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LOW-COST PERIMETER INTRUSION RADAR DEVELOPMENT
ABSTRACT

In this thesis, a very low-cost perimeter intrusion radar system is developed by using X-Band
Microwave Motion Sensor Module called HB-100. When the 5-Volt input supply voltage of
the sensor was modulated with a triangular wave, a 3 MHz difference in output frequency
between 10525 - 10528 MHz was detected, which means that the sensor can be used as an
FMCW radar and the distance information of the stationary target can be obtained. In Perimeter
Intrusion Detection Systems (PIDS), it is essential to know not only the intrusion in the
protected area but also the distance of the intruders. Civil application radars, which can detect
people from distances of more than 1 kilometer, can be purchased with a very high budget.
However, using the sensor’s internal receiver and the designed external lens, one kilometer
away target can be detected at a much cheaper cost. The development of low-cost radar is a
very innovative issue due to the lack of civilian PIDS that can detect people beyond kilometers.
Also, by operating a Doppler radar sensor, which can be obtained for less than 5 USD as an
FMCW radar, it will be possible to detect people from long distances and save a hundred or
even thousand times of budget. The target detection range is an essential concept in PIDS. Lens
specifications designed to increase target detection range are given. Theoretical calculations of
the maximum range for the sensor’s internal receiver and external lens have been made. It has
been calculated that the maximum range is increased approximately ten times with the
externally designed lens. Besides, according to the specified characteristics of the sensor,
calculated and simulated Intermediate Frequency (IF) - range relationship is presented. The
calculated and simulated values were confirmed by laboratory measurements, and results

graphics are presented.

Keywords-Perimeter Intrusion Radar; FMCW Radar; HB-100 Motion Sensor; Low-Cost Radar

Sensor



DUSUK BUTGELI GEVRE SALDIRI TESPIT RADARI GELISTIRILMESI
0z
Bu tezde, HB-100 adi verilen X-Band Mikrodalga Hareket Senséri Modulu kullanilarak ¢ok
disik maliyetli bir gevre saldiri tespit radar sistemi gelistirilmistir. Sensoériin 5 Volt giris
besleme gerilimi bir (iggen dalga ile modiile edildiginde, 10525 - 10528 MHz arasindaki ¢ikis
frekansinda 3 MHZz'lik bir fark tespit edildi, bu da sensoriin FMCW radari ve mesafe bilgisi
olarak kullanilabilecegi ve sabit hedefin mesafe bilgisinin elde edilebilecegi anlamina gelir.
Cevre Saldiri Tespit Sistemlerinde (CSTS), yalnizca korunan alandaki izinsiz girisleri degil, ayni
zamanda izinsiz girenlerin mesafesini de bilmek 6nemlidir. 1 kilometreden fazla mesafeden
insanlari tespit edebilen sivil uygulama radarlari ¢ok yiksek bir bitge ile satin alinabilir.
Bununla birlikte, sensoriin dahili alicisi ve tasarlanan harici lens kullanilarak, bir kilometre
uzaktaki hedef c¢ok daha ucuz bir maliyetle tespit edilebilir. Dusik maliyetli radarin
gelistirilmesi, kilometre 6tesiinsanlari tespit edebilen sivil CSTS eksikligi nedeniyle ¢ok yenilikgi
bir konudur. Ayrica, 5 USD'nin altinda bir fiyata elde edilebilen bir Doppler radar sensériniin
bir FMCW radar olarak galistirilmasiyla, insanlari uzun mesafelerden tespit etmek ve biitgeden
ylz hatta bin kat tasarruf etmek mimkin olacaktir. Hedef tespit menzili, CSTS’ de 6nemli bir
kavramdir. Hedef tespit menzilini artirmak igin tasarlanmigs lens 6zellikleri verilmistir. Sensérin
dahili alicisi ve harici lensi icin maksimum menzilin teorik hesaplamalari yapilmistir. Harici
olarak tasarlanan lens ile maksimum menzilin yaklasik on kat arttigi hesaplanmistir. Ayrica
sensoriin belirlenen 6zelliklerine gére hesaplanan ve simiile edilen Ara Frekans (IF) - menzil
iliskisi sunulmustur. Hesaplanan ve simiile edilen degerler, laboratuvar o6lgimleri ile

dogrulanmis ve sonug grafikleri sunulmustur.

Anahtar Kelimeler: Cevre Saldiri Tespit Radar; FMCW Radar; HB-100 Sensor; Diisiik Biitgeli

Radar Sensor
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NOMENCLATURE

Roman Letter Symbols

R Range, m

c Speed of light, m/s

fv Beat frequency, Hz

fc Center frequency of transmitted signal, Hz
fd Doppler frequency, Hz

frx Transmit frequency, Hz

frx Receiver frequency, Hz

T, Triangular signal period, s

|78 Relative speed of the target, m/s
P Power of transmitter, W

Pr Received Power, W

o Radar Cross Section, m?

Ss Scattered power density

Si Incident power density

Py Noise Power, W

ky Boltzmann’s constant (1.38x10-23 Ws/K),
T, System noise temperature

B Bandwidth, Hz

A Wavelengths

N,, Number of wavelengths

Apxe Total angle of excursion

W Angular frequency

¢ Phase angle



Doppler frequency

Relative velocity

Chirp start frequency

Chirp duration

Slope

Transmitted Power,

Transmit Antenna Gain,

Receive Antenna Gain,

Wavelength of Radar Signal,
Boltzmann’s Constant (1.38 x 102 J/K),
Absolute Temperature of The Receiver Input (290 °K),
Noise Factor

Horizontal Beamwidth

Vertical Beamwidth

Diameter of The Internal Antenna
Diameter of The Designed Lens
Beamwidth of The Internal Antenna
Beamwidth of The System with The Lens

Minimum Aperture Width

Range Resolution

Greek Letter Symbols

Propagation Delay
Bandwidth, Hz

Etendue



Subscripts
max
min
Acronyms

PIDS
EO
FMCW
RF

Cw
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SNR
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DRO
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Maximum

Minimum

Perimeter Intrusion Detection Systems
Electro - Optical

Frequency Modulated Continuous Wave
Radio - Frequency

Continuous-Wave

Radar Cross Section

Signal to Noise Ratio

Intermediate Frequency

Analog to Digital Converters

Dielectric Resonator Oscillator

International Telecommunication Union
Low - Pass Filter
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CHAPTER 1
INTRODUCTION

1.1 General Overview

Perimeter Intrusion Detection Systems (PIDS) are a crucial part of most physical security
systems. The protection of critical infrastructure is a growing concern within the high-security
sensitive areas. Recently, PIDS have been widely used for critical infrastructure protection such
as border security, government building security, airport security, railway and oil pipeline
security, wide-area surveillance, etc. Radar, Electro-Optical (EO), acoustic, etc. sensors can be
used for PIDS according to the requirement. Radars are generally used for these systems, and
they are indispensable in integrated systems. In PIDS systems, it is essential to know not only
the intrusion in the protected area but also the distance of the intruders. In most civilian
applications, the target’s distance from the radar is ignored due to the budget. FMCW
(Frequency Modulated Continuous Wave) radars must be used to determine the distance to the
target. The cost of these radars, which are more complex than other simple sensors, is higher
than other simple radars such as Doppler radar. At this point, obtaining FMCW radar with low
cost draws attention as an innovative and useful issue. Besides, there is no low-budget radar
developed for civil applications that can detect people from long distances beyond kilometers
and provide distance information of the detected person. The use of existing military radars in

civilian applications is not cost-effective, and military systems are challenging to obtain.

The main reason why radars are preferred more than other sensors in PIDS is that they are not
affected by weather conditions and climatic conditions. In addition, due to the low atmospheric
attenuations of radars, target detection distances are higher than cameras and other systems. In
figure 1.1 below, atmospheric losses in different weather conditions such as rain, fog, and
ambient conditions are shown. Since the radar sensor used in this thesis operates in X-band,
attention should be paid to the 10 GHz part in the graph. When the relevant section is examined,
it is seen that atmospheric attenuations at 10 GHz are relatively low compared to other

frequency values.
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Figure 1.1 Calculated Atmospheric Attenuation in the IR band [1]

1.2 The Aim of Study and Motivation

In this thesis, it is aimed to develop a low-cost Perimeter Intrusion Radar (PIR) by using X-
Band Microwave Motion Sensor Module called HB-100. However, the distance information of
the detected target cannot be obtained with this low budget doppler motion radar sensor.
Therefore, our primary motivation in the thesis is to use the HB100 Doppler radar sensor as a
Frequency Modulated Continuous Wave (FMCW) Radar. Thus, it is aimed to show that the

distance information of the target can be obtained.

Besides, the point to be emphasized is that civil application radars, which can detect people
from distances of more than 1 kilometer, can be purchased with a very high budget. However,
using the sensor’s internal receiver and the designed external lens, one kilometer away target

can be detected at a much cheaper cost.

The development of low-budget radar is a very innovative issue due to the lack of civilian PIR
systems that can detect people beyond kilometers, and the existing military systems cannot be
provided due to a very high budget. Also, by operating a Doppler radar sensor, which can be
obtained for less than 5 USD as an FMCW radar, it will be possible to detect people from long

distances and save a hundred or even thousand times of budget.



1.3 Organization of Thesis

This thesis consists of six chapters, as follows:

Chapter 1 includes general overview sections where general PIR systems are introduced; after
that, the aim of the thesis and organization of the dissertation are explained. Lastly, the literature

review is presented.

In Chapter 2, the basic radar theory is introduced. The doppler radar and FMCW radar theory
are explained in detail. Other theoretical issues related to radar systems that constitute the basis

of the thesis and are useful to know are presented.

In Chapter 3, the experimental setup, including the X-Band Microwave Motion Sensor
Module, called HB100, and the designed external lens is introduced. The sensor’s internal
antenna parameters and designed external lens parameters have been explained. Calculation of
antenna gain according to antenna azimuth and elevation beamwidth is explained. Besides, the
conservation etendue principle, which increases the antenna gain by decreasing the antenna

beamwidth, was described.

In Chapter 4, Theoretical calculations were made for the maximum detection range. Antenna
gains were calculated according to whether an external lens is used or not in the system.
Maximum Range and beamwidth values were calculated for all situations according to the

determined antenna gains.

In Chapter 5, measurements and results are presented. In this context, the relationship between
IF and range was calculated and simulated. The frequency of IF was calculated and simulated
for 1,2,5,10,20,50,100,200,500 and 1000 meters, respectively. Expected and Simulated
Maximum IF values were obtained as a result of the Matlab simulation. And also, The data
obtained in the test setup in the laboratory were processed, and it was shown that the theoretical

calculations were consistent in practice.

In Chapter 6, the conclusion and future works are described. It is explained that the theoretical
calculations, simulations, and laboratory tests made with the designed system parameters are
consistent. In addition, improvements to be made in order to use the system in real applications

are explained in the future works section.



1.4 Literature Review

The history of perimeter protection is based on building fences. That primary concept evolved
into perceiving activity along the fences using a variety of sensors [2,3]. Nowadays, it is not
enough to build a fence, but it is also necessary to provide fence security with various
precautions. A wide variety of sensors are available to mount on a fence, as well as many
different types of Infrared, radar, Electro-Optical (EO), acoustic sensors, etc. Among them,
radars are more preferred because they are not affected by weather and light conditions [4]. In
addition to single-sensor systems, there are also integrated perimeter security systems using
both camera and radar technologies with sensor fusion techniques [4,13]. In those systems, in
order to decrease false alarm rate, target tracking and object recognition algorithms have been
studied, and radar - EO sensor fusion techniques are applied [5,7]. Although optical equipment
is efficient, changes in lighting and weather conditions reduce the system performance. For
these reasons, radar systems are more widely used for perimeter intrusion detection systems
[6]. In addition to detecting targets with radar, distance information of the target is also
important. Hence, Frequency Modulated Continuous Wave (FMCW) Radar is used for distance
information of the target. [9,13,15,16]

In this study, a very low-cost perimeter intrusion radar system is developed by using X-Band
Microwave Motion Sensor Module called HB-100. Although this sensor is a Doppler radar
module, we used this sensor as the FMCW Radar, which provides distance information of the
target. Civil application radars, which can detect people from distances of more than 1
kilometer, can be purchased with a very high budget. However, using the sensor’s internal
receiver and the designed external lens, one kilometer away target can be detected at a much

cheaper cost.



CHAPTER 2

BACKGROUND

2.1 Radar Systems

Although the scope of the thesis is related to the FMCW radar, the basic radar concept must be
understood to evaluate the performance of the developed radar. As shown in Figure 1, the
Radio-Frequency (RF) signal is transmitted to the object, and scattered power from the object
called an echo signal, is received with radar. The radar system uses this echo signal to specify

the velocity, direction, and distance of the reflecting target.

REFLECTING TARGET

Figure 2.1 Radar Operating Principle

According to the number of antennas, radars are separated into two as monostatic and bistatic.
Although the number of antennas used is different, the general radar equations are almost the
same for both types. If the radar system has two antennas, that is, bistatic radar, the antenna
gain is expressed in Gt and Gr Where Gt and Gr are the gain of the transmitter and receiver

antennas. Since monostatic radar systems have a single antenna, the transmitter and receiver



antennas are only expressed in G. In general radar equation, the power density (watts per unit

area) at a distance R can be calculated with equation 2.1.

PG (2.1)

Py(R) = AnR?

where Pt is the power of the radar transmitter, G is antenna gain. The received power (Pr),
which is dependent on the power density at the receiving site and the effective antenna aperture

at the receiver, can be calculated as given in equation 2.2.

PG 2 (2.2)
R~ Tan)3r+’

where ¢ is Radar Cross-Section, which is an expression of how perceptible an object is by radar,
and it is expressed in square meters. In this dissertation, since PID radar development is
intended, it is crucial to determine the RCS values of possible targets. RCS is calculated as

given in equation 2.3.
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Figure 2.2 RCS Illustration



S 2.3
o = lim 47R?= (2:3)

R—o0 i

where Ss is scattered power density, and Si is incident power density. In the radar equation,
system losses should be taken into account in order to calculate the maximum range. Hence,

Signal to Noise Ratio (SNR) can be calculated as given in equation 2.4.

P 2.4
SNR = -2 (24)

where Pn denotes the noise power, and it is expressed by the thermal noise, which is

presented in equation 2.5.
Py = kpTsB (2.5)

In the equation given above, k,, is Boltzmann’s constant (1.38x10% Ws/K), T is the system
noise temperature and S is the instantaneous receiver bandwidth in Hz. If the Py value is

substituted on equation 4, (SNR) can be calculated as given in equation 2.6.

oPrG?A? (2.6)
(4m)3R*k, T,

SNR =

From the equation above, the range formula in equation 2.7 is obtained.

+| oPG222 (2.7)
k= [@oirp

On the perimeter security radar, the target is usually human, vehicle, animal, and so on.
Therefore, the radar should be capable of detecting human and other potential threats. Since x-
band radar is used in my laboratory measurements, table 3 below presents the RCS values of
point-like targets in the x-band for perimeter security radars [16].



Targets RCS [m2] RCS [dB]
bird 0.01 -20
man 1 0
cabin cruiser 10 10
automobile 100 20
truck 200 23
corner reflector 20379 43.1

Table 2.1 RCS for Typical Targets at X-band [16]

The classification of radars, according to the waveform, can be seen in figure 2.3 below. The
radar sensor used in this thesis is called X-band since it has a transmit frequency of 10.525
GHz. IEEE Standard Letter Designations for Radar Bands Used by the EESS Community and
Their Comparison to the ITU (International Telecommunication Union) Allocations are

presented in appendix A.

Since the HB100 sensor operating in X-band is a continuous wave doppler radar, the CW radar
will be explained first. Then FMCW radar and signal processing theory, which is the main
scope of the thesis, will be detailed. As mentioned earlier, the main focus of the thesis is to run
the doppler radar in the FMCW form; the FMCW theory will be explained in detail.



Radar

[ Continuous Wave (CW) ] [ Pulsed Wave (PW) J

Frequency Modulated
Continuous Wave (CW)

[ Noncoherent ] [ Coherent ]
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Figure 2.3 Classification of Radar System by Waveform [17]



2.2 Theory of CW Radar

Continuous-Wave (CW) radars transmit signals and receive the reflected signal from the target
in an operating frequency. CW radars are based on the Doppler effect that changes the
frequency of waves by moving the target relatively to the transmitter. Using the Doppler signal,
the speed of the target can be calculated, but the distance of the target cannot be determined.
The structure of the CW radar is presented in figure 2.4.[13] RF is generated in the oscillator,
and it is transmitted by the transmitter antenna. The reflected signal is received by the receiver
antenna, and then transmitted and received signals are given to the 1/Q demodulator. The
modulator mixes the transmitted and received signals by mixing shifted by 90 degrees
transmitted wave and received wave. Signals from the 1/Q demodulator are amplified and given
to Analog to Digital Converters (ADC). The signal is now available for the application of

different signal processing algorithms on the ADC output.

Oscillator Tx

= Ps
7
M2 4
Amp —i Rx

< < e e PR
J\III:(T} 1.PF —
LPF V¥
).
< ko < }Ql 2o|€ |®K

Signal
processing
ADC
3

Amp
I/Q demodulator

Figure 2.4 Structure of CW Radar Systems

Since the sensor used in the thesis is essentially a doppler radar sensor, the doppler radar is
described in detail in the CW radar subheading. In the Perimeter Intrusion Radar Systems, it is

necessary to explain the Doppler effect since the target is usually not stationary.
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2.2.1 Doppler Radar and Velocity Calculation

Doppler radar was discovered by Christian Doppler in 1842. In a radar system, if the observed
object is not stationary, the frequency of the received signal will be shifted from the frequency
of the transmitted signal, known as the doppler effect, which is illustrated in figure 5. If the
object moves towards the radar, the frequency of the received signal will increase. Similarly, If

the object moves away from the radar, the frequency of the received signal will decrease.

Doppler effect

Vs

*—-.....—; @

Source Observer

Figure 2.5 Doppler Effect [18]

The total distance between the radar and target is 2R because of the radar transmits a signal and
receives an echo signal in a two-way communication path. The number of wavelengths (N,,),

which are between the radar and target in 2R distance equal to equation 2.8.

2R (2.8)

where N,, is the total number of wavelengths, R is the distance between radar and target, A is

wavelengths. A is corresponding to an angular excursion of 2z radians. Hence, the total angle

11



of excursion that caused by an electromagnetic wave along two-way communication between

the radar and the target is equal to:

4R (2.9)
Agxe = 1
Angular frequency, w is equal to:
w = 2nf (2.10)

The relationship between angular frequency and phase angle is presented in equation 2.11.

_d¢ (2.12)
RAREPT:
where ¢ is the phase angle.
_d¢ (2.18)
2nf = i
_1d¢ (2.19)
f= 21 dt

Since the total angle of the excursion is equal to ¢ and f is equal to doppler frequency (fq).

1 d 4=mR (2.110)
fa = 2rdt A
_ 1 4w dR (2.15)
fa = 2 A dt
2 (2.16)
fd - /1
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Since A is equal to the speed of light (c) over frequency (f), doppler frequency is presented in

equation 2.17.

)
ﬁ<
=~

(2.17)

fa=

o

where fq is the Doppler frequency, V is the relative velocity.

AL
%N

Figure 2.6 Radial velocity of moving target

2.3 Fundamentals of FMCW Radar

FMCW radars can calculate the range and speed of the target by taking advantage of frequency
changes. For this reason, FMCW radars emerged by modulating and developing the CW
waveform. A sawtooth, triangular, and sinusoidal signal can be used for modulation, and the
signal that is obtained from modulation is called a chirp signal, which is a sinusoidal signal, as

presented in figure 5. It is modulated to calculate the speed and range of the target at the same
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time. The important parameters of the frequency-time representation of the chirp signal are start
frequency (fc), bandwidth (8), chirp duration (T¢), and Slope (S), as seen in figure 2.8-b. The
slope can be calculated as given in equation 2.18.[21,22,24]

B (2.18)

The general block diagram of the FMCW radars is presented in figure 1. The signal generator
generates a chirp signal that will be divided into two different signals to obtain a local oscillator
input signal for the mixer to be mixed with the received signal. The signal which is received by
the antenna has a different frequency, phase, and power due to the target movement. The mixer
that receives transmitter and receiver signals as input creates an Intermediate Frequency (IF) at
its output [15,16, 25].

N
‘/\/\/\_F Power Divider ‘D Tx

YN
DSP
T \ /
IF R,

Mixer
Figure 2.7 Block Diagram of FMCW Radar
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Freguency

Bandwidth (B)

Time

()

Figure 2.8 (a) A sinusoidal chirp signal, and (b) frequency vs. time representation of chirp
signal
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In FMCW radar, range information can be obtained by the frequency offset between the
transmitted and received signal. As shown in figure 2.9, the IF signal is the output of the mixer,

where the transmitted and received signals are down-converted.

TX ant.

[
Y Synth

RX ant. : IF signal
mixer

>

Figure 2.9 Working Principle of Mixer

A synthesizer (synth) generates a chirp, and then a chirp signal is transmitted by the Tx antenna.
The chirp signal is reflected from an object, and the reflected chirp signal is received by the Rx
antenna. The Rx signal and Tx signal are mixed, and the resulting signal is called an ‘IF signal’
as given in equation 2.21.

X1 = Sin[a)lt + ¢1] (219)
X, = sin[w,t + ¢,] (2.20)
IF = x; — x; = sin(w; — wy) t+ (p; — ¢P3) (2.21)

where, w, and w,, are instantaneous frequency of the two-input signal. ¢, and ¢, are the phase
of the two input sinusoids. As mentioned earlier, the frequency of the signal that the output of
the mixer is the difference of the instantaneous frequency of the TX-chirp and RX-chirp signals.

If there is only one target in front of the radar, the IF signal has a constant frequency, as shown
in figure 2.10.
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Figure 2.10 Transmitted and received signals and corresponding IF signal

when a single object is in front of the antenna. [22,24]

The IF frequency can be calculated by using equation 2.32. The reflected echo signal would
reflect by a target at the range R. The small fraction of the total chirp between the reflected and

the transmitted signals are calculated by

2R (2.22)
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where is ¢ (3x108 m/s) is the speed of light, and R is the range from target to radar. IF signal

can be calculated by equation 2.23.

Equation 2.24 is obtained from equations 2.22 and 2.23.

f}F: ST

_ 2R
fir = $=

(2.23)

(2.24)

When the received and the transmitted signals are multiplied by the mixer, the beat frequency

(fb) can be extracted by filtering the high-frequency output signal. If the target is stationary,

there is no Doppler effect in the signal, and fy is expressed by the range of the target. If a

sawtooth frequency-modulated waveform is used as in Figure 2.11, the resulting beat frequency

will be constant except the reflection region.

Instantaneous frequency

Beat frequency

{"“‘;

:

S

fo = |frx = frxl (2.25)
Period 1 Period 2 Period 3
= = B 2
L« 2 =
= T V=

— Transnutted signal
— Received signal

Time

Figure 2.11 (Top) Instantaneous frequency of transmitted and received waves in case of a
single stationary object. (Bottom) Resulting beat frequency. [23]
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In the above equation f;, is the beat frequency, fr, is the transmit frequency and fz, is the
receiver frequency. If the target is motionless, the following equation is achieved.

_ 2Pt (2.26)

fo T,

p refers to bandwidth, and Tm represents the triangular signal period.

From equation 2.23 and 2.27, the following equations were obtained.

28R (2.27)
fo= 72
_cfpT, (2.28)
=3

The above equation can be used in case the target is stationary. The above equation can be used
in case the target is stationary. However, In perimeter intrusion radar, generally, the target is
not stationary. For a moving target, to calculate the range and velocity of the target at the scene,

one can use triangular modulation, which results in two-beat signals with frequencies:

fou= fo—Ja (2.29)
foa= fo+fa (2.30)
_ Jout fra (2.31)
o = LT
~ fou (2.32)
£ = fva . fo

Figure 2.12 shows the behavior of instantaneous frequencies and beat frequency for triangular

wave modulation.
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beat frequency
B

v

time

Figure 2.12 Transmitted, two received signals (modulation frequency) and two beat

frequencies according to received signals.

where fq is Doppler frequency, fou and fiq are the beat frequency a

R ¢(fou + foa)Tm (2.33)
= 57
V. = c(fpa — fowdfe (2.34)

where R is the range, f. is the center frequency of the transmitted signal, V;. is the relative speed
of the target.

20



CHAPTER 3

EXPERIMENTAL SETUP

3.1 HB-100 Sensor

3.1.1 General Description

HB100 Miniature Microwave Motion Sensor is an X-Band Bi-Static Doppler transceiver
module from the Agilsense Company [19], as shown in figure 3.1. The radar module consists
of Dielectric Resonator Oscillator (DRO), microwave mixer, and patch antenna. Figure 3.2

shows a simplified block diagram of the HB100 sensor.

Figure 3.1 HB-100 Doppler Sensor Module

This sensor is generally used as a motion sensor. It is used in applications such as motion
detection, light control, and vehicle speed measurement. In this thesis, as mentioned earlier, the
HB100 sensor, generally used as a doppler radar sensor, is aimed to be used as an FMCW radar.
In this section, it is explained in detail how to use the HB100 sensor as FMCW radar. Besides,

the antenna characteristics and some important parameters of the sensor are explained.
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Figure 3.2 HB-100 Doppler Radar Block Diagram

The internal structure of the HB100 sensor is presented in figure 3.3.

-----------------

[

S/N: 10210300
[1.2115)

Figure 3.3 Internal Structure of the HB100 Sensor
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The important parameters of the sensor are presented in Table 3.1.

Parameter Min Typ. Max Units
Frequency Setting 10.520 10.525 10.530 GHz
Radiated Power 12 15 20 dBm
(EIRP)

Spurious Emission -7.3 dBm
Settling Time 3 6 uSec
Received Signal 200 uVp-p
Strength

Noise 5 uVrms
Antenna Beam-width 72 °
(3 dB) — Azimuth

Antenna Beam-width 36 ©
(3 dB) - Elevation

Supply Voltage 4.75 5.00 5.25 VvDC
Current Consumption 30 40 mA
Pulse Repetition 2 KHz
Frequency

Pulse Width 10 uSec
Operating -15 55 °C
Temperature

Weight 8 Gm

Table 3.1 Sensor Specifications

3.1.2 Antenna Specifications

As seen in figures 3.2 and 3.3, the sensor has an internal receiver and transmitter antenna. The
azimuth and elevation beamwidth values of the antennas are 72 and 36 degrees, respectively.
Relative to horizontal and vertical axes, the radiation patterns of the antenna are presented in

figure 3.4. According to the figure, the antenna has low directionality values.
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Figure 3.4 Antenna Beam Pattern of HB-100 Sensor
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Since the HB100 sensor, which mainly functions as a doppler radar, will be used as the FMCW
radar, the sensor’s features have been studied in detail. In this context, attention was paid to the
features of the internal antennas of the sensor. Since it is tried to obtain distance information
from the sensor, antenna parameters should be known in order to be used in calculations. The
Equivalent Isotropic Radiated Power (EIRP) pattern of the HB-100 sensor was measured by
Antenna Test Lab Company, and measurement results were shared. The image shared by the

company regarding the HB-100 sensor tests is presented in figure 3.5.

Figure 3.5 HB-100 sensor test [23]

The image obtained by drawing the EIRP values shared by the company with the 3D Plotting
Spherical Software [26] of the company is presented in figure 3.6
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Figure 3.6 HB-100 sensor measured EIRP Pattern

3.1.3 Use of HB100 Sensor as FMCW radar

So far, the general characteristics of the sensor and antenna specification have been explained
in the previous subtitles. In this section, it is described how the HB100 radar sensor is used as
an FMCW radar.

Although the HB-100 sensor is known to be the doppler radar motion sensor, when the 5-Volt
input supply voltage of the sensor was modulated with a triangular wave, a 3 MHz difference
in output frequency between 10525 - 10528 MHz was detected, which means that the sensor
can be used as an FMCW radar and the distance information of the stationary target can be
obtained. The difference of 3 MHz refers to the bandwidth of the system. Therefore, Af will be
3 MHz in the calculations to be made in the next chapter. Also, the sweep frequency of the
system is determined as 10 kHz. All parameters which are given according to the sensor

characteristics are presented in table 3.2.
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(Horizontal)

Parameter Typ. Units
Frequency Setting 10.525 GHz
Transmitted Power Output 13 dBm
Receiver Sensitivity -86 dBm
Af =B 3 MHz
Sweep Frequency 10 kHz
Sweep Rate 2 kHz
Receiver Antenna Gain 8 dBi
Receiver Beamwidth (Vertical) 36 °
Receiver Beamwidth 72 ©

Table 3.2 Sensor parameters to be used in FMCW radar calculations

Detailed explanation and calculations regarding the use of the sensor as FMCW radar will be

made in the next chapter.

3.2 Lens Design

When the sensor’s internal antennas are used, the range is less than 150 meters. For this reason,
in order to increase the range, the lens, which is specifications given below, was designed in

ZEMAX optical system design program. The designed and produced lens is shown in figure

3.7.
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3.2.1 Lens Specification

The designed lens parameters are presented below.

e 20 cm Diameter,

16.9 cm Spherical Radius,
0.61 conic High-Density Polyethylene (HDPE),

1.6 Refractive Index .

Figure 3.7 Designed Lens for Antennas

The beam spot diagram of the lens, drawn with the geometric optic assumption at 1 km away,
is shown in figure 3.8. In addition, the beam lens radiation pattern image of the designed lens

is shown in figure 3.9.
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Figure 3.8 Beam Spot Diagram
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[

Figure 3.9 Beam Lens Radiation Pattern

As seen in Table 3.2, the sensor’s internal receiver antenna horizontal and vertical beamwidth
values are 36 and 72 degrees, respectively. Since these beamwidth values are not sufficient for

target detection from a long distance, an external dielectric lens has been designed in order to
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detect targets from longer distances by increasing the antenna gain, which is calculated by

equation 3.1.

41 (3.1)

where G is the antenna gain, 6, and 6,, are the horizontal and vertical beamwidth of the antenna
in radians units, respectively. If the beamwidth values
are substituted in equation 3.1, the antenna gain is calculated as 12 dB.

The external lens has been designed to increase the antenna gain, thus increasing the target
detection range. According to the “conservation of étendue” theory, which is used for this
purpose, the narrow-diameter and wide-angle beam were transformed into a wide-diameter and
narrow-angle beam with the designed lens. According to the “conservation of étendue
principle” detailed below, the product of beam diameter and beam spread angle must be
constant. It is known that the diameter of the internal receiver of the sensor is 1 cm and the
beam width is 36 and 72 degrees. If a 20 cm diameter lens is used, beamwidth values of 36 and

72 degrees are converted to 1.8 and 3.6 degrees by using equation 3.2,

Dbl'BWal = DbZ'BWa2 (3.2)

where, Dy, and Dy, are the diameter of the internal antenna and diameter of the designed lens,
respectively. Bw,,; and Bw,, are beamwidths of the internal antenna and beamwidth of the
system with the lens.

3.2.2 Conservation of étendue

Etendue is a geometric property of light that quantifies how to spread out the light spatially and
angularly in an optical system. [27]. Etendue expresses the product of the area of the source,
and the solid angle, which light emitted from that area subtends, mathematically. The etendue
principle in two dimensions is visualized, as in figure 3.10, and it can be calculated by equation
3.3.

€ = 2.d.n.sin(0) (3.3)
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where € represents etendue, n is the index of refraction. The etendue in an optical system is
conserved. According to the etendue principle, the minimum aperture width can be calculated

in equation 3.4.

ng .sin(6;) (3.4)

dgp, = ds.
P gy .sin(Byp)

Source

Figure 3.10 Visualization of etendue [28]

Etendue in 3D is shown in figure 3.11, and it can be calculated by equation 3.5. If the area of a
light source increases, the etendue increases. Besides, as the solid angle decreases, the etendue

decreases. And also, etendue has units of length squared.

32



-— = S =
= -

Source, A

Figure 3.11 Simplified Visualization of 3D etendue [28]

e = m.n%sin?(0).A [L? (3.5)

In the equation, € is etendue, n represents the index of refraction, A is the area of source or
pupil, 6 is the cone angle of light cone emitting from source/pupil [27]. The advantageous and
essential property of etendue is that it is conserved in a perfect optical system. As explained
above, the antenna beamwidth is narrowed by designing an external lens with the etendue
conservation principle. As a result, it has been explained that the target detection range can be
increased with the designed lens. Using equation 3.2 described above, 36 degrees horizontal
beamwidth was converted to 1.8 degrees, i.e., 31.4 milliradians. Similarly, the 72 degrees
vertical beamwidth was converted to 3.6 degrees, i.e., 62.8 milliradians. When these values are
substituted in equation 3.1, the antenna gain is calculated as 38 dB. The effect of antenna gain

on the target detection range will be explained in detail in the next section.
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3.3 Explanation of the General System

HB100 sensor and other subsystems are described above. The test measurement setup,

including the HB-100 sensor and the designed lens prepared in the laboratory, is presented in
below figure 3.10.

Figure 3.12 Test Setup

During the laboratory measurements, the HB100 sensor was operated with a 5 VV symmetrical

triangle wave. As a result, it was observed that a 3Mhz trace was formed on the spectrum
analyzer.
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CHAPTER 4

THEORETICAL CALCULATIONS

Before the theoretical calculations, the necessary system parameters were explained in detail in
the previous chapters. In this context, HB100 sensor features, designed external lens parameters
were introduced. In this chapter, the sensor parameters obtained by operating the simple doppler
radar as FMCW radar will be explained in detail. Next, necessary concepts such as receiver
sensitivity, minimum detectable signal, noise floor, noise figure will be introduced for
maximum detection range calculation. Finally, using the internal receiver of the sensor and the
externally designed lens, the maximum range will be calculated separately. Besides, beamwidth
values calculated for both cases will be presented by visualization.

4.1 System Parameters for Maximum Detection Range Calculations
In this section, the necessary parameters for the calculation of the maximum target range of the
sensor, which is operated as FMCW radar, will be reminded. Then, external lens parameters

designed to increase antenna gain will be given.

4.1.1 HB100 Sensor Specification

Sensor parameters to be used in theoretical calculations are presented in table 4.1. Antenna
parameters are excluded as they are explained in detail in the next section. Besides, the
theoretical issues required for the max detection distance calculation will be described. Finally,

maximum detection range calculations will be given for the system with and without lenses.

Parameter Typ. Units
Frequency Setting 10.525 GHz
Transmitted Power Output 13 dBm
Receiver Sensitivity -86 dBm
Af =B 3 MHz
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Sweep Frequency

10

kHz

Sweep Rate

kHz

4.1.2 Antenna Parameters

Table 4.1 HB100 Sensor Parameters

The internal antenna and lens parameters of the sensor are explained in detail in section 3.1.2.

In this section, the interior antenna characteristics, the antenna gain calculated for the external

20 cm diameter lens, and the 40 cm diameter lens are summarized in Table 4.2. Although the

actual measurements were made with only a 20 cm diameter lens, | wanted to explain what the

results would be if a 40 cm lens were used.

Parameters Without Lens 20 cm Diameter 40 cm Diameter
Lens Lens
6, (degrees) 36 1.8 0.9
0, (degrees) 72 3.6 1.8
0, (radians) 0.6283 0.0314 0.0157
0, (radians) 1.2566 0.0628 0.0314
G(linear) 15.92 6373 25491
G(dB) 12 38 44

Table 4.2 Antenna Gain Calculation

In table 4.2 above, G represents the antenna gain, 6, and 6,, are the horizontal and vertical

beamwidth of the antenna, respectively. As explained earlier, the horizontal and vertical

beamwidth values in lens systems were calculated according to the conservation of the étendue

principle described in section 3.2.2 above.
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4.2 FMCW Radar Maximum Detection Range Calculations

In radar equations, sensor characteristics such as Receiver Sensitivity, Noise Factor (NF),
Minimum Detectable Signal (MDS) should be known in order to calculate the maximum target
detection range. The receiver sensitivity of the HB100 sensor is known to be -86 dBm. In this
sensor, the factor limiting the receiver sensitivity is the leakage, not the noise figure. Although
the oscillator is assumed to be at a fixed frequency, even if the sensor is operated with constant
DC, the phase noise of the HB100 sensor is high because the dielectric resistor is of low quality,
and the feedback path is unprotected. Therefore, a low-frequency noise signal IF is formed with
leakage and self downconversion in the mixer. 10 pVrms can be considered as noise. Besides,
the SNR is specified as 10 dB in the sensor datasheet.

For FMCW radar systems, the SNRcompress Value can be calculated with equation 4.1 without
integration. The maximum detection range can be obtained from this equation.

A _ _PGG Ao B (4.1)
COmPTess " (4m)3R*kTBF
where:
P, = Transmitted Power,
G; = Transmit Antenna Gain,
G,  =Receive Antenna Gain,
A = Wavelength of Radar Signal,
o = Radar Cross Section (RCS),
k = Boltzmann’s Constant (1.38 x 102 J/K),
T = Absolute Temperature of The Receiver Input (290 °K),
B = Receiver Bandwidth,
F = Noise Factor,

T = Sweep Period.

Since the target was generally considered to be human in PIR, the RCS value was assumed to
be 1 m2. In addition, the surface reflectivity value for humans was taken as 0.1. All system

parameters are presented in table 4.3 below.

37



Parameter | Value Unit
P; 13 dBm
G 12 or 38 or 44 | dB
G, 12 or 38 or 44 | dB
A 3 Cm
o 1 m?
k 1.38x102 JIK
T 290 °K
p 3 MHz
F 10 dB
T 0.5 ms

Table 4.3 System Parameters

Antenna gain values in the table vary depending on whether an external lens is used in the
system. If an external lens is used, the antenna gain varies according to the diameter of the lens.
In summary, if no lens is used in the system, the antenna gain is 12 dB. If a lens with a diameter

of 20 cm is used in the design, the antenna gain is 38 dB, and if a 40 cm diameter lens is used,

the antenna gain is calculated as 44 dB.

In equation 4.1, the kTSF value in the denominator was accepted as -86 dBm, that is, the
receiver sensitivity. In fact, as seen in equation 4.3, the result was expected to be -98 dBm, but

because of leakage and phase noise, the kTBF value was used directly as the receiver

sensitivity.

kTBF (dB) = 10log,,(1.38.10723.290.1000) + 10log,,(3.10°)

+ 10log4

4.2.1 Calculation of Maximum Detection Range without Using an External Lens

When the external lens is not used, the antenna gain is 12 dB. If the antenna gain values are

substituted in equation 4.1, equation 4.4 is obtained.

38




SNRcompress (dB) (4.3)

+ 10log10(3.1072) — 30log,(4m) — 40log,0(R)
—(—86)

SNR ompress(dB) = 70.5 — 40log,o(R) (4.4)

The value calculated by Equation 4.4 is the instantaneous SNR value. Assuming we make
coherent data acquisition, the coherent integration gain can be calculated with equation 4.5.

T, (4.5)
G, = =2
° PR

where G, is Coherent Integration Gain, T, is Observation Time, P; is Sweep Period.
Observation time varies according to the target to be detected by radar. For PIR, we assume
that the target is human on foot. Considering the target maximum speed of 10 m/s and the target
area size of 1 meter, observation time is calculated as 0.1. It was previously stated that the
sweep period value is 0.5 ms. T, and P, are substituted in the equation 4.5, Coherent Integration
Gain value is calculated as 23 dB. For reliable detection with the current sensor, the SNR value

is expected to be 10 dB, and equation 4.7 can be obtained.

SNRcompress+coherent gain(dB) = 70.5— 4010910(R) + 23 (4'6)
70.5 — 40log,o(R) + 23 > 10 (4.7)
122m =R (4.8)

From Equation 4.7, the maximum range is 122 meters. If Coherent Integration Gain is not
taken into account, from equation 4.9, the instantaneous maximum range value is calculated

as 32.5 meters.
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70.5 — 40log,o(R) = 10 (4.9)
325m >R (4.10)

4.2.1.1 Beamwidth Calculation without Using External Lens

The maximum range was calculated when the external lens was not used. When Coherent
Integration Gain is taken into account, it is calculated as 122 meters, and when not taking into
account, it is calculated as 32.5 meters. According to the calculated max range values,

beamwidth calculation can be done with the given equations 4.11 and 4.12.

B,,n, = R.sin (6}) (4.11)

B,y = R.sin (6,) (4.12)

where R is a range, 6, and 6, are the horizontal and vertical beamwidth of the antenna,
respectively. When the above equations are applied for 122 meters range, beamwidth values 72
and 116 meters are calculated. When the range is 32.5 meters, beamwidth values are found as
19 and 31 meters. The calculated beamwidth values are visualized in figure 4.1-a and 4.1-b.

72 m

Tx
116 m

R=122m

()
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19m

Tx

3lm
R=325m

(b)

Figure 4.1 (a) Beamwidth for 122 m (b) Beamwidth for 32,5 m

4.2.2 Calculation of Maximum Detection Range Using 20 cm Lens

In the case of using an external lens with a diameter of 20 cm, the antenna gain was calculated
as 38 dB. The new SNRcompress+coherent gain Value is given in equation 4.13.

SNRcompress+coherent gain(dB) = 1225 - 40l0g10(R) + 23 (4'13)

SNR ompress+conerent gain Value must be greater than or equal to 10 dB SNR value.

122.5 — 40log,,(R) + 23 > 10 (4.14)

1440 m = R (4.15)

If Coherent Integration Gain is not taken into account, from equation 4.16, the instantaneous

maximum range value is calculated as 650 meters.

122.5 — 40log;o(R) = 10 (4.16)
650 m > R (4.17)
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4.2.2.1 Beamwidth Calculation Using 20 cm Lens

Beamwidth values calculated using the equations described in section 4.3.1.1 are 20 m x 40 m
at 650 meters and 77m x 153 m at 1440 meters. Beamwidth values calculated with the same

method were visualized in figure 4.2.

Tx
153 m

R=1440m

(@)

20m

Tx

40 m
R=650m

(b)

Figure 4.2 (a) Beamwidth for 1440 m (b) Beamwidth for 650 m

4.2.3 Calculation of Maximum Detection Range Using 40 cm Lens

Although the diameter of the lens used in the experimental setup was 20 cm, it was wanted to
calculate how much the maximum detection distance would increase if a 40 cm lens were used.
In the case of using a 40 cm diameter lens, the calculated antenna gain is 44 dB, as given in

table 4.1. For the 40 cm diameter lens, SNRcompress+coherent gain Value is given in equation 4.18.

SNRcompress+coherent gain(dB) = 134.5— 4010910(R) + 23 (4'18)

SNR ompress+conerent gain Value must be greater than or equal to 10 dB SNR value.
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134.5 — 40log,,(R) + 23 > 10 (4.19)

4870m = R (4.20)

If Coherent Integration Gain is not taken into account, from equation 4.21, the instantaneous

maximum range value is calculated as 1296 meters.

1296 m = R (4.17)

4.2.3.1 Beamwidth Calculation Using 40 cm Lens

Beamwidth values calculated using the equations described in section 4.3.1.1 are 20 m x 40 m
at 1296 meters and 77m x 153 m at 4870 meters. Beamwidth values calculated with the same
method were visualized in figure 4.3. As a result of the calculations, it was observed that the
maximum distance increased as a result of doubling the lens diameter, but the beamwidth values

did not change.

Tx
153 m

R=4870m

(@)

20m

40 m
R=1296m

(b)

Figure 4.3 (a) Beamwidth for 4870 m (b) Beamwidth for1296 m
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All calculated maximum range values and beamwidth values are presented in detail in table
4.4 below.

Without Lens 20 cm Lens 40 cm Lens
Instantaneous 32.5m 650 1296
Maximum Range
(IMR)
Maximum Range 122 m 1440 4870
with Coherent
Gain (MRCG)
Beamwidth 19x31m 20x40m 20x40m
(IMR)
Beamwidth 72x116 m 77 X 153 m 77 x 153 m
(MRCGQG)

Table 4.4 Maximum Range and Beamwidth Values

4.2.4 Calculation of Range Accuracy
For FMCW radar, range accuracy is a variable value and depends on SNR. The higher the SNR,
the smaller the range accuracy. The fundamental resolution is determined by equation 4.18.

T.C (4.18)
Sy = —
r 2

where S, is range resolution, T is sweep period, 0.5 ms, and c is the speed of light (3.108 m/s).
The resolution was calculated 75 km from the equation. However, with new signal processing
techniques, this value can be reduced to sub-meter resolution[29,30]. In PIR, if more than one

target is detected, the lowest resolution possible increases the radar performance rate.
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CHAPTER 5

MEASUREMENT AND RESULTS

After the necessary designs were made, the relationship between IF and range was calculated

and simulated by equation 4.1.

where Af is the Bandwidth (BW), which is 3 Mhz for our designed setup. The sweep frequency
of the system is 10 kHz, and t is the propagation delay calculated by equation 2.23.

The frequency of IF was calculated and simulated for 1,2,5,10,20,50,100,200,500 and 1000

meters, respectively. Expected and Simulated Maximum IF values obtained as a result of the

IF = 2.Af.SweepFrequency.t

simulation are shown in Table 5.1.

Distance Expected IF Freq Simulated IF Freq
1 0.4 kHz 10 kHz
2 0.8 kHz 10 kHz
5 2 kHz 10 kHz
10 4 kHz 10 kHz
20 8 kHz 10 kHz
50 20 kHz 10 kHz
100 40 kHz 30 kHz
200 80 kHz 70 kHz
500 200 kHz 190 kHz
1000 400 kHz 390 kHz

Table 5.1 Expected and Simulated Maximum IF values
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Example receiver IF Response and frequency measurement are shown in figure 4.1. The range
was chosen 500 meters, and the expected IF frequency was calculated according to equation
4.1 and found to be 200 kHz. Although the calculated IF result is 200 kHz, the simulated

maximum receiver IF response was observed to occur at 190 kHz with a value of -19.90 dB.

Figure 5.1 Receiver IF Response (dBm) — Frequency Graph

10 Expected IF frequency for target at 500 meters is 200 kHz
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In figure 5.1 above, only 500 meters sample is given, and the calculated and simulated values
are explained. The calculated and simulated IF results for other distances in the table are

presented in figures 5.2 — 5.11.
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Figure 5.2 Receiver IF Response (dBm) — Frequency Graph @ 1 meter

Expected IF frequency for target at 2 meters is 0.8 kHz
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Figure 5.3 Receiver IF Response (dBm) — Frequency Graph @ 2 meters
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Expected IF frequency for target at 5 meters is 2 kHz
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Figure 5.4 Receiver IF Response (dBm) — Frequency Graph @ 5 meters

Expected IF frequency for target at 10 meters is 4 kHz
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Figure 5.5 Receiver IF Response (dBm) — Frequency Graph @ 10 meters
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Expected IF frequency for target at 20 meters is 8 kHz
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Figure 5.6 Receiver IF Response (dBm) — Frequency Graph @ 20 meters

Expected IF frequency for target at 50 meters is 20 kHz
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Figure 5.7 Receiver IF Response (dBm) — Frequency Graph @ 50 meters
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Expected IF frequency for target at 100 meters is 40 kHz
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Figure 5.8 Receiver IF Response (dBm) — Frequency Graph @ 100 meters

Expected IF frequency for target at 200 meters is 80 kHz
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Figure 5.9 Receiver IF Response (dBm) — Frequency Graph @ 200 meters
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Expected IF frequency for target at 500 meters is 200 kHz
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Figure 5.10 Receiver IF Response (dBm) — Frequency Graph @ 500 meters

Expected IF frequency for target at 1000 meters is 400 kHz
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Figure 5.11 Receiver IF Response (dBm) — Frequency Graph @ 1000 meters
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According to all specified range values calculated and simulated IF frequency results are

presented in figure 5.12.
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Figure 5.12 Calculated and Simulated Maximum IF Frequency Results

As seen in figure 4.12, there are small differences for each step between the calculated and
simulated maximum IF measurements. This indicates that the calculated IF result at the
specified range value, overlaps with the simulated maximum IF value. After testing the
accuracy of the calculations, measurements were taken on the setup in the laboratory. Since the
area in the laboratory is limited, we took measurements at 12 meters. As shown in figure 5.13
and figure 5.14, when the exponential fitting is applied to the 1st and 2nd harmonics in the
difference signal, the 3dB point is approximately 5kHz signal is obtained, which corresponds
to 12.5 meters. The laboratory measurements show that the distance was measured with an error
rate of 4%. With exponential curve fitting, it has been shown that the distances that can cause
IF less than 10 kHz can be estimated.
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CHAPTER 6

DISCUSSION AND CONCLUSION

It has been emphasized in previous chapters that civilian solutions in PIDS often have low target
detection range. In addition, In addition, the distance information of the target cannot be
obtained. FMCW (Frequency Modulated Continuous Wave) radars must be used to determine
the distance to the target. The cost of these radars, which are more complex than other simple
sensors, is higher than other simple radars such as Doppler radar. The ability to detect a target

beyond kilometers with such an inexpensive sensor draws attention as a very innovative issue.

In this thesis, it has been shown that the distance information of the target can be obtained by
operating the very low-cost Doppler radar sensor according to the FMCW radar principles.
According to specified parameters of the sensor, Expected/Simulated IF and range relations
were calculated. The simulated and calculated values were confirmed by laboratory
measurements. In this way, it has been shown that low-cost perimeter intrusion radar can be
developed, and the target’s speed and distance information can be obtained using very cheap
sensors. Since the sensor’s internal receiver antenna is not suitable for target detection from
long distances, the lens was designed and placed in front of the sensor receiver to increase the
range. It has been shown by calculations that the maximum range value can be increased

approximately ten times with the designed external lens

In the future, in order to further increase the target detection range, another lens with different
parameters will be designed. In this study, theoretical calculations and simulations are made,
and the proof of concept is demonstrated. Next, the sensor will be tested not only under
laboratory conditions but also under real conditions. Hardware improvements such as
embedded signal processing platforms and precision ADC will be provided to operate the

sensor in real conditions on the fence.
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APPENDICES

Appendix A: IEEE Standard Letter Designations for Radar Bands Used by the EESS

Community and Their Comparison to the ITU Allocations

Band Nominal Frequency | Specific Frequency Ranges for Radar Based on ITU
Designation Range Assignments
Region 1 Region 2 Region 3
VHF 30-300 MHz None 138-144 MHz | 223-230 MHz
216-225 MHz
UHF 300-1000 MHz (Note 420-450 MHz
5) 890-942 MHz
L 1-2 GHz 1215-1400 MHz
S 2-4 GHz 2300-2500 MHz
2700-3600 MHz 2700-3700 MHz
C 4-8 GHz 4200-4400 MHz
5250-5850 MHz | 5250-5925 MHz
X 8-12 GHz 8.5-10.68 GHz
Ku 12-18 GHz 13.4-14 GHz
15.7-17.7 GHz
K 18-27 GHz 24.05-24.25 GHz|24.05-24.25 GHz|24.05-24.25 GHz
24.65-24.75 GHz
Ka 27-40 GHz 33.4-36 GHz
\ 40-75 GHz 59-64 GHz
W 75-110 GHz 76-81 GHz
92-100 GHz
mm 110-300 GHz 126-142 GHz
144-149 GHz
231-235 GHz
238-248 GHz
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Appendix B: MATLAB Code for IF-Range Simulation
clear all; close all;

dist=1000;% m distance to target

f1=50e6;

deltaf=3e6;

Fsw=10e3;

Tsw=1/Fsw;

Fs=f1*128;

Ts=1/Fs;

t=0:Ts:10*Tsw;

N = length(t);

dF = Fs/N; % hertz

f = -Fs/2:dF:Fs/2-dF; % hertz
fplus=dF:dF:Fs/2-dF; % hertz

indexplus= round(N/2+1):1:(N-1);
finst=f1+0.5*deltaf*sawtooth(2*pi*Fsw.*t,1/2);
fmcwtx=sin(2*pi*finst.*t);

ToF=2*dist/3e8;

if_freq = 2 * deltaf * Fsw * ToF;

fmecwrx= sin(2*pi*finst.*(t-ToF))+1*randn(1,N);
fmecw_mix=fmcwtx.*fmcwrx;

[b,a] = cheby1(8,3,(f1/Fs/4));
fmcw_if=filter(b,a,fmcw_mix);
T=fftshift(fft(fmcwtx));

R=fftshift(fft(fmcwrx));

Y =fftshift(fft(fmcw_mix));
plot((fplus/1e3),10*log(abs(Y (indexplus)/N)));
xlim ([1 501]);

ylim ([-90 -10]);

xlabel(['Frequency [kHz] ']);

ylabel(['Receiver IF Response [dB] ]);
title(['Expected IF frequency for target at ',num2str(dist)," meters is ‘,num2str((if_freg/1e3)),’
kHz')
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Appendix C: MATLAB Code for Expected and Simulated Maximum IF Frequency
clear all; close all;
dist= 1000;% m distance to target
f1=50e6;
deltaf=3e6;
Fsw=10e3;
Tsw=1/Fsw;
Fs=f1*128;
Ts=1/Fs;
t=0:Ts:10*Tsw;
N = length(t);
dF = Fs/N; % hertz
f = -Fs/2:dF:Fs/2-dF; % hertz
fplus=dF:dF:Fs/2-dF; % hertz
indexplus= round(N/2+1):1:(N-1);
finst=f1+0.5*deltaf*sawtooth(2*pi*Fsw.*t,1/2);
fmcwtx=sin(2*pi*finst.*t);
dist = [1,2,5,10,20,50,100,200,500,1000];
for i=1:length(dist)
ToF(i)=2*dist(i)/3e8;
if _freq(i) = (2 * deltaf * Fsw * ToF(i))/1e3;
fmewrx= sin(2*pi*finst.*(t-ToF(i)))+1*randn(1,N);
fmcew_mix=fmcwtx.*fmcwrx;
[b,a] = cheby1(8,3,(f1/Fs/4));
fmecw_if= filter(b,a,fmcw_mix);
T=fftshift(fft(fmcwtx));
R=fftshift(fft(fmcwrx));
Y =fftshift(fft(fmcw_mix));
Y _log = 10*log(abs(Y (indexplus)/N));
[MaxIFdB(i), MeasuredMaxIF_freq(i)] = max(double(Y _log));
end
semilogx(dist,if_freq,'linewidth’,1.5)
hold on

semilogx(dist,MeasuredMaxIF_freq,'linewidth',1.5)
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hold on

grid on

xlabel(['Distance [m] - 1,2,5,10,20,50,100,200,500,1000 7);
ylabel(['IF Frequency Response [kHz] ');

legend('Expected IF Frequency','Simulated Maximum IF Frequency")
figure;

stem(dist,if_freq,'filled','linewidth’,1.5)

hold on

stem(dist,MeasuredMaxIF_freq, filled','linewidth’,1.5);

grid on

xlabel(['Distance [m] - 1,2,5,10,20,50,100,200,500,1000 7);
ylabel(['IF Frequency Response [kHz] ');

legend('Expected IF Frequency','Simulated Maximum IF Frequency")
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Appendix D: MATLAB Code for Laboratory Measurements at 12 meters
clear all; close all;

load tek data.mat

t = data(:,1);
dt=t(2)-t(1);

Fs=1/dt;

N = length(t);

%% Sine wave:

x = data(:,2);
y=data(:,3);
X=x-mean(x);%
y=y-mean(y);%

%% Fourier Transform:
X = fftshift(fft(x));

Y = fftshift(fft(y));

Z = fftshift(fft(y-x));

%% Frequency specifications:

dF = Fs/N; % hertz
f = -Fs/2:dF:Fs/2-dF; % hertz
fplus=dF:dF:Fs/2-dF; % hertz

indexplus= round(N/2+1):1:(N-1);

%% Plot the spectrum:

figure;
subplot(2,1,1);plot(fplus/1e3,10*log10(abs(X(indexplus)/N)));
xlabel('Frequency (in kHz)");

title('No Target Response’);

xlim([0 100]);ylim([-80 0]);
subplot(2,1,2);plot(fplus/1e3,10*log10(abs(Y (indexplus)/N)));
xlabel('"Frequency (in kHz)";

title('Target at 12m Response’);

xlim([0 100]);ylim([-80 0]);
figure;semilogx(fplus/1e3,10*log10(abs(Z(indexplus)/N)));
xlabel('"Frequency (in kHz)";

title('Response Difference 1st and 2nd Harmonic');
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xlim([1 30]);ylim([-80 -30]);
filt_resp=10*log10(1*exp(-fplus./5.7e3))-29;
hold,;

semilogx(fplus/1e3,filt_resp);
semilogx(fplus(50)/1e3,filt_resp(50),r*")
xt=3;

yt = -35;

str = 'exp fit 3dB point’;

text(xt,yt,str)
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