digital signal processor to prove
the nearly uniform SNR concept. Hence, the paper focuses on the design and
integration of RF system. However, the function blocks and response figures of
the external IF and DSP modules are provided an additional remark. The main
structure of external IF circuits include a linear modulated circuit and an IF

active filter and those circuits were built by the operational amplifiers (OPA).

At FMCW system, the exception of the linearity of the voltage-controlled
oscillator (VCO) in chapter 3 is a key point, and then the circuit design of
modulation in the chapter is also important. The modulated circuit includes a
triangle-wave generator, a telemetric control circuit, and a synchronous signal
generator (Fig. 5.1). The most important circuit is the triangle-wave generator
that was transferred from the integral squared-wave generator. The operating
frequency of the triangle-wave generator was controlled by the capacitor C1, the
amplitude was adjusted by the proportion of resistors R1 and R2 (the main
adjustment of R2), and the DC bias was varied by resistor R3. By modulating of
the VCO, the bias level of the triangle-wave generator set the center frequency
of FMCW system, the amplitude of the triangle-wave generator decided the
frequency span (bandwidth) of FMCW system, and the period of the

triangle-wave generator also control the frequency resolution of FMCW system.
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Another important parameter is the slope of the triangular waveform that also
determined the linearity of the FMCW system, and next key factors is the good
symmetry of this isosceles triangle waveform that avoided the error message of
Doppler shift. Hence, a constant slope and a good symmetry of the triangular
waveform are the preliminaries of a linear modulation for the FMCW system

and then the system can achieve the function of the range measurement.
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Fig. 5.1 Frequency modulated circuits includes a triangle-wave generator, a telemetric control

circuit, and a synchronous signal generator

Figure 5.2 shown the time-domain response of the triangle-wave generator
involve that the triangular waveform and the squared waveform were excited by
the frequency modulated circuit in Fig. 5.1. Especially, the telemetric signal was
triggered by the digital signal processor or other circuits, and then the action
would turn off the triangular and squared signals. In other words, the duration of
the telemetric signal was excited and then the frequency modulated continuous
wave system was converted into the pure continuous wave system. The primary
function of the telemetry is used to suppress the interference from another

source with same radio frequency.
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Fig. 5.2 Time-domain response of the triangle-wave generator in frequency modulated system.

The next circuit of the external IF circuit is IF active filter. The filter used to
define the scope of the beat frequencies, that is, it also set the measurement
range of the radar. The RF circuit simulation was illustrated at chapter 3, the IF
output power of the mixer in the transceiver was about —125 dBm. The output
impedance of IF port of the mixer 1s 50.€Q, it bases on this reference impedance
to estimate the minimum output voltage is nearly 5 mV. Therefore, the exciting
level of the IF active filter input will be set to 1 mV. In the chapter 3 of the thesis,
the measured distance of FMCW sensor was defined from 5 meters to 30 meters.
If the frequency of triangular wave is set to 1.42 KHz, then the corresponding
frequency resolution is 2.84 kHz. The range resolution is 1 meter in accord with
the RF bandwidth of 150 MHz. The beat frequency of 5 meters is 2.84 KHz x 5
= 14.2 KHz and of 30 meters is 2.84 KHz x 30 = 85.2 KHz. Hence, the
bandwidth of the IF active filter is from 14.2 KHz to 85.2 KHz by initial
estimation. If the 3-dB bandwidth is an actual specification and the input level of
the analog-to-digital converter is less than 3 V, then the modified bandwidth of
the IF active filter is from 12 KHz to 100 KHz and gain is about 68.7 dB.
Ultimately, the schematic of the IF active filter was shown in (a) of Fig. 5.3 and

the frequency response was also displayed in (b) of Fig. 5.3.
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Fig. 5.3(a) schematic of external IF active filter, (b) the frequency response of external IF

active filter.

Figure 5.4 displays the architecture of the digital signal processing unit of
the proposed FMCW radar. The operational principle of the FMCW radar for
detecting the distance from the output signal of the digital signal processor can

be mathematically described as in the previous paragraph.
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Fig.5.4 Block diagram of the digital signal processing unit.

The flowchart of fast-Fourier transformation and the target discrimination of

the digital signal processing were shownin Fig. 5.5.
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Fig.5.5 Flowchart of the digital signal processing unit.

Since the IF amplifier and the digital signal processor (TMS320C6701) is
accessory circuits in the paper and these circuits assist to prove the performance
of CMOS transceiver. The CMOS transceiver also integrates with antenna
arrays, an IF circuit, and a DSP circuit to realize the FMCW system. If size and
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cost of the DSP will be miniaturized and cost-down, then can choose the DSP of

Microchip™ or realize an ASIC chip.
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CHAPTER 6

Measurement and Verification of the FMCW System

6.1 Measurement of the First-version FMCW Radar

Figure 4.29 shows the fixture for the revolving spindle that facilitates
accurate positioning the main beam of an antenna array to a desired target. The
leaky-mode antenna arrays were purposely lifted to expose the RF module and
analog signal-processing unit installed on the backside of antenna arrays. Figure
3.1 shows the proposed sensor system, which can detect distance and velocity of
objects simultaneously. In the following section, experimental results, including
those for detecting distance and velocity, demonstrate the capability the FMCW

sensor.
6.1.1 Distance Measurement

The initial design employs the triangular waveform as a modulation source,
and so has various applications. If the modulation source were a sawtooth
waveform, then information about the speed would be lost. In other word, there
is no Doppler shift in the range measurement. Since the original paper, the
FMCW sensor is also designed for the speed measurement. To simplify the
thesis and because of the special purpose to which is applied, the measurement
of speed is omitted. In the paper, the sensors were located in the roadside are set
up vertically to the multiple-lines, since the vertical direction to the target results

in a zero-frequency Doppler shift whether the vehicle is moving or stationary.

The photograph of the field test (Fig. 6.1(a)) presents the setup for detecting

distance between an object and sensor. A small moving vehicle carrying an
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aluminum plate 80 cmx60 cmin size is applied as a reflective object for static
detection of target distance. Given the parameters of AF =50 MHz, F,= 100
KHz, the output spectrum of the IF-ABPF is shifted from 100 KHz to high
frequency for each increase in stepping distance of 3 m. During measurements
for distance detection, echo signal power spectra were monitored continuously.
Part (b) in Fig. 6.1 presents the measured spectrum at the mixer output for a
target 25.8 meter from the sensor. No reflected signals were observed near
200.0-400.0 KHz (Fig. 6.1(b)), indicating that isolation inside the CMOS
transceiver chip and isolation between two antenna arrays are attained.
Additionally, the measured distances are calculated by (2-1) with the sensor
parameters already mentioned. Figure 6.2 plots the measured and theoretical
beat frequency of the sensor, indicating: that the error bound is consistently <3.0

% when the D is increased from 10 to 30 meters.

(2)
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Fig. 6.1 Distance measurement using the FMCW sensor: (a) field test setup, (b) measured
spectrum of the mixer output for a distance of 25.8 meters
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Fig 6.2 Measured and theoretical values of distance vs. beat frequency of the proposed

FMCW sensor.
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6.1.2 Velocity Measurement

The results of equation f; = f,” —f, indicate that the speed is a down-converted
after two beat frequencies are mixed. A traditional FM system accepts
demodulated signals using an envelope-detected circuit containing diodes and a
low-pass filter. In the work, the analog signal processing circuit also has an
envelope-detected circuit that is substituted for a digital signal processing (DSP)
unit to measure target speed. The moving target was detected by aiming the
antenna at a vehicle traveling at 60 km/hr at an angle (6) of 30° from the
forward direction (Fig. 6.3). Actual speed was read from the automobile
speedometer. The beat frequency (f,) was increased from 100.0 KHz to 1.0 MHz.
Such an increase reduces response time of the FMCW radar when detecting

moving targets.

Fig.6.3 The outdoor test area for distance and velocity detection

Figures 6.4 (a) and (b) were present measurement results at the output of the
envelope detector in frequency and time domains, respectively. When the
Doppler frequency shift is estimated at 1.01 KHz, the automobile speed is
59.976 km/hr (Fig. 6.4(b)), as given by Eq. (2-6) in chapter 2:
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Lo U —fDxC _ fexC_ 101x10°x3x10°
2x f.xcos@ 2x f.xcosf 2x10.5x10° xcos(30°)°

Therefore, v=16.66(m/sec) = 59.976(km/hr), validating the receiver chain when
processing to echo signals from the target, and yields the performance of the

velocity measurement using the proposed FMCW sensor.
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Fig. 6.4 Velocity detection using the proposed FMCW sensor: (a) input spectrum of the
envelope detector; (b) time-domain waveform at the output of the envelope detector
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6.1.3 Field Test of the Azimuth Resolution of Antenna Arrays

Since the azimuth resolution (E-plane) haven’t discussed in the dissertation.
Nevertheless, the experiment is applied the leaky-wave antenna arrays of the
paper integrate with the RF transceiver using by Institute of Traffic and
Transportation of National Chiao-Tung University to do field test.

Main purpose of the experiment is that estimated the performance of the
E-Plane radiation pattern application of leaky-wave antenna arrays for the
vehicle classification of the transportation management system. Hence, the
comparison of the E-Plane radiation pattern in the actual measurement was
made, such as the leaky-wave antenna arrays and the original dual-horn

antennas.

The experiment is carried: out-and tested dynamically in the balcony of
second floor of Center of Transportation Studies of National Chiao-Tung
University; the product’s idea of'its-experiment is as follows. In antenna parts:
First, the dual leaky-wave planar antennas were designed by the Graduate
Institute of Communication Engineering of NTU. Second, the pairs of horn
antennas were designed by UUEI Engineering INC. In transceiver parts: the
design of microwave circuits is only UUEI Engineering INC. In the digital
circuit: First, the computer base development of the NI Labview'" signal
processing system is designed by Institute of Traffic and Transportation of
National Chiao Tung University, second, the development of the DSP Chipset

signal processing circuit is developed by UUEI Engineering INC.

Experimental approaches were defined the distance between two lanes and
the movement of two cars for measuring the beat frequencies of range

measurement without speed and the azimuth resolutions (E-plane) of antenna
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arrays.

1) The range measurement was made. If the development of the digital
signal processing circuit (TI DSP Chipset) is designed by the UUEI Engineering
INC., two types of antennas can be satisfied with the high-quantity signal
analysis of the beat frequencies, but the computer base development of NI
Labview'" signal processing system is designed by Institute of Traffic and
Transportation of National Chiao-Tung University, the lack of signal quantity
was occurred in both antennas system. The reason may be due to operating
speed of NI DSP or the impact of the time-division multiplexing (TDM) with the

computer system.

2) For the azimuth resolutions (E-plane) measurement: the balcony of ground
height is ranging over 4.7M and the measured instruments located in the edge of
the balcony near the first lane. Then the nearest measuring distance from the

body of the car at the first lane to the-measured instruments was 6.7M and the

body of the car at the second lane to the measured instruments was about 9 —

10M. The effectively azimuth angles in the scope of two types of antennas such
as Fig. 6.5 were detected. The detection range of the leaky-wave antenna arrays
is a parallel region in the experiment and the width of the region less than the
length of a car, rather than is along the direction of the fan-shaped extension of

the dual horn antennas.
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Fig. 6.5 The region was enclosed by the red dotted line is a detected range by the leaky-wave
antenna arrays. On the one hand, the region was enclosed by the blue dotted line is by the dual

horn antennas.
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6.2 Measurement of the New-version FMCW Radar
6.2.1 Signal-to-Noise Ratio of CMOS-Based FMCW Sensor System

The SNR of the proposed FMCW sensor system was characterized
theoretically before performing additional measurements. Additionally, the
calculated data were confirmed by the experimental results of a field test. Figure
6.6 presents the setup for vehicle detection using the proposed sensor system.
The sensor, which is a road-side unit, was installed above the ground at the
height /4. The vehicle occupancy in multiple lanes was detected by performing a
range measurement with the FMCW sensor system. The total width of the
multiple-lanes is denoted by D in Fig. 6.6, and represents the maximum
coverage of the FMCW sensor. The values of 4 and D were set to 3.0m and 30m,
respectively, in the field test. The building blocks of the FMCW sensor system,
which had a CMOS transceiver, a digital signal processing unit and two antenna
arrays, were integrated within a metallic enclosure before experiments. The
width, length and height of the enclosure were 20cm, 22cm and 12cm,
respectively, according to Fig. 4.31. Two antenna arrays were installed on top of
the enclosure, and covered by a radome, which is a Teflon sheet with a thickness
of 2.0mm. The H-plane of the antenna array was orthogonal to the traffic lane,
and slanted at an angle of 35° by mechanical rotation, as indicated in Fig. 6.6.
The configuration helped the FMCW sensor to suppress the Doppler effect of

the moving vehicle.

The csc’0 type radar was constructed from the present antenna array with
the H-plane pattern, and the appropriate sensor height and mechanical rotated.
The major capability of a csc’® type antenna pattern is performing the

multiple-lanes measurement. The antenna pattern thus has a similar function to
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the sensitivity time control (STC) of the IF filter, of providing a spatially
uniform SNR within the range measurement. The proposed antenna arrays not
only realized the nearly spatially uniform SNR to compensate the power level at
farther section, but also achieved high isolation, thus suppressing heavy

interference in the near field.

TS T 1 Elevationangle 6=0’
Z \\9 is measured from broadside
k 9_1:\‘9\(\)0 A ,'\..\ \
e e _).HI'__H_(,.//;/\-..\"\
~ o~ R
-~
@ "/ @
A A 1
< D >

Fig. 6.6 The FMCW sensor adopted the multiple-lane vehicle detection of TMS. The H-plane
antenna radiation is orthogonal to the moving vehicle

The power of the electromagnetic waves that propagate between the sensor
and the single vehicle was estimated from the range measurement presented in
Fig. 6.6 by the following well-documented equation: [49]

P..G,G Vo
S: X “T>R _

where S denotes the receiving power at the output of the receiving antenna;
Pry represents the transmitting power at the input of the transmitting antenna; Gr
and Gy, indicate the transmitting and receiving antenna gains, respectively; A is

the wavelength corresponding to the operating frequency; o denotes the radar
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cross section (RCS) of the vehicle at the operating frequency, and R represents

the effective distance between the sensor and the vehicle [49].

According to stated electrical characteristics of the proposed CMOS
transceiver and antenna arrays in chapter 3 and 4, the operating frequency was
10.5 GHz, and the corresponding wavelength in the air was 2.86cm. Since the
H-plane main-beam of an antenna array was aimed at the vehicle by making
mechanical adjustments, the antenna gains for both transmitting and receiving
paths were calculated from the curves plotted in Fig. 4.25. Additionally, an
irregular metallic body was applied as the reflected target with an effective RCS
(o) of about 0dBsm at 10.5 GHz by the user manual and the RCS of the
irregular metallic body be equivalent to a spherical object with a radius of 1.0m
[49]. The output power of the CMOS FMCW transceiver in Fig. 3.6 was
—18.2dBm at 10.5GHz, rising-to 0dBm at the input of the transmitting antenna
through an external PA. Therefore, the reflecting power of single target at the
input of the CMOS transceiver was about —87dBm at D=30m. The conversion
gain from LNA input to the mixer output at the IF output port in the receiver
path was 0.2dB. The 49dB IF amplifier was found to be adequate for enabling

the DSP unit to carry on signal processing in the presented sensor system.

Significantly, the leaky-mode antenna array eliminates the R* equalizer, thus
compensating for the R*-dependence of returned signal power. The property is
similar to the csc’ type antenna of the surveillance radar by military application.
The most important contribution of this study is to present a sensor system that
supports the almost equal to echo power for range measurement of multiple
lanes, using the H-plane antenna pattern in Fig. 4.25. The gain factors G and Gy

in (6-1) can be extended to a cross-section of the H-plane pattern in Fig. 4.25 as
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Gr(6) and Gg(6).The gain of G- is sum of a mixer and an amplifier was added
to radar equation in order to compare the measured data directly. A new radar
equation was derived from (6-1) with reference to Fig. 6.6, which shows the
antenna arrays.

PG (0+ P)G,(0+ ,B)/Izo'GlF
(47)° (h-csc9)*

S(haﬁ’ 9) = (6-2)

where 6 denotes the elevation angle that measured from the broadside; /S
represents the elevation angle set by mechanical rotation, and Gy(6+/f) and
Gr(6+p)indicate the transmitting and receiving antenna patterns, and are
functions of #and £ Restated, the antenna pattern functions are shifted through
an angle of f. The parameter % is the height of the sensor box containing the
antenna arrays, the radio frequency module and other circuits. The function
h-csc@ was substituted for R in (6-1)using the trigonometric relationship in Fig.

6.6. The term R is a function of /‘and f,-and is given by

R=+h*+D*,andD=R-cosf, h=R-sind,

h
then R= =h-cscl i
sin @ (6-3)
and D = h C?S 0 = h - cot 9 (6-4)
sin @

Equation (6-3) and new parameters in (6-1) yield the modified radar
equation, (6-2). The receiving power S is a function of &, fand 4. Equation (6-2)
indicates that the modified radar equation is related to the height of the sensor

system and the gain of the all-antenna pattern.
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Since the angle of maximum gain of the H-Plane in Fig. 6.6 is 56°, and the
H-plane pattern has a special envelope region at about 60°—70°, the echo power
decay 1/R* can be compensated. The study presents a simple approach for
maintaining a near-constant echo power in the range measurements of the
FMCW system, by tuning the angle (/) by mechanical rotation to the envelope
region of the antenna pattern, thus projecting it exactly onto the multiple-lanes.
Equation (6-2) was employed to estimate the optimal angle of mechanical
rotation, yielding a uniform reflected power response for range measurement. In
Fig. 6.7(a), the power distribution of the beat frequency was varied, and the
mechanically rotated angle was varied from —5° to —55° in steps of 10°. The
antenna arrays were 3m above ground. The most uniform power responses were
between —45° and —55°. The region 'of highly uniform power distribution was
expanded as in Fig. 6.7(b), where the angular interval was 2°. Accordingly, the
envelope curves of the H-plane pattern between —45° and —55° were adopted to
measure the distance, compensating for the loss, which is given by the inverse of
the fourth power of the distance. However, the near-uniform power response
was associated with greater power decay at shorter ranges, as indicated in Figs.
6.7 (a) and (b). The near-field interference of most transceivers resulted from
leakage from the LO port, or coupling of the transmitter and the receiver, which

always occurred at the short range.

The shorter range power decay can be cancelled by the near field
interference. If a system requires uniform spatial power at the short range, then
the height of the sensor can be reduced to meet the requirement. Figure 6.7 (c)
shows the variation of the power distribution of the beat frequency with the

height of the sensor from Im to 5m in steps of 1m, at an angle of mechanical
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rotation of 50°. Figure 6.7 (c) reveals that a higher sensor was associated with
more power decay at the short range, but a more uniform power response at a
longer range. A lower sensor yielded a better power distribution at the short

range, but a non-uniform power response at the long range.
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Fig.6.7 (a) Estimation of echo power distribution with fixed sensor height fixed at 3m, and
angles of rotation from —5° to —55°. (b) Magnified figure (a) from —45° to —55°. (c) Fixed

angle —50° and variation of height of sensor from 1m to Sm.

The noise of the completed sensor system of the proposed X-band CMOS
chip was characterized by performing time-domain system simulations by a
commercial software package, ADS2006A. The system simulations represent
the building blocks shown in Fig:;1.1-as behavior models. The parameters of
each model were carefully set up based on the measured results of the

corresponding device.

Fast-Fourier transformation was performed on system simulation results.
The noise value of the CMOS transceiver after FFT was 9.2 dB, which is 0.8dB
less than that obtained from the measurements in Table 3.1. Therefore, the noise

power of the completed radar system is given by
Py =kTB,N (6-5)

where & denotes the Bolzmann constant, and 7 represents the ambient
temperature (K) [49]. B; denotes the bandwidth of the range filter. The

temperature was set to room temperature, and B,=3.9 KHz, which approaches
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the bandwidth of frequency resolution. The noise figure Nr in the presented
CMOS transceiver was 10dB. Therefore, the total noise power of the sensor

system was —128dBm.

For convenience of range measurement and uniform spatial power
distribution, the angle producing the largest gain of the H-plane pattern in the
farthest lane was used, enabling the optimal uniform power response to be
obtained easily. The trigonometric relationship of Fig. 6.6 was also employed to

derive the angle w of maximum gain at a particular distance, which is given by

D
= tan ' (—
y = tan ( P )
The rotation angle is given by
P =y = 56°
then
a,D °
f = tan 1(;) ~56 (6-6)

Table 6.1 lists estimated optimal angles of mechanical rotation for between
10m and 60m, as determined from (6-6). If the sensor height is fixed at 3m, then
Table 6.1 yields the distance of the farthest lane that corresponds to the angle of
mechanical rotation. Table 6.1 covers distances of the farthest lane from 20 m to
60 m, corresponding to angles of mechanical rotation of between —47° and —54°.
These angles are also associated with the best uniform spatial power distribution.
Therefore, uniform SNR measurement can easily be achieved by aiming the

main beam at the farthest lane
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Table 6.1 Farthest lanes corresponding to given angles of rotation

D 10m 15m 20m 30m 40m 50m 60m

B 39° | -44° | 47° | -50° | -52° | -53° | -54°

The general definition of SNR was measured on the receiving port and
calibrated the gain of LNA, mixer and [F AMP. The SNR equation (6-7) was
formed by combining (6-2) and (6-5). The SNR parameters are defined in the

preceding paragraph

R = PTXGT(€+,B)GR(9+IB)120'
(47)’(h-csc0)* kT B,N, (6-7)

The theoretical SNR was converted to dB form by subtracting the power of

the receiving signal from the total noise power.

SNR (dB) = 0 dBm + dB(GHG+) +dB(Gr(6+f)) —30dB + 0 dB — 33 dB —
40 log (3cscl) + 128 dB (6-8)

The SNR of the proposed sensor system was experimentally characterized
by performing extensive field tests. The results were then compared with the
theoretical data using (6-8). Figure 6.8 illustrates composite plots of SNR versus
distance to the comparisons angles (f) of mechanical rotation of —35° and —50°.
The two groups of curves indicate excellent agreement for distances of 10—-30m.
Near-field interference was prevalent at less than 10m, but was canceled by the
envelope of the proposed H-plane pattern and the isolation of the presented
CMOS chip. At angles of —35° or —50°, the SNR of the CMOS-based FMCW
sensor system increased from 25dB to 42dB as the distance increased from 5m

to 30m. The unique characteristic results mainly from the radiation pattern of the
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leaky-mode antenna arrays. The H-plane radiation pattern from 5.7° to 31°
covered the multiple-lanes distances of 5-30m, based on (6-4). The antenna gain
of the FMCW sensor system was inversely proportional to the square of the
distance. The unique radiation pattern compensated for the signal degradation,
as predicted by (6-3). At an angle of —50° , which was the angle of maximum
power when the H-plane was aimed at the farthest lane, the power of the
reflected signals was maintained the most constant for range measurement,
yielding a nearly constant value of SNR when using the proposed FMCW sensor
design. The SNR measurement result shows that the structure of the presented

FMCW sensor has a good STC function for measuring the range of TMS.
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Fig. 6.8 Signal-to-noise ratio (SNR) of CMOS-based FMCW sensor in Fig. 6.6.
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6.2.2 Range Measurements

In general, the road width of a freeway including the shoulder of the road is
less than 30 meters, and then the maximum range of measurement is specified
30 meters. The frequency of the triangular waveform is 1000Hz to adapt the
round-trip time of signal propagation and the sampling rate of DSP chip. Hence
the frequency resolution is obtained 2 KHz. In other words, for each 1 meter of
the range resolution is corresponding to each 2 KHz of the frequency resolution.
The range of 30 meters is corresponding to the beat frequency of 60 KHz.
Therefore, the bandwidth of the IF filter can set to more than 60 KHz and may

extend to 100 KHz for the environmental detection.

The sensor located in the roadside was vertical to the multiple-lanes, since
a vertical direction to the target results in a zero-frequency Doppler shift,
whether the vehicle is stationary or. moving. Range measurements were
performed to detect vehicle occupancy-in the field tests using the setup in Fig.
6.6. The output signal of the IF amplifier was obtained by the commercial digital
signal processor TMS320C6701. The following digital processor parameters
were set when performing the signal processes. The pulse-repeated-frequency
(PRF) was set to 500.0Hz, and the period of the triangular wave (¢,) was 1ms.
According to the curve in Fig. 3.8 (b), the amplitude of the triangular wave
required to control the CMOS FMCW transceiver with a modulation bandwidth
(BW) of 150.0MHz was 42.5mV. Since the maximum distance between the
vehicle and sensor was 30.0m according to Fig. 6.6, the maximum round trip
time (t) was 0.2us. Therefore, with reference to (2-3) and (2-7) in chapter 2, the
maximum beat frequency (f,) and range resolution (R,) were 60.0KHz and 1.0 m,

respectively. A digital signal processor was adopted to obtain the distance
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between the vehicle and the sensor according to (2-4), after obtaining f, from the
digitized IF signal. Figure 6.9 plots both the measured and the theoretical beat
frequency. The measured beat frequency is a function of the distance calculated
by the digital processor: the gradient of the curve was nearly a constant. Since
the sensor height was 3m, the maximum linear detection range was 8m, as
calculated by trigonometric identity, and the maximum linearity was 4%, as
calculated from Fig. 6.9. Therefore, the linearity of range measurement partially
corresponded to the linearity of VCO. These measurements confirm that the
operation of the proposed CMOS-based FMCW sensor, including the CMOS
transceiver and leaky-mode antenna arrays, follows the principles described in
chapter 2. An X-band FMCW sensor can thus be feasibly realized by CMOS

technology for TMS applications.
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Fig. 6.9 Measured and theoretical beat frequency vs. distance calculated using digital

Processor.

In theory, the bandwidth of 100 KHz is still far less than the maximum
signal BW of 500MHz, then the linearity of the beat frequency should be 3%.

But the nonlinearity effects occurred in the region of less than 8 meters are
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caused by the system setup. Figure 6.10 also demonstrates the beat frequencies
(f») varied with the widths (D) of the freeway and the real distance (R) from the
sensor to each lane is denoted by dashed-line. However, nonlinear effects at less
than 8m were caused by the system setup. In particular, at less than 3m, the
nonlinear characteristic cannot be compensated by data processing. Fortunately,
a range of less than 3m includes only the shoulder of the road. In general, the
width of each lane of the freeway is about 3 meters and the transverse width of
most of the vehicles is less than 2.3 meters. The two cars can’t occupy in the
same lane at the same segment and a vehicle can’t always run on white zig lines
of road dividers by the rules of the road. In case of the above assumption, the
range resolution of 1 meter is enough to discriminate two cars in neighboring

lanes.

4m 5m 6m 7m  8m 9m 10m 11m (D)

6KHz 8KHz 8KHz 10KHz 12KHz 14KHz 16KHz 18KHz 18KHz 20KHz 22KHz (fb)

Roadside Shoulder of the road st lane 2nd lane

Fig. 6.10 System setup of FMCW sensor of the range is less than 11 meters.

The sensor was used to construct a range measurement of TMS, the csc’®
pattern is the key factor that supported a near uniform SNR for measures region.
The near uniform SNR is described that the difference of maximum and
minimum echo power was less than 30 dB in the measured region. Since the
vary vehicles drive on the different lanes of the highway that include trucks, bus,

cars, and so on. The sensor is applied to TMS include the traffic flow analysis
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and the vehicle classification. The range measurement of this sensor is used to
analyze the traffic flow from the nearest lane to the farthest lane and the spatial
power of range measurement is frequency domain that has no relationship with
the amplitude of the echo signal. But the sensor is also applied to vehicle
classification that requires a near uniform echo power at the measured region.
For example it can distinguish trucks from cars in same lane with the intensity of
echo power. Another focal point is improvement of the dynamic range from IF
circuit to digital signal processor unit. In one word, the csc’0 pattern of the
leaky-wave antenna just provides a near uniform SNR and compensates some

loss of spatial power of 1/R* distribution.
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CHAPTER 7

Conclusion

The study presents a CMOS-based FMCW sensor system for the vehicle
detection in TMS. The sensor comprises a CMOS transceiver, two planar
leaky-mode antenna arrays and the signal-processing unit. The transceiver is
fabricated by standard 0.18um CMOS 1P6M technology with a size of 1.68

mmx1.6 mm.

The electrical performance of both individual blocks and transceiver is
experimentally characterized and reported, revealing two significant issues in
FMCW sensor design. First, the on-chip VCO achieves a linearity of 3.0% with
the modulated bandwidth against the triangular wave amplitude for a frequency
modulation of 500MHz at 10.5GHz. The linearity dominates the accuracy of the
range measurements in vehicle detections. Second, the on-chip isolation
between the transmitting and receiving paths is 55dB. The isolation directly
influences the SNR of the sensor system. Additionally, the antenna array in the
sensor system operates in leaky mode. Base on measurement results, the antenna
gain and the isolation between two adjacent leaky-mode antenna arrays with a
spacing of 5.0mm are 18.0dB and 42dB, respectively, at 10.5 GHz. The reported
performance measurements indicate that the proposed system has a better

isolation than a sensor system with a single antenna and a circulator.

For multiple lanes measurement of TMS, the function of the roadside unit is
similar to the csc” type radar, which has been nearly uniform spatial echoes
power between detection ranges. The csc” type antenna pattern generally applies

to surveillance radar of military application. Such antennas are always
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large-scale, high-power and long-distance, and are designed with reflected
antenna technology. However, the antenna arrays presented to herein adopt
short-range detection and planar antenna. The special pattern of antenna arrays
is specific to leaky mode, and conditionally compensates for the space loss of
1/R*. In other words, the function of the presented antenna pattern is similar to
the sensitivity time control (STC) of the IF filter, which provides the spatially

uniform SNR of range measurement.

The future works of the thesis will use the CMOS integrated circuit
technology to miniaturize and integrate all the circuits of all parts, such as radio
frequency circuits, analog circuits and digital circuit and so on. The miniaturized

radar system integrates with RFIC, AIC, and DIC into a system on chip (SOC).
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