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Abstract

This thesis proposes novel wall—clutter rejection techniques
and frequency—modulated continuous—wave (FMCW) radar
architectures for through—the—wall radar applications. In the
through—the—wall radar applications, wall—cutter rejection is very
important because the wall—clutter requires high dynamic range of
receiver and analog—to—digital converter (ADC). Wideband FMCW
radars are good candidates for a high—resolution wall—penetrating
detection radar because they can achieve high dynamic range by
using a range—gating filter at intermediate frequency or baseband
to fully eliminate wall—clutter. However, homodyne FMCW radars
require a very high—order high—pass filter (HPF) to fully eliminate
wall—clutter when a target is located behind and in close proximity
to the wall.

In this thesis, we first investigate a delay—line technique. The
inserted delay—line decreases the time—gap between the received
signal and the chirp signal. Therefore, the beat—frequencies of the
target and wall are shifted to lower frequencies, and the ratio of
pass—band to stop—band frequency is increased. As a result, the
low—order HPF meets the filter specification. A design methodology

and an example for short—range target is provided in this thesis.



And the validity of this technique has been verified with a system
simulation.

Even though, the delay—line technique allows the low—order
HPF can fully attenuate the wall—clutter, the delay—line in an RF
signal path or LO signal path cause several problems: 1) A
conventional long delay—line makes considerable signal loss at a
high frequency such as X—band or Ka—band; 2) The line—loss also
introduces amplitude modulation due to the loss, depending on
frequency. Therefore, amplitude modulation increases as radar
bandwidth increases, representing a particular problem for high—
resolution radar. This amplitude modulation can lead to large side—
lobes near a target—beat—frequency; 3) The delay—line requires a
large area single—layer substrate or a multi—layer substrate with
additional process or expensive process, such as surface acoustic
wave (SAW) process to produce a long delay; 4) It is difficult to
achieve a controllable delay, from a short delay to a long delay, with
a fine time—resolution. It requires abundant delay—lines, control
circuits, and loss—compensate circuits, resulting in a bulky system.

Therefore, we propose a novel FMCW radar architecture that
employs two phase—locked loops (PLL) and a phase controller. One
PLL generates a chirp signal for transmitting (TX chirp) while the

other PLL generates a chirp signal for mixing at the mixer (LO
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chirp). The PLLs share a reference clock, but the transmitter PLL
input path includes a digital phase—controller. When a digital phase
control function is activated, the controller advances the reference
clock as a half—period by generating one more edge and inversing
the following edges. Each reference clock is divided by two and
compared to the corresponding PLL’ s feedback clock. When the
phase controller invokes a half—period advance, the transmitter PLL
starts tracking. After some cycles, the PLL locks onto the advanced
clock, producing a corresponding advanced time in the TX chirp. By
repeating this process (advance reference, PLL tracking and PLL
locking), it is theoretically possible to produce an infinite time—
difference. In practice, due to the finite period of the TX chirp and
the LO chirp, the maximum time—difference is limited. This method
solves all of the above problems: It does not result in any loss in RF
or LO signals, nor produce any amplitude modulation including
wideband FMCW radars; does not require greatly increased volume;
and permits infinite time—delay with fine time-—resolution. This
method allows a low—order HPF to highly attenuate wall—clutter
and also decouples the relationship between the wall’ s distance
and the HPF’ s cut—off frequency. The proposed radar was
implemented and measured. The wall was located at 1.5 m and the

target was located at 3 m at the middle of the room. The measured
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results show a second—order HPF attenuates by more than 20 dB
for the wall—beat—frequency signal while it does not attenuate the
target—beat—frequency signal. The proposed radar 1is highly

appropriate for wall—penetrating detection applications.
Keyword : Frequency—modulated continuous—wave (FMCW) radar,
low—order high—pass filter (HPF), phase controller, Two phase—

locked loops (PLL), wall—clutter rejection
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Chapter 1

Introduction

Recently, wall—penetrating detection has been an interesting
research topic [1]. For through—the—wall high—resolution detection,
an ultra—wideband (UWB) short—pulse radar architecture and a
wideband frequency—modulated continuous—wave (FMCW) radar
architecture can be used. Even though, the UWB short—pulse radar
system can be used for high—resolution wall—penetrating detection
[2], this architecture must operate at a high peak power or have a
high pulse rate frequency in through—wall applications [3]. To
achieve high sensitivity and high dynamic range with a low—power
operation, a FMCW radar with a range—gating filter can be used to
detect targets behind a wall [3], [4].

In chapter 1.1, radars of the high—resolution wall—penetrating
applications are described briefly, and the operation principle of the
FMCW radar will be discussed in detail. In chapter 1.2, the strategy
to overcome the problems. Chapter 1.3 introduces the dissertation

organization.



1.1. Radars of the high-resolution wall-penetrating

applications

The radar is an abbreviation for radio detection and ranging [5].
Radar systems transmit electromagnetic signals to search for
targets. Targets will reflect portions of the incident signals. These
reflected signals are received by the radar and processed to extract
target information such as range, velocity and angular position.

Historically, radars play an important role in military
applications because they can detect long—range targets in poor
visibility. As radar design technology and component technologies
have been developed in recent years, researchers are attempting to
apply radar to a variety of applications such as automotive
applications and through—the—wall detection applications as shown
in Fig. 1. For through—the—wall high—resolution detection, an UWB
short—pulse radar architecture and a wideband FMCW radar
architecture can be used. In the both type radars, wall—clutter
attenuation is very important because wall—clutter can be much
higher than a hidden target signal. The simulated results in the
paper [3], 10 cm thick wall—clutter (6.1 m from radar) is

approximately 35.8 dB higher than the target signal (9.15 m from

-
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Fig. 1. Wall—penetrating radar.

radar) when using S—band signal. The estimated results in the
paper [4], 20 cm thick hollo—bric—wall—clutter is approximately 55
dB higher than the target signal when using L—band signal, while
the 30 cm thick concrete—wall—clutter is approximately 70 dB
higher than the target signal (7 m).

An UWB short—pulse radar architecture is one of the candidate
radar systems for high—resolution wall—penetrating detection [2].
However, this architecture must operate at a high peak power or
have a high pulse rate frequency [3] because it uses a short—pulse
to achieve high—resolution. Also, it requires a very high—speed
ADC (analog—to—digital converter) to receive the short—pulse. To
operate the very high—speed ADC, a large power is consumed and
it is expensive to implement. To achieve high sensitivity and high
dynamic range with a low—power operation, a FMCW radar with a
range—gating filter can be used to detect targets behind a wall [3],

3 2 M E g
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[4].

A FMCW radar uses modulated—continuous waveforms such as
saw—toothed waveform or triangular waveform. The Fig. 2 shows a
triangular waveform FMCW radar operation principle [5]. The radar
generates and transmits chirp signals (triangular waveform). As
shown in Fig. 2, the generated beat—frequencies, £z proportional to
the differences between their received signals and their chirp
signals. Thus, the beat—frequency is directly proportional to the
stationary target range (R). Therefore, the target range can be

estimated by measuring the beat—frequency.

At=- (1)

fo = At-C R
E — R_C R (2)

where, 4t is the time—of—flight, ¢ is the speed of light, and Cy is
the chirp rate.

Short—range clutter has a lower beat—frequency, and long—
range clutter has a higher beat—frequency. Therefore, an
intermediate frequency (IF) or baseband filter attenuates the

clutter. The filter consists of a high—pass filter (HPF) to attenuate
4 -":rxq ""Jl::l' 1_-l

| &3
I

'Iu



awn
-
. N i
T ettt Yt e = S sl
[BUSIS PAAIDAI (paysep g g )
__m:w_m paniwisuen :pijos | N Fiby RPN
S X N ). 4] - 7 K LA 7 Ksuanbayy
v SR 1839
awn A : o -
: ' “ ' AN .O\ .\Q.

IV+Y

y Aouanbay

Fig. 2. Triangular FMCW radar operation principle [5].

Pl L
il

L



(VN'D
Ty dury
-N::@a:dw @mmcﬂngc‘.-

[ [eudig
1 P33

AN

QIXIN)

IOXIN | N1+

AdDPIMA (AdH) 1M
ssed-mo7  ssed-ysig

- -
-~ -
- -

- -
pa -

SSS—

(14) 1911

I.._....._l A

euuduUy (VJ) Pyidury 1omog

\\/

reusis dag)H

Fig. 3. Conventional FMCW radar architecture [6].



short—range clutter, and a low—pass filter (LPF) to attenuate long—
range clutter and high frequency components (HFC) which are
generated during the mixing. A conventional FMCW radar
architecture is shown in Fig. 3 [6]. However, homodyne FMCW
radars require a very high—order high—pass filter (HPF) to fully
eliminate wall—clutter when a target is located behind and in close

proximity to the wall.



1.2. Research strategy

Research Strategy

Analog delay-line Moderate HPF
technique specification

Low-frequency Realize
phase control controllable RF

Combined

System

High-

performance
system

technique delay-line

Fig. 4. Research strategy

The research strategy is shown in Fig. 4. To fully eliminate
wall—clutter with a low—order HPF, first we investigate a FMCW
radar system with an analog delay—line. The delay—line shifts
beat—frequencies formed by reflection waves. Therefore, a proper
delay moderates HPF specification because the delay increases the
ratio of target—beat—frequency to clutter—beat—frequency.

Even though the delay—line in LO path moderates HPF
specification, it causes several problems such as loss, distortion,
volume and low—reconfigurability. To overcome these problems, we
investigate a novel FMCW radar architecture. The proposed radar
uses a low—frequency phase control technique to realize artificial

controllable delay—line in LO path without true—time delay—lines.
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By combining these two techniques, a high—performance low—cost

system can be achieved.
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1.3. Dissertation organization

In this dissertation, a novel FMCW radar architecture is
proposed to attenuate wall—clutter with a low—order HPF. This
radar adopts time—difference between transmitter chirp and local—
oscillator chirp control concept. To achieve it without true—time
delay —lines in radio frequency path, a digitally controllable artificial
delay —line concept is developed. To realize an artificial delay—line,
a low—frequency phase control technique is used.

In chapter 2, a delay—line effect is investigated in system level
to moderate a HPF specification. In this chapter, we assume the
delay—line is ideal. Analysis and simulation results show that the
effect of the delay—line. The wall—penetrating FMCW radar is
considered with and without another short—range clutter.

In chapter 3, a novel FMCW radar system is proposed to realize
artificial delay—line. This radar uses two phase—locked—loops
(PLL) and a phase controller. By using a PLL’s characteristic
(Phase—locking) and a low—frequency phase control technique, a
digitally controllable artificial delay—line is realized. The
measurement results show that the proposed radar can highly

attenuate wall—clutter with a low—order HPF.

10 A =1



Chapter 4 describes the conclusion. In this chapter, the effects
of the proposed techniques are summarized and the future

applications are discussed.
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Chapter 2

FMCW radar with a delay-line

In this chapter, we investigate a delay—line effect in a system
level. In a wall—penetrating frequency —modulated continuous—wave
(FMCW) radar, delay—line adjusts a time—gap between a
transmitter chirp (TX chirp) and a local—oscillator chirp (LO chirp).
It moderates a high—pass filter (HPF) specification.

FMCW radars are widely used, as they moderate the receiver
saturation problem in wall—penetrating applications by attenuating
short—range clutter such as wall—clutter. However, conventional
FMCW radars require a very high—order HPF to attenuate short—
range clutter. A delay—line (DL) is exploited to overcome this
problem. Time—delay shifts beat—frequencies formed by reflection
waves. This means that a proper time—delay increases the ratio of
target—beat—frequency to clutter—beat—frequency. Consequently,
low—order HPF fully attenuates short—range clutter. A third—order
HPF rejects more than 20 dB and 30 dB for clutter located at 6 m
and 3 m, respectively, with a target located at 9 m detection with a

10,000 GHz/s chirp rate and a 28 ns delay—line.
192 .__:Ix_s _'q.l.'\-' ok



2.1. Introduction

Recently, wall—penetrating imaging has been an interesting
research topic [1]. In this applications, wall—clutter reflection is
one of important problem because wall—clutter can be much higher
than a hidden target signal. The simulated results in the paper [3],
10 cm thick wall—clutter (6.1 m from radar) is approximately 35.8
dB higher than the cylinder metal target signal (9.15 m from radar)
when using S—band signal as shown in Fig. 5 The estimated results
in the paper [4], 20 cm thick hollo bric—wall—clutter is
approximately 55 dB higher than the human target signal when
using L—band signal, while the 30 cm thick concrete—wall—clutter
is approximately 70 dB higher than the human target signal (7 m)
as shown in Fig. 6—(a) and (b).

An ultra—wideband (UWB) short—pulse radar architecture is
one of the candidate radar systems for wall—penetrating imaging
[2]. However, this architecture must operate at a high peak power
or have a high pulse rate frequency in through—wall applications [3].
To achieve high sensitivity and high dynamic range with a low—
power operation, a frequency—modulated continuous—wave

(FMCW) radar with a range—gating filter as shown in Fig. 7—(a)
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can be used to detect targets behind a wall [3], [4].

FMCW radars generate beat—frequencies proportional to the
differences between their received signals and their chirp signals
[5]. Thus, the beat—frequency is directly proportional to the
stationary target range. Short—range clutter has a lower beat—
frequency, and long—range clutter has a higher beat—frequency.
Therefore, an intermediate frequency (IF) or baseband filter
attenuates the clutter. The filter consists of a high—pass filter
(HPF) to attenuate short—range clutter, and a low—pass filter
(LPF) to attenuate long—range clutter and high frequency
components (HFC) which are generated during the mixing.

However, a very high—order HPF is required to fully attenuate
short—range clutter in conventional FMCW radars. To overcome
this problem, the present study exploits the delay—line (DL) as
shown in Fig. 7—(b).

Delay—lines have already been used in FMCW radars to
linearize voltage—controlled oscillator (VCO) [7], identify EM
sensor cells [8], and obtain wide—altitude ranges [9]. However, in
this thesis, the delay—line is used to attenuate short—range clutter
such as wall—clutter with a low—order HPF.

The inserted delay—line decreases the time—gap between the

received signal and the chirp signal. Therefore, the beat—
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frequencies of the target and wall are shifted to lower frequencies,
and the ratio of pass—band to stop—band frequency is increased. As
a result, the low—order HPF meets the filter specification, as shown
in Fig. 8—(a) and Fig. 8—(b).

In Fig. 8—(a), the dotted line represents the mixer—output
components in a conventional FMCW radar, while the solid—line
represents the mixer—output components in an FMCW radar with a
delay—line. The frequency is shifted constantly by the delay—line
so that the wall—beat—frequency, W, changes to W’ and the target—
beat—frequency, 7, changes to 7°. As a result, the ratio of target—
beat—frequency to wall—beat—frequency increases.

The Fig. 8—(b) shows normalized HPF specifications with a
delay—line (solid line) and without a delay—line (dotted line). 7(Q¢)
denotes a normalized filter—cutoff frequency, while W(Qp) and
W (Qy) denote a normalized wall frequency without a delay—line
and with a delay—line, respectively, and Law denotes desired
attenuation at the wall frequency. As shown in Fig. 5—(b), due to
constant frequency shift, the required filter skirt characteristic
becomes gradual; this means that a lower order filter can meet the
specifications [10].

The following sections explain design methodology, give

examples, and present a conclusion. The example is chosen for a

20 A “._, ‘_]l



short—range target (a stationary target located at 9 m). It is
provided for a public service application in which the radar is

installed near the wall and target.
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2.2. Design methodology

FMCW radar systems use a beat—frequency to estimate the
targets’ range [5]. An IF or baseband filter eliminates out—of—
range clutter. Therefore, an FMCW radar with an IF filter is highly
sensitivity and has a highly dynamic range [3], [4]. Thus, the
aforementioned filter is an important component of wall —penetrating
FMCW radars.

Such filters consist of LPF and HPF. The LPF attenuates the
HFCs generated by the mixer, as well as long—range clutter. The
HPF attenuates short—range clutter, such as wall—clutter. In most
cases, LPF requirements are low compare with HPF requirements
in high—loss wall—penetration applications because the HFCs are
far from the target—beat—frequency and long—range clutter is weak
due to long—range clutter is attenuated dramatically through air
propagation and wall—penetration. For example, when a target is
located in the middle of a room with the same Radar Cross Section
(RCS) wall at 1 m or at 3 m, the nearby wall—clutter amplitude is
roughly larger than 79 dB, based on the assumption of a 30 dB
one—way wall—penetration attenuation.

The HPF requirements, conversely, are much more difficult to

meet. This 1s because the nearby wall—clutter and other large
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clutter (i.e., high RCS obstacle) located between the radar sensor
and the wall can be much stronger than the target signal [4].
Because target is located at the rear of the wall, its amplitude is
largely attenuated through wall—penetration, as a result, its
amplitude is relatively small compared with such clutter. The radar
sensor requires a much higher—order HPF to fully reject this large
clutter.

In the following scenario, assume a conventional low—IF FMCW
architecture with a target located at Ry, a wall at Ay, and an
obstacle at Foc. The IF is fj and the chirp rate is Cgk. Then, the

beat—frequencies are calculated as follows:

. ZRT'CR
fT _f0+ c (3)
_ 2Rpc - Cp
foc=fot—— 5)

where c is the speed of light, /7 is the target’s beat—frequency, fw

is the wall’s beat—frequency, and foc is the obstacle’s beat—
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frequency. Thus, the order of a Butterworth—type HPF can be

determined to achieve a desired attenuation [10]:

log(10%Law—1)
2log Qyy

log(10%1Laoc—1)
zlﬂgﬂoc

N = maX{NW = N NOC = (6)

where N is the filter order, Ny and Noc are the filter order needed
to achieve the desired attenuation for wall—clutter and obstacle—
clutter, respectively, and Zaw and Laoc are the minimum

attenuations at 2wy and Loc

-c+ 2R, - C
-Qw:fo T LR

fo'C‘I’ZRw'CR (7)
and

fo *C + ZRT . CR
QOC — .

For an example, if an obstacle is 3 m, away, the wall is 6 m
away, the target 9 m away, the desirable level attenuation of the
wall, Law, is 20 dB, the desirable level attenuation of the obstacle,
Laoc, 1s 30 dB, the IF, £, is 10 MHz, and the chirp rate, Cy, 1s 800
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GHz/s, then Ny = 1,441.72 and Noc = 1,082.63. Consequently, a
1,442th—order Butterworth HPF should be chosen. It is not
plausible to implement such a high—order filter, so we must
increase both Qw and Qoc so the radar effectively rejects clutter
with a low—order filter.

Eq. (7) and Eq. (8) show that high £ or low Cr results in low

Qw and Qoc, and requires a high—specification HPF. Therefore, a

low fp or high Cr should be chosen to allow for a low—order HPF. Eq.

(7) and Eq. (8) also show that the maximum achievable values are
Qw = Ri/Rw, and Qoc = R7/Roc when the conditions meet fp+ ¢ < 2
Ry Cg and fo- ¢ < 2 Roc+ Ck.

Unfortunately, the maximum achievable Cr is limited because
chirping—control speed is limited by the device and by circuit
technology. The Cris 857 GHz/s in [3] and the Cgris 2000 GHz/s in
[4]. In this example, the filter order dropped to 121 when the Cyis
10,000 GHz/s. Even though the filter order dropped to 121, it is still
not plausible to implement such a high—order filter. Therefore, it is
preferable to set fy to zero or to very low; in particular, zero fp not
only provides the maximum achievable values of Qy and Qoc but
also breaks up the relationship between Cy and filter performance.
Thus, the best f» is zero from an HPF standpoint for suppressing

wall—clutter and obstacle—clutter. If 7 equals zero, Qw equals 1.5
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and Qoc equals 3.0 in the above example. Now a 6th—order
Butterworth HPF meets the specifications.

However, a 6th—order filter still entails a high implementation
cost. To further moderate the filter requirements, a delay—line can
be exploited, as shown in Fig. 7—(b). The delay—line decreases the
time—gap between a received wave and a chirp signal at mixer and,
thus, decreases all beat—frequencies uniformly unless the chirp
signal enters the mixer LO—port before the received signal enters
to the mixer RF—port. If the arrival time of the two signals is
reversed, the larger time—delay increases the beat—frequency
because negative beat—frequency folds to become positive. Hence,

Eq. (7) and Eq. (8) should be modified to:

2Ry —Tp - |
Q=7
and
|2Rr —Tp - ¢
Qoc=Hp 7
|2Roc p - cl (10)

where 7pis the time—delay at the delay—line. Eq. (9) and Eq. (10)

imply that a proper time—delay significantly increases Qw and, Qoc.
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Therefore, it is possible to implement a radar system that fully
attenuates short—range clutter with a low—order HPF.

The delay—line effect is shown in Fig. 8—(a), which depicts
how all the beat—frequencies are shifted. In other words, the ratio
of the target—beat—frequency to clutter—beat—frequency is
increased. As such increased ratio moderates filter specifications, a
low—order filter can also meet the attenuation specifications as
shown in Fig. 8—(b).

If there is not a large obstacle between the radar and the wall,
then the optimum time—delay is equal to (2Rw)/c. The Qw increases
to infinite, and a simple first—order HPF fully rejects wall—clutter.
If a large obstacle exists between the radar and the wall, a graphical
method can be used to determine the optimum time —delay.

To minimize the filter order, the optimum time —delay makes Ny

equal to Moc. Thus, based on Eq. (6), the following is derived:

oc = ﬂﬁ‘h (1D

_ log(10%ttaoc — 1)
where ~ log(10012aw — 1)

To find the optimum time—delay for Qoc = Qwa, a graphical
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method can be applied directly. The @ plots versus time-—delay,
then the Qoc = Qy point is found immediately. The graph in Fig. 9
shows how this works. In the graph, the meeting point between Qoc
(the blue line) and Qy” (the red line) represents the optimum time—
delay.

In this example, the optimum time—delay is about 28 ns. If we
choose a time—delay as 28 ns, the required HPF order is 3. Note
that the filter order, N, should be an integer so that the lowest
required filter order is 3.

Because the filter order should be an integer, the required filter
order remains 3 as long as the time—delay stays within the range of
23 ns to 29 ns. Thus, one is free to choose a time—delay from 23
ns to 29 ns. Notice the required filter order dropped dramatically
from 1,442 to 3.

A conventional zero—IF FMCW radar with 10,000 GHz/s chirp
rate generates beat—frequencies at 200 kHz, 400 kHz, and 600 kHz
from the 3 m obstacle, 6 m wall, and 9 m target, respectively.
However, the proposed FMCW radar generates beat—frequencies at
80 kHz, 120 kHz, and 320 kHz due to the 28 ns time—delay shifting
all the beat—frequencies. A third—order Butterworth HPF can be
designed to attenuate more than 30 dB at 80 kHz, more than 20 dB

at 120 kHz, and less than 3.0 dB at 320 kHz.



The optimum time-delay region = 23 nsec - 29 nsec
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Fig. 9. 2 vs. time—delay graph. Filter order to corresponding is also plotted.
(RT =9 m, RW= 6 m, Roc =3 m, LAW= 20 dB, LAoc = 30 dB, and CR =

10,000 GHz/s) [6].
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This has been verified via a system simulation using the
Advanced Design System (ADS) [11]. A simulation setup is shown
in Fig. 10. An ideal voltage source generates an ideal triangular
voltage (0—1 V with 400 ps up/down speed, at node A). Thus, the
ideal VCO generates a chirp signal (100 MHz-4100 MHz, at node B).
A splitter (SPL1) splits the signal two ways, sending one signal into
the LO—port of the mixer (MXR) and the other into another splitter
(SPL2). The SPL2 again splits the signal in two, one signal
representing clutter, and the other representing a target. These
signal delays corresponding to range. Time—delay components
(TD—2, TD—3) are used to represent a target and a wall or an
obstacle. TD—3 is set to 60 ns to represent a 9 m target, and TD—2
is set to 40 ns to represent a 6 m wall or is set to 20 ns to
represent a 3 m obstacle. The time—delay component (TD—1)
represents a delay—line used to moderate filter specifications. It is
set to 28 ns, which is the optimum delay for minimizing HPF order.
The optimum delay 1s obtained by using the provided design
methodology. The simulation results are shown in Fig. 11. When the
same power signals (target and clutter) are injected, the target
signal is decreased by 2.8 dB, the wall signal is decreased by 24.0
dB, and the obstacle signal is decreased by 36.4 dB. These results

show sound agreement with the theory.
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20 dB, and Lsoc = 30 dB) [6].

6m, Roc=3m, Law=

(R7=9 m, Ry
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32 - A2ty



Note that this is assuming the wall and the short—range
obstacle locations are already known or have been measured using
radar. Also, the technique discussed assumes the target is
stationary. Yet, the technique can be applied to a variety of
scenarios including moving target scenarios. In fact, as this
technique constantly shifts the beat—frequencies, the filtered—out
signals are only frequency shifted compare with the conventional
FMCW radars. Existing processing and algorithms for the
conventional FMCW radars (e.g., Doppler processing or Imaging
algorithms) can be applied to an FMCW radar with a delay—line
simply by compensating for frequency shifting.

Note that some FMCW radar has a finite antenna isolation with
a certain time—delay. In this case, a finite antenna isolation can be
understood as an obstacle (short—range clutter) in the given
example. Therefore, a high isolation between a transmit antenna

and a receiver antenna is desirable.
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2.3. Conclusion

In this chapter, a short—range clutter rejection technique 1is
proposed for wall—penetrating FMCW radar. This method requires
only the addition of a simple delay—line at the receiver LO—port to
control the time difference between chirp and received signals at
the mixer. It allows a low—order HPF to fully attenuate short—range
clutter. The wvalidity of this has been verified with a system
simulation. This study will help further the implementation of the

FMCW radar in wall—penetrating applications.
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Chapter 3.

FMCW radar with two PLLs and a digital controller

In this chapter, we proposes a novel frequency—modulated
continuous—wave (FMCW) radar to achieve high wall—clutter
rejection with a low—order high—pass filter (HPF). The proposed
radar has two phase—locked loops (PLL) and a phase controller.
One transmitter PLL generates a chirp signal for transmitting (TX
chirp) signal, the other a local—oscillator PLL generates a chirp
signal for mixing (LO chirp), and the phase controller control a
phase of a reference clock entering the transmitter PLL. When the
phase controller advances by a half—period of the reference clock,
the PLL tracks and locks onto the advanced reference clock, and
the TX chirp signal is advanced by a half—period of the reference
clock. If longer advanced time 1s needed, the above process
(advance, track, and lock) is repeated after PLL locking. In this
manner, long advanced time can be achieved with a fine time—
resolution. The use of appropriate advanced time decreases the
time—gap between a wall—reflection signal and the LO chirp signal,

and increases the ratio of target—beat—frequency to wall—beat—
= o3
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frequency. This enables a low—order HPF to fully attenuate wall—
clutter. Moreover, this technique decouples the relationship
between the wall’s distance and the HPF’s cut—off frequency. The
radar was implemented and measured. The wall was located at 1.5
m and the target was located at 3 m. The measured results show a
second—order HPF attenuates by more than 20 dB for the wall—
beat—frequency signal while it does not attenuate the target—beat—

frequency signal.
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3.1. Introduction

Within the recent years, wall—penetrating radar has gained
attention from researchers [1—3], [12]. Wideband frequency—
modulated continuous—wave (FMCW) radars are good candidates
for a high—resolution wall—penetrating detection radar [3], [12].
FMCW radar achieves high dynamic range by using a range —gating
filter at intermediate frequency or baseband to fully eliminate wall—
clutter. However, homodyne FMCW radars require a very high—
order high—pass filter (HPF) to fully eliminate wall—clutter when a
target is located behind and in close proximity to the wall [6]. To
overcome this problem, a delay—line is exploited in [6]; this delays
a chirp signal, which enters a mixer local—oscillator (LO) port (LO
chirp), and reduces the time—gap between a received signal and the
chirp signal. Consequently, the ratio of target—beat—frequency to
wall—beat—frequency increases and a low—order HPF fully

eliminates wall—clutter. It is equivalent to the transmitter chirp (TX

chirp) being time—advanced, as shown in Fig. 12 (where fr and £+’

are target—beat—frequency, and fw and fw’ are wall-beat—
frequency). Note that if the time—gap is zero, then the wall—beat—

frequency is zero.
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Fig. 12. TX chirp advanced effects. A TX chirp signal (dot—line, black), a
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and a conventional target signal (solid—line, red), a wall signal with
advanced TX chirp (dot—line, blue) and a target signal with advanced TX
chirp (dot—line, red) [15].

38



Delay—lines have been exploited in FMCW radars, to delay a
radio—frequency (RF) signal or LO signal [6—9]. However, delay—
lines in an RF signal path or LO signal path invoke several
problems: 1) A conventional long delay—line makes considerable
signal loss at a high frequency such as X—band or Ka—band [13]. It
additionally requires high—frequency amplifiers; 2) The line—loss
also introduces amplitude modulation due to the loss, depending on
frequency. Therefore, amplitude modulation increases as radar
bandwidth increases, representing a particular problem for high—
resolution radar. This amplitude modulation can lead to large side—
lobes near a target—beat—frequency [14]; 3) The delay—line
requires a large volume to produce a long delay. For example, to
achieve a delay of several hundred nanoseconds, a micro—strip line
of several meters long is required on a conventional substrate [13];
alternatively, a multi—layer substrate with additional process or
expensive process, such as surface acoustic wave (SAW) process,
is required [7]; 4) It is difficult to achieve a controllable delay, from
a short delay to a long delay, with a fine time-—resolution. It
requires abundant delay—lines, control circuits, and loss—
compensate circuits, resulting in a bulky system.

In order to remove true—time delay—lines in RF or LO path,
digital techniques can be used. These techniques create the original
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Then, the PLL tracks and locks onto the time—advanced clock. It finally
advances the time of the RF signals. In practice, the PLL requires some
cycles for locking [15].
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chirp and its replica entirely digitally. These radars have several
advantages. The amplitude and the phase distortions occurring
during the mixing process can be compensated by pre—distortion.
And it can be easily controlled. However, to generate high
frequency wideband chirp signals, it requires large power or
additional blocks such as multipliers. It increases costs and
complexity. Therefore, we propose a novel FMCW radar
architecture that employs two phase—locked loops (PLL) and a
phase controller, as shown in Fig. 13 and 14. One PLL generates a
chirp signal for transmitting (TX chirp) while the other PLL
generates a chirp signal for mixing at the mixer (LO chirp). The
PLLs share a reference clock, but the transmitter PLL input path
includes a digital phase—controller. When a digital phase control
function is activated, the controller advances the reference clock as
a half—period by generating one more edge and inversing the
following edges, as shown in Fig. 13. Each reference clock is
divided by two and compared to the corresponding PLL’s feedback
clock. When the phase controller invokes a half—period advance, the
transmitter PLL starts tracking. After some cycles, the PLL locks
onto the advanced clock, producing a corresponding advanced time
in the TX chirp. By repeating this process (advance reference, PLL

tracking and PLL locking), it is theoretically possible to produce an

s SR



infinite time—difference. In practice, due to the finite period of the
TX chirp and the LO chirp, the maximum time—difference is limited.
This method solves all of the above problems: It does not result in
any loss in RF or LO signals, nor produce any amplitude modulation
including wideband FMCW radars; does not require greatly
increased volume; and permits infinite time—delay with fine time—
resolution. The equivalent system is shown in Fig. 15.

This method allows a low—order HPF to highly attenuate wall—
clutter and also decouples the relationship between the wall’s
distance and the HPF’s cut—off frequency. The following sections
provide a more detailed description and measurement results.
Section 3.2 provides the design methodology, Section 3.3 provides

measurement results, and Section 3.4 presents the conclusions.
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3.2. Design methodology

In conventional homodyne FMCW radars that detect a target
behind a wall, a very high—order HPF should be imposed to fully
eliminate wall—clutter [6].

To moderates the HPF specification, a novel FMCW radar
architecture is proposed, as shown in Fig. 14. One PLL (TX PLL)
produces a chirp signal for transmitting (TX chirp) and a second
PLL (LO PLL) produces a chirp signal for mixing (LO chirp). If
there is a proper constant time—advance of the TX chirp compared
to the LO chirp, then the time—gap between the received signal and
the LO chirp decreases. Consequently, the beat—frequencies of the

wall and of the target decrease, which are calculated as follows:

R
fr=2=C c 7)Cr (12)
and

_ PRw

fw = (== (13)
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where /7’ is the target’s beat—frequency, fy’ is the wall’s beat—
frequency, Rr1is the target’s distance, Ky is the wall’s distance, cis
the speed of light, 7 is the time—advance, and Cy is the chirp rate.
Note that when the time—advance equals the time—of—flight of the
wall, ZRy/c, then the wall-beat—frequency goes to zero and a
simple first—order HPF or a DC block capacitor fully rejects the
wall—clutter.

As explained above, the two PLLs and the phase controller
allow for a specific time—shift. Note that time—shifting is quantized
with a specific time—resolution. A higher reference frequency
provides a higher time—resolution.

From the HPF standpoint, a high frequency is preferred to
achieve a very fine time—resolution, in order to reduce the wall—
beat—frequency to zero or a very low frequency. For example,
radar with a 25,000 GHz/s chirp rate detects a target located at 3 m,
and a wall located at 1.5 m. If the reference frequency is 10 GHz,
then the half—period is 50 ps. By repeating the half—period time—
advance function, the TX chirp has a 10 ns time—advance. Then, the
beat—frequency of the wall decreases to zero, and that of the target
decreases to 250 kHz. Then, a first—order HPF fully attenuates the
wall—clutter whereas it attenuates the target by less than 3 dB [10].

However, it is important to select an appropriate input reference
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frequency. Such a high frequency (10 GHz) increases the
complexity of the design and implementation of components for
phase—shifting, increases the costs and power requirement of
components, and makes it difficult to achieve a stable, high—quality,
low—cost reference source.

If the proposed technique i1s applied to a radar system
positioned at a specific location and with a fixed radar—wall
distance, the reference clock frequency is easily determined.
Because the distance is fixed, the time—of—flight of the wall and the
required time—advance can be precisely calculated as shown in Fig.
15. The time—resolution is chosen either by the equivalent of the
calculated wall time—of—f{light or the calculated value divided by an
integer. The period of the reference clock is set to double the
time—resolution. For example, if the radar—wall distance is 4.5 m,
then the time—of—flight is 30 ns. The time-—resolution can be
selected as 30 ns, 15 ns, 7.5 ns, etc. For time—resolution of 15 ns,
the period of the reference clock is 30 ns and the corresponding
frequency is 33.333 MHz.

If the technique is applied to non—fixed radars as shown in Fig.
16, the reference clock frequency should be determined more
carefully because the radar—wall distance is not fixed. For example,

radar that uses a 50 MHz reference frequency can dramatically
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reduce the beat—frequency of a wall at 1.5 m but not at 1.0 m.
In order to achieve the lowest HPF order, we must maximize
the ratio of target—beat—frequency to wall—beat—frequency, r, as

calculated below:

" 2Rr—1C
TZ_TZZRTi 0<r<2tw

fw w — TC for c (14)
__Tf_ ZRT—TC ZRW
=TT Rw _

fw TC€—2Ry for c " (15)
where T = TresN, (16)

Tres 1s the time—resolution and NV is an integer. The time—advance
is quantized because Nis an integer.

Because Eq. (14) is a monotonically increasing function, the
ratio increases as the time—advance increases unless the time—
advance does not exceed the time—of—flight of the wall. Otherwise,
the ratio decreases as the time—advance increases when the time—
advance exceeds the time—of—flight of the wall. Therefore, No or

Np + 1 is the optimum value and they meet the following conditions:
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_ TFIX +a
o« when N =Ny (17)

_ Trix + @ — Trgs

Tpps — @ when N =Ny +1 (18)

where 0 = @ < Tggs, (19)

Therefore, the maximum achievable ratio, ruay, 1s calculated as

follows:

. _ max(TFIX t+a Tpx+a— TRES)
MAX @ T —a (20)

’

where 7wy is the wall—target distance. Eq. (20) determines the
time—resolution or the reference frequency when the HPF order,
desired wall—attenuation, wall—target distance, and the bounds of
the radar—wall distance have been set. For example, if the
demanded ratio is above 4, the wall—target distance is 1.5 m, and
the radar—wall distance is within the range of 3 m to 4 m, then the
time—resolution is determined to be 5 ns and this is because, this
time—resolution always makes a ratio value greater than 4.2 in this

case.
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Fig. 17. HPF design methodology.
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Although Eq. (20) determines the time-—resolution or the
reference frequency, it requires some calculation to find the
optimum condition and reconfigurable HPF. The modified Eq. (21)
and Eq. (22) allow us know the lower boundary of the achievable
maximum ratio, ruax zow sounp, and determine a cut—off frequency,
feur orr, of the HPF independently, wherever the wall is located as

shown in Fig. 17.

TFIX

TMAX_LOW _BOUND — Tore
RES (21)

feur orr = Trix Cr. (22)

Note that in order to design an HPF with conventional FMCW
radars, the upper and lower bounds of radar—wall distance and
target—wall distance must be pre—defined. However, to design an
HPF with the proposed radar system, we only predefine a wall—
target distance. For example, when detecting a target located 1.5 m
behind a wall, in order to achieve the minimum ratio of 8, the time—
resolution is set to 1.25 ns. The HPF cut—off frequency is set to
250 kHz when the chirp rate is 25,000 GHz/s. In the above

condition, a second—order HPF with 250 kHz cut—off frequency can
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attenuate wall—clutter by at least 30 dB and attenuate target signal
by less than 3 dB in all cases where the wall—target distance
exceeds 1.5 m.

Note that 400 MHz is a good candidate reference frequency:
as 1t 1s not a particularly high frequency, many low—cost
commercial components available, including phase controller, while
the required filter order is only two, to attenuate wall—clutter more

than 30 dB where a target located 1.5 m from a wall.
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3.3. Measurement results

A radar is implemented to verify the proposed technique. A
reference clock is generated by an external signal generator. The
reference frequency is chosen as 400 MHz to achieve a 1.25 ns
time—resolution. An HMC988LP3E chip [16] is exploited to
advance the reference clock entering into a TX PLL. Two LMX2492
chips [17] are used to generate a 9.0—10.0 GHz chirp signal with
40 ps as rising and falling time. The generated TX chirp signal are
amplified and emitted by an antenna. The emitted chirp signals
propagate in free—space and are reflected by a wall and a target.
The reflected chirp signals are amplified and entered into the mixer
RF port.

When the LO chirp enters the mixer LO port, the mixer
produces a beat—frequency corresponding to the time—gap between
the LO chirp and the received signal. The produced beat—frequency
signal passes a second—order HPF with a 220 kHz cut—off
frequency, and 1s measured by a spectrum analyzer
(MS2830A[18]). Note that any low—pass filter (LPF) was not
implemented in the final system for the test. However, the mixer

and the spectrum analyzer act like the LPF. The mixer attenuates
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results (red) [15].
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high—frequency signals such as the sum signal generated during the
mixing process. And the spectrum analyzer eliminates out—range
frequency signals.

The test was performed in a room. A wall and a target were
located at the middle of the room as shown in Fig. 18. Before the
measurements, the radar was calibrated. After calibration, the
beat—frequencies were measured by the spectrum analyzer. After
that, time—shifting was performed and the beat—frequencies were
measured by the spectrum without HPF and with HPF. The

measured results are shown in Fig. 19.

The wall was located at 1.5 m and the target was located at 3 m.

The corresponding beat—frequencies are 250 kHz and 500 kHz with
the chirp rate 25,000 GHz/s. After radar calibration process, the
measured wall—beat—frequency was 250.8 kHz and the target—
beat—frequency was 500.2 kHz. The measured powers were —
33.575 dBm and —27.346 dBm, respectively. After the TX chirp
time—shift, the beat—frequencies were measured without HPF and
with HPF. In the case without HPF, the measured wall—beat—
frequencies were 37.4 kHz and 62.6 kHz. The measured powers
were —31.679 dBm and —36.31 dBm, respectively. The target—
beat—frequency was 287.6 kHz and the power was —26.073 dBm.

In the case with HPF, the measured wall—beat—frequencies were
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36.8 kHz and 62.8 kHz. The measured powers were —60.623 dBm
and —55.842 dBm, respectively. The target—beat—frequency was
287.6 kHz and the power was —26.075 dBm. Note that the wall—
beat—frequency signal is attenuated by more than 20 dB while the
target—beat—frequency signal is not attenuated by the second-—

order HPF.
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3.4. Conclusion

In this chapter, we propose a novel FMCW radar that strongly
attenuates wall—clutter with a low—order HPF by utilizing two PLLs
and a phase controller. Additionally, this technique decouples the
relationship between the radar—wall distance and the HPF’s cut—off
frequency. To design an HPF with the proposed system, we only
predefine the wall—target distance when a chirp rate and desired
wall attenuation are set. The proposed system allows for the use of
radars in diverse environments. The measurement results show
that a second—order HPF attenuates by more than 20 dB for a wall
located at 1.5 m and does not attenuate for a target located at 3 m.
The proposed radar is highly appropriate for wall—penetrating

detection applications.
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Chapter 4

Conclusion

This thesis proposes a novel frequency—modulated
continuous—wave (FMCW) radar architectures for through—the—
wall radar applications. By combining a delay—line technique and a
novel FMCW radar architecture with a low—frequency digital
control technique, a low—order high—pass filter (HPF) fully
attenuates wall—clutter. Additionally, this technique decouples the
relationship between the radar—wall distance and the HPF’s cut—off
frequency. Therefore, the proposed techniques allow for the use of
wall—penetrating radars in diverse environments.

The measurement results show that a second—order HPF
attenuates by more than 20 dB for a wall located at 1.5 m and does
not attenuate for a target located at 3 m. The proposed radar is
highly appropriate for wall—penetrating detection applications.

Also, this architecture can be modified to develop new
instruments such as “range—profile—analyzer”. Thanks to the
reconfigurability of the time—gap between TX chirp and LO chirp,

the range scan function can be achieved.
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The proposed digital—based time—gap control technique is also
applied to other system such as a FMCW radar for altimeter

application or a FMCW radar with a very low antenna isolation.
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Appendix A

A wideband DC block design for wideband radar

applications

This chapter proposes a wideband compact DC block design
technique. This DC block has a wide pass—band and wide stop—
band and transforms termination impedances. It comprises a pair of
coupled lines on a defected ground structure (DGS) with capacitor
loading. A periodic DGS pattern increases coupling, and,
consequently, a wideband DC block design is allowed with a
microstrip process on a high dielectric low height substrate. A DC
block with equal termination impedances of 50 © and another that
transforms 50 into 30 Q are fabricated. The measured fractional
bandwidths are 48% and 47%. The size of the DC block is 16.8 X

15 mm? (0.05740 X 0.05140).
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Appendix A.A Introduction

For supporting wideband radar applications, a compact size
wideband DC block is required. At the same time, a DC block with
an impedance transforming characteristic is required to eliminate an
additional matching network for noise matching of an LNA or power
matching of a PA [19-20]. In addition, a wide stop—band
characteristic is desirable for the receiver design [21]. In previous
works, a cymbal type DC block was proposed for a wideband DC
block [22]. However, [22] this does not provide an exact DC block
design equation and a design method for different termination
impedances. Distributed coupled DC block design equations for
equal and different termination impedance are provided [23], but
the length of the coupled line is fixed at a quarter —wavelength;
therefore, this DC block has a long length [20], [23]. Spurious
frequency also occurs at the third—harmonic frequency. These
problems were overcome in [24]; however, the structure in [24]
requires grounded coupled lines or series inductors. The grounded
coupled lines cannot be used for DC blocks. The series inductor is

an unattractive component because it generally has a poor quality
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Fig. 20. The proposed DC block. (a) Overall—view, (b) top—view, and
bottom—view [25].
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factor and its maximum value is limited in fabrication [23].
Moreover, the bandwidth is limited because the maximum mutual
coupling coefficient is restricted by a given substrate and microstrip
process [23]. It becomes more problematic when using a high
dielectric, low height substrate for compact DC block design.

In the present study, a defected ground structure (DGS) is
exploited to overcome these problems. A periodic DGS not only
makes a slow wave but also enhances coupling between a pair of
coupled lines. A slow wave allows a compact DC block design, and
an enhanced coupling coupled line allows a wideband DC block
design on a high dielectric low height substrate. Capacitance loaded
transmission lines and DGS slots are also exploited to attain a more
compact DC block and to increase stop—band.

A periodic DGS, transmission lines and the loading capacitors
are modeled by two resonators with enhanced coupling (J2)
compared with conventional structure. Therefore, if we assume the
notch slots have little effect on pass—band operation, then the
general second order filter design equation can be directly applied,
and this filter design equation allows us to know all the design
parameters when the termination impedances, bandwidth, and the
filter type are determined. The proposed DC block is shown in Fig.

20 and the equivalent circuit is shown in Fig. 21.
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Appendix A.B Analysis and design

For a wideband DC block design, a high coupling structure is
needed. In [26], a large square aperture structure is proposed to
enhance the coupling. However, this increases the circuit size due
to its high wave propagation velocity. In this study, we focus on a
periodic square DGS pattern to enhance the coupling while
decreasing wave propagation velocity for a compact DC block.

DGS patterns are normally used to achieve a filtering effect or
slow wave effect. However, in this study, we focus on a periodic
DGS pattern to increase the coupling between two coupled lines.
This DGS pattern makes the larger the difference between the
even— and odd—mode impedance. Consequently, it increases
coupling between two coupled lines. A square DGS pattern is
considered a suitable pattern; due to its layout shape that allows
several slots to be easily inserted in restricted area, and the width
and length of the slots to be easily adjusted. Therefore, slow wave
factor and coupling magnitude are controlled with ease.

For more compact size DC block design, a capacitance loading
technique is adopted. It helps to decrease the transmission line

length and expand the stop—band [27]. However, stop—band
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expansion 1s limited due to the loading capacitor value being
restricted by its size. Therefore, the notch slots are also used for
stop—band expansion. These slots act like a notch filter. Folded
type slots are used to design a compact size DC block.

For a proposed DC block implementation, first, we investigate
the characteristic impedance Zp and the electric length 6 of the
transmission line on a periodic DGS slots. It can be carried out by
an EM simulation.

Second, we obtain loading capacitor values. The capacitance of

the patch, C;, is determined by

(23)

where /o is the center frequency. C2is also determined using
the same equation.

Third, we decide the initial parameter. The following
design equations can be used for determining the 1nitial

parameter values.

_ b
FBW, (24)
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@ FBW, (25)
M. = FBW
1z — T —

V8192 (26)

where gy, g1, g2 and g3 are the low—pass prototype parameters,
given for a normalized low—pass cutoff frequency Q.= 1, &;, and @2
are the external quality factors of the resonators, FBW is the
fractional bandwidth, and A/;2 is the coupling coefficients between
the resonators. DC blocks have the same operation if these initial
parameters are same. This implies that impedance transform can be
achieved by meeting these initial parameters.

Due to the external qualify factor of each resonator being
proportional to the termination impedance, when the termination
impedance is lower, the transmission line width of the resonator
with lower termination impedance must be extended for increasing
susceptance slope. In the opposite case, the line width must be
shrunk.

Finally, we insert DGS notch slots, which are shown in Fig. 16.
These slots increase the stop—band. These notch slots are modeled
by a series connected parallel resonators. A bent—slot is used to

reduce the area of the circuit. The total length of the notch slots, L.
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+2L5 + 2Ls is equal to A noer/2, where A aoen 1s the wavelength at
the notch frequency. The simulated results (50—50 &£ terminated
DC block with/without slots) show that the stop—band (S2; 20dB
attenuation reference) is extended to around 850 MHz, which
corresponds to 85% of the center frequency.

The proposed DC block has a large ratio of notch—band
frequency to pass—band frequency due to its use of the periodic
DGS pattern and capacitance loading. Therefore, these notch slots
rarely affect pass—band operation. However, in case these notch
slots significantly affect pass—band performance, a physical
parameter modification and optimization step is required to meet the

bandwidth.
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Appendix A.C Implementation and measurements

The feasibility of the proposed wideband DC block is verified
through measurements of a design consisting of one DC block with
50 &£ to 50 &£ termination impedances and another one
transforming 50 into 30 £ at the center frequency of 1 GHz. They
are fabricated on a high dielectric, low height, highly lossy substrate
(FR—4 substrate, with & = 4.6, H = 0.2 mm and tan ¢ = 0.25).
The design parameters are shown in TABLE 1. The fabricated
circuits are shown in Fig. 22, and the simulated results are
compared with the measured ones in Fig. 23. The simulation and
measurement results are well matched in both cases. The measured
So;s are —0.79 dB and —0.91 dB around the center frequency, and
the 3—dB bandwidths are 0.80—1.29 GHz and 0.806—1.286 GHz
(48% and 47%), respectively. The proposed DC block accomplishes
wideband performance and the corresponding coupling coefficient
on a high dielectric, low height substrate and the gap (Gi) of two
coupled lines is wide (0.8 mm). It implies that the proposed
structure has successfully solved the coupling strength problem.
The insertion loss looks slightly high, since an FR—4 substrate is a

highly lossy material. The size of the proposed DC blocks are 16.8
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(d)

Fig. 22. The fabricated DC blocks. (a), (c) : 50 and 50 £ terminated DC
block top and bottom view. (b), (d) : 50 and 30 £ terminated DC block top
and bottom view [25].
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Fig. 23. The simulation and measurement results: 50 and 50 £ terminated
DC block and 50 and 30 £ terminated DC block [25].
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TABLE I. Design parameters

Unit - mm 50 - 530 € terminated 50 - 30 Q terminated
W1 0.15 0.15
W2 0.15 0.6
Li 12.8 12.8
G 0.8 0.8
W3 3.75 3.75
Wi 3.75 5.15
L 4 4
Ws 0.52 0.52
Ls 4 4

Wes=W7=Wjs 0.15 0.15
La 15 15
ILs 3.15 3.15
Ls 2.15 2.15

TABLE II. Comparitve summary about the bandwidth, size, impedance
transformation, filter type and gap (G;) of DC blocks

FBW Size Impedance gap
Filter type
(%0) (Ag X Ag)* transformation (mm)
This 0.057%
47 O Butterworth 0.8
work X 0.0514
Ref. 0387y Not
10 X 0.37
[22 X 0.1344 Specified
Ref. 0.008%y,
50%* O Butterworth 0.25
[23] X 0.17hg
Ref. 0.2375 Not
9.2 Not Specified Chebyshev
[24] X 0.169 Specified

* ) 1s the wavelength in the free space at the center frequency.
** FBW is estimated by figure.
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X 15 mm? (0.05740 X 0.05110), where Ag is the wavelength in the
free space at the center frequency. TABLE II gives a summary

about the bandwidth, size, impedance transformation, filter type and

gap of DC blocks.
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Appendix A.D Conclusion

In this chapter, we have introduced a new DC block structure. It
has wide pass—band, wide stop—band, and an impedance
transforming property with compact size. This structure
successfully overcomes the coupling strength problem by exploiting
a periodic DGS. One DC block with equal termination impedance and
another with unequal termination impedance were fabricated and
measured. They have 48% and 47% fractional bandwidth,
respectively. The measurement results tally with the simulation
results. The proposed DC block 1is appropriate for compact
microwave components and monolithic microwave integrated

circuits (MMICs).
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Appendix B

Detailed FMCW radar components in chap. 3

Appendix B.A High-pass filter

In the measurement, a second—order HPF was used to
attenuate wall—clutter. The implemented filter was Butterworth
type HPF with 220 kHz cut—off frequency. Theoretically to realize
the HPF, a 28.17 xH shunt inductor and a 11.27 nF series
capacitor are required. And the HPF measurement responses should
be reciprocal, because the HPF is passive network.

However, the whole block’s responses can be changed and not
be reciprocal because the mixer’s responses can be changed related
with its load impedance. Therefore, the mixer’s load impedance
should be considered, when the user adopts the response variation
mixer related with its load impedance.

In the proposed radar implementation, a 30 ¢ H shunt inductor
and a 12 nF series capacitor were used accounting with the mixer’s
response. The Fig. 24 shows frequency responses. The filter

frequency responses (black and red) show a reciprocal
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Fig. 24. Measurement results. Filter only response (black and red) and filter
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characteristic. However, the filter with mixer frequency responses
(blue and green) show not a reciprocal characteristic. Therefore,
when design the HPF, consideration of the mixer’s responses
variation depending on its load condition (i.e. HPF’s input
impedance) is important.

The measurement results show that a filter with mixer
combined block has 220 kHz cut—off frequency when the mixer’s
load is connected with shunt inductor firstly. Therefore, the
consideration of a mixer’s response variation is important when the
user uses a response variation mixer depending on its load

condition and the mixer is connected with the filter directly.
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Appendix B.B Chirp source

In short—range FMCW radar applications, not only chirp source
frequency linearity but also its amplitude and phase noise are
important.

The chip, LMX2492 [17], is used as a chirp source. This chip
provides high speed chirp function with a high performance. The fig.
25 shows that a phase noise of the PLL provided from the
manufacturer [17]. This figure shows that the phase noise is
approximately —97.9 dBc/Hz at 1 kHz, —106.3 dBc/Hz at 10 kHz, —
111.5 dBc/Hz at 100 kHz, and —115.5 dBc¢/Hz at 1 MHz when the
center frequency was 4.8 GHz.

The phase noise was measured at 9.8 GHz with an external sine
input source. The measured value was approximately 10 dB worse
than the provided data sheet which was measured at 4.8 GHz. The
measured phase noise was aprroximately —84 dBc/Hz at 1 kHz, —
92 dBc/Hz at 10 kHz, —92 dBc/Hz at 100 kHz, and —102 dBc/Hz at
1MHz.

The measured amplitude is shown in fig. 26. The output varies
within —2.6 dBm to 0.5 dBm in range of 9.0—10.0 GHz. Other
components such as an amplitude limiter and frequency divider can

decrease the amplitude variation.

39 .__:Ix_s _'q.;:-' ok



0 MHz
40 MHz

Fig. 25. Phase noise of the PLL [17].
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Fig. 26. Output power of the PLL.
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The required frequency linearity, phase noise and amplitude

uniformity are determined by operation scenario.
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