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ABSTRACT

This paper presents the design and simulation of a Y¢ GHz Frequency Modulated
Continuous Wave Transmitter radar (TX FMCW) system with a Yx) microstrip array
antenna specifically for use in aimed at drone detection. Modern radar technology is
required for efficient surveillance and monitoring due to the growing use of drones in
many industries. To obtain a small and light form factor that may be incorporated into
drone detection systems, the suggested antenna design makes use of microstrip technology.
The effectiveness of the design is validated through CST Studio and Altium Designer
simulation programs. Simulation results demonstrate that the antenna provides high gain
(V+,¥Y dBi) and sharp beam (YY" degrees), a favorable radiation pattern, ensuring
enhanced detection capabilities over extended ranges. A Y¢+MHz bandwidth was sufficient
to accommodate the operational requirements of FMCW radar, providing reliable signal
transmission. The design is validated by simulation results, including interference
simulations, which show that the radar can meet the requirements for operational
efficiency in real-world situations. Combining the improved antenna design and TX
FMCW Radar with the receiver and signal processing algorithms is an essential next step

in putting a complete drone detection system into place.
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\.INTRODUCTION

Tracking and identifying drones is crucial for airspace administration and security
as their usage for various objectives increases. An excellent replacement for
conventional radar programs is frequency-modulated constant wave (FMCW)
radar, which can determine the drone's length, velocity, and motion by
continuously transmitting a frequency-modulated signal and assessing the returned
signal. Detecting slow-moving drones is one of its numerous advantages, along
with its fantastic exactness and reduced battery usage. Air traffic monitoring,
security, and the military all make extensive use of this technology to identify
unapproved drones and stop possible threats. To provide safety and security in a
variety of applications, FMCW radar will become increasingly important as drone
usage increases. One essential element that directly affects how well the FMCW
radar system detects and tracks drones is the transmitter. This study focuses on
creating a Y¢ GHz transmitter FMCW radar for drone detection. Through the
creation, amplification, and emission of a modulated signal, it allows the radar to
retrieve accurate velocity and range data. Y by ) microstrip patch array antennas
are used in the system because of their high gain, low profile, ease of manufacture,

ability to steer beams, and appropriateness for high-frequency operation (Mailloux
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Y<)V) and (Balanis Y+)1). This study was carried out after a comprehensive
review of the literature on FMCW radar using microstrip patch array antenna
design, which included studies. In ref. (Oh, Guo, and Lin Y+)%), Based on FMCW
surveillance radar echo signals, a successful and effective UAV classification
system was proposed. The system's five main components were burst selection,
rule-based scan pruning, feature extraction from IMFs obtained using the EMD
technique, TER-based classification, and scan-to-scan filtering. It was shown that
the features recovered from IMFs had discriminative information based on
experiments using FMCW radar returns that were physically measured from fixed-
wing UAVs, rotary-wing UAVs, and non-UAV objects.

The creation of an algorithm for calculating target distances and speeds in a multi-
target scenario using FMCW automobile radar was highlighted in (Kuptsov et al.
Y+14). Through experimental evaluations, it also offers insights into the
algorithm's performance and tackles the problems related to incorrect targets. Ref.
(Miura et al. Y+ 4) used a single compact microcontroller board and a replica radar
chipset to present a low-cost distance-spoofing attack on a mm Wave FMCW
radar. The attack setup developed in this work is notable for its affordability and
lightweight design, as it eliminates the need for expensive and bulky test
instruments. Ref. (Pratiwi et al. Y+Y%) suggested enhancements to the FMCW
radar system to identify minute respiratory activity-related displacements in the
belly or chest wall. The conventional FMCW radar concept requires a large
bandwidth for this purpose. The paper presents the concept of phase detection as a
means to enhance the capability of FMCW radar in detecting small displacements.
Ref. (Musa et al. Y+Y1) conducted a comprehensive review of the current state of
the art in drone detection methods, with a focus on radar systems that utilize
micro-Doppler-based analysis. Additionally, they introduce the concept of passive
forward scatter radar (PFSR) as a promising emerging methodology for both
ground and airborne target detection. By leveraging digital video broadcasting

satellite (DVBS) technology, it highlights its enhanced capabilities. This proposed
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method aims to make micro-Doppler analysis for low-profile targets, specifically,
copter drones, a feasible and effective endeavor. Ref. (Park et al. Y+ Y)) proposed a
solution to the persistent problem in FMCW radar systems, which is the leakage
from the transmitter to the receiver. This paper proposes a technique called the
stationary point concentration technique to mitigate this problem. The proposed
technique does not require additional hardware and can be implemented through
frequency planning and digital signal processing. The results of the study
demonstrate that the proposed technique significantly reduces the noise floor
within the desired range domain. Ref (Coluccia, Parisi, and Fascista Y+ Y +) focused
on the problem of drone identification, detecting, verifying, and classifying drones.
It provides an overview of the relevant technologies used in contemporary
surveillance systems, which typically consist of a network of spatially distributed
sensors to ensure comprehensive coverage of the monitored area. One technology
highlighted in the paper is the FMCW radar sensor. Ref (Zulkifli and Balleri Y+ Y+)
discussed the design and development of a prototype K-Band FMCW radar system
for the detection of nano drones. The FMCW radar prototype utilizes
connectorized components operating at a carrier frequency of Y¢ GHz, providing a
high degree of flexibility in parameter selection. The results demonstrate that the
radar system is capable of detecting a small-sized Arcade PICO Drone Nano
Quadcopter, which is smaller than ¢ cm. Furthermore, the micro-Doppler signature
of the detected nanodrone could be extracted from the collected data. In ref. (Han
and Hong Y+Y)), a multiple-input and multiple-output (MIMO) FMCW radar
system 1s suggested as a means of detecting individuals in several locations.
Digital beamforming using virtual receiver arrays acquired by time-division
multiplexing (TDM) MIMO radar operation is used to estimate a Y-D range-angle
map. By utilizing the standard deviation of phase variations, the suggested
approach can get beyond a conventional method's codomain constraint. The project
(Salih et al. Y+Y©®) concentrated on developing a transportable single-axis solar

tracker that used satellite dish actuators to precisely track the sun's path and
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astronomical mathematics and GPS technology to identify the sun's position in the
sky precisely.

The primary objective of this study is to design a transmitter FMCW radar-based
drone detection system and a Y x ) microstrip patch array antenna with different
phase shifts. The design focuses on high directivity for improved detection range
and sensitivity, wide bandwidth to detect drones of various sizes and speeds, low
sidelobe levels to minimize interference, and efficient beam steering for precise
tracking. CST Microwave Studio and Altium Designer will be used for
electromagnetic simulations to model and optimize the radar. The results will be
validated based on directivity, main lobe magnitude, main lobe direction, angular

width, and sidelobe levels to ensure the design meets performance requirements.

Y.METHODOLOGY

Y. ). Radar Equation

A radar operating system's basic premise is that a radar transmitter emits radio
waves, which travel through space and collide with an object before being reflected
and returned to the radar receiver. Radar systems utilize the properties of the
reflected signal to determine the target's velocity, range, and, in some more
sophisticated systems, its form. Target, environment, transmitter, receiver, and
antenna all affect the power of the received signal. The radar equation considers
these factors while calculating the received signal power. This equation is also
used to assess trade-offs while developing a radar system (Rameez Y+Y+). The

radar equation's fundamental form is:

_ P, G,GoX'

bRt O

where P;, G¢,G,,0,A,R,L,and @ are the transmitted power, the transmitting

antenna's gain, the receiving antenna's gain, the target's radar cross-section, the
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wavelength of the transmitted signal, the distance between the radar and the target,
the system loss factor, and the medium attenuation factor, respectively. For a
monostatic radar configuration, G; = G,.

The distance at which the radar detects the least amount of backscattered power
Pin 1s known as the maximum radar range R,,,,, and it can be computed as

follows:

P.G'Ao
(in)vLaPmin

Riax = ( )\/i M

In the equation above, the radar system and propagation medium are considered to
be lossless. However, the method does not account for various other factors that

could affect it, such as noise, loss, weather conditions, and other considerations.

¥,Y. FMCW RADAR model

Waveform

TX Antenna

Target

Generator

DSP  [—1 ADC [

Figure ). Block diagram of the FMCW Radar system(Resolution Y+ YY)

Fig. \ shows a block diagram of a Y¢ GHz FMCW Radar system, which consists
of a waveform generator that generates a linear transmission waveform, a digital-
to-analog converter (DAC), a voltage control oscillator (VCO) that modulates the
frequency of the transmission signal, and an amplifier. The signal is then

transmitted through the transmitter antenna TX to the target.
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The transmitted signal is a continuous waveform whose frequency changes linearly
(increases or decreases) over time (called chirp), see Fig. ¥, which is defined by

equation (Y)(Heo etal. Y+ Y)).

F(t) =fc+at M

|

Amplitude

Jel—- /I B e
SV

1 ‘ Tt
Figure Y. FMCW radar's transmitted waveform (a) Instantaneous frequency (b)

Amplitude as a function of time

where T is the period, B is the bandwidth, t is the duration, fc is the carrier

frequency, and a is the chirp rate, which is equal to B/T.

The transmission waveform's frequency can be integrated for time to determine the

waveform's instantancous phase ¢, as in equation (£).

pO=" [ F(O) A= 7 [*(F, + a)de=Vmr (f.t+55) (%)

The time-domain description of the first chirp of the transmission signal is given

by Equation (°), where A is the signal's amplitude.
Stx(t)=A cos(@(t)) = A cos (Y (f t+ %)) (®)
A target echo signal is produced when the transmitted waveform reaches the

receiving antenna, RX, after a propagation delay, and is reflected off of objects in

the field of view. Sgx(t), as shown in Fig. Y. (Resolution Y+ YY)

o((t—'t)Y

Srx(t)= A cos(Y7t(fe(t-1) +——)) Y

&Y.
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Figure Y. The transmission and reception signals of FMCW radar sawtooth waves

To get a signal with the same frequency as the transmitted signal, the echo signal
was passed through a low-noise amplifier (LNA). The returned signal and the
transmitted signal are mixed by multiplying the two signals together. After mixing,
the high-frequency signal is removed by a low-pass filter (LPF), leaving only the

low-frequency signal, which is referred to as the beat frequency.
Speat(t)= ATCOS (Yrfyt+e) (V)

An analog-to-digital converter (ADC) is used to transform an analog signal into a
digital signal. FFT (Fast Fourier Transform) is used in the DSP (digital signal
processing) stage to derive the beat frequency from the digital stream, and then the

range R and velocity V of the target by the following equations:

= *)
- )

r,r. FMCW design
Utilizing connectorized monolithic microwave integrated circuit (MMIC)
components from Analog Devices, working in the Y¢ GHz ISM band. The radar
system electronics included a Y-channel transmitter chip (ADFe4+Y), a ¢-channel

receiver chip (ADFe%+%), and a phase-lock loop (PLL) and voltage-controlled
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oscillator (VCO) (ADF£Ye%), It operates at a maximum frequency of 'V GHz.
The ADARYY®), a ¢-channel continuous-time analog-to-digital converter (ADC)
with Y 1-bit resolution, was used to sample the data before sending it to the digital

signal processor (DSP) (see Fig. ¢).

Loop

Filter

cp Vvune

™1
ADF4159 ADF5901

™|

LO-out

LO-in Rxt J

RX2
DSP ] ADAR7251 RX Baseband ADF5904 rx3
] | RX4

Figure £. Schematic of FMCW Radar design

r, e, Transmitter software design
A transmit stage is necessary to interface with an antenna and effectively propagate
the sent radar signal by providing the FMCW ramp with sufficient gain. As
mentioned in the radar equation, the range of the radar depends on the strength of
the transmitted signal. The MMIC transmit IC ADFe?+) (Downconverter, n.d.) is
an incorporated option. It contains an integrated divide-by-Y output and a Y¢ GHz
to Y¢,Yo GHz VCO. Additionally, the ADFe4+) features a Y-channel Y¢ GHz
power amplifier (PA) at its output, capable of providing power up to A dBm, as

well as a local oscillator (LO) output buffer. See Fig. ©.
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Figure ¢. ADF®4+) (a)functional block diagram, (b)bin configuration.(Sheet Y+ V)

To design the transmitter, Altium Designer is used for creating PCB electronic
circuit boards. Fig. 1 shows the schematic design, which contains the
ADF°4YWCCPZ, a Y¢ GHz FMCW radar transmitter chip, a low-pass filter, a
test pin, a load enables LE, and a switch IC for power distribution. This component
provides controlled starting, thermal shutdown, and overcurrent protection, in
addition to managing power distribution from a source to a load. The chip enables
the CE pin's logic low, shutting off the device. Considering the state of the power-
down bit, turning the pin high activates the gadget. The part number, manufacturer,
and power supply of these components are shown in Table ), and the resistor and

inductor values are shown in Table Y.
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Figure 1. Schematic design in Altium designer.

Table ). The part number, manufacturer, and power supply of the FMCW radar
transmitter. Components

Transmitter Part number Manufacturer Power
part supply(V)
ADF#®4+ ADF°4:YWCCPZ Analog Devices i
LE MICY+ + Y-+ ,0YMe- Microchip Y o.0.0
TR Technology

CE ADMﬁﬁ;‘}ﬁ,RTZ_ Analog Devices breeoe
Loop Filter VEMDIY LA Wurth Electronics -

Honeywell Sensing | Y,V-¢,°
Test pin HIH-©+YY-+ ) and Productivity

Solutions

Table Y. Resistors and inductors of the FMCW radar transmitter values

Component | Value Component | Value
C) . ,YYHF Cct ) ~pF
CY ¢YnF R) Yo KN
Ccr < YYuF RY °, VK2
Ct <, VuF RY °.0
Ce ‘\nF R¢ °. )

Fig. ¥V shows the arrangement of components on a two-layer printed circuit in YD
and YD layout modes. The printed circuit board is designed according to specific
rules and restrictions; for example, the minimum clearance is *,*Y mm, routing

corners are £° degrees with a setback Y,°¢ mm, the via diameter is )YV mm, the
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routing track's width ranges from +*,*¢ mm to *,)A mm, and the permissible

routing layers are the top and bottom layers.

C4 LE

Tostpm -,.b l*! !0
. cs. ° H!l = c«wO

ADFSS01

33

.
loop filter

(@) (b)

Figure V. The printed circuit board is designed by an Altium designer in (a)YD (b)*D

layout mode.

To simulate the printed circuit board and connect it to the antenna, the CST Studio
program was used by exporting the board to an ODB++ file and then importing it
into CST; see Fig. Aa. After that, the third layer (base) was constructed using a
PEC material with a thickness of *,+¢ mm, and the components were imported via
a step file from their manufacturer. The dimensions of the designed board are
Y+, mm x YA,¢¢ mm, and two microstrip patch antenna arrays are connected to
the board, whose dimensions are Y,7A mm x ©,¥Y mm for the substrate (+,*Y mm
height) and the PEC patch (+,+) mm height). The PEC patch dimensions are Y, A

mm x Y,¢) mm with a height of +,+) mm, as shown in Fig. A b.
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(@) (b)

Figure A. The printed circuit board by CST studio on (a)two layers, (b)three layers with

antenna

¥. SIMULATION RESULTS AND DISCUSSION
¥,V. S-Parameter

The S-parameter plot of the input data port on the designed board (pin YY in the
schematic design in Fig. 1) is presented in Fig. 4. At Y¢,+°%1 GHgz, the reflection is
lowest (—),Y1V dB), indicating that at this frequency, the port is best matched.
Most of the power is transmitted rather than reflected. The lower the S-parameter
value, the better the impedance matching at that frequency, and the port's
performance is best (Prabowo, Pambudiyatno, and Harianto Y+ Y)V).

Fig. Y+ shows the S-parameter plot of the output data (pin Y¢ in the schematic
design in Fig. V). The best performance of the port occurs at a frequency of Y¢,+ V¢

MHz, where the reflection is lowest (-Y,£¢Y) dB).

— 53,3

23 23.2 234 23.6 238 ] 24.056 24.2 244 246 248 25
Frequency / GHz

Figure 4. S Parameter plot of the input port of the designed board.
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Figure ' +. S Parameter plot of an output port of the designed board.
¥,Y. Far-field of the antenna

The far-field calculation of antenna arrays' phase shift is a key concept in
understanding how arrays create beams and direct them in desired directions. Fig.
V1 shows the YD far-field directivity plot for four phase shift angles (+°, -3+ ©, -
YA« ° and -YV+ °), while Fig. Y shows the polar plot of the radiation pattern (¢
in degrees) for these angles. From these simulation plots, we can compute the
directivity, main lobe magnitude, main lobe direction, angular width, and side

lobe level; see Table Y.
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Figure V). YD Far-field directivity plot for (a) * (b)-% +°(c)-YA+°(d)YV : © phase shift of

antenna array.
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Figure Y. Polar plot of the radiation pattern (phi in degrees) at (a)*, (b)-%+:°, (c)-A+°, (d)-

YV «° phase shift of antenna array.

Table ¥.The most important results from a simulation of YD Far-field directivity and Polar

plot

T Main lobe Main lobe Angular Side lobe
Phase | Directivity . . . .
shift (dBi) magnitude direction width level(dB)

(w/m") (degree) (degree)

. AR oYYy YA, . vY,y =Y,V
-4.0 V,Yvy ¢, Yy Y4a,. ¢4,% =AY
-YA.0 T,e0VY 00 Yeé, ¢, =Y,A
-YV.o \EFE A Y, 1 YYa,. Yy,n =\y

The results in Table ¥ show that the -YV+ ° phase shift yields the highest
directivity () +,¢) dBi) and sharpest beam (YY1 degrees), as well as the highest
radiation efficiency (94,YA¢7), but exhibits very poor side lobe suppression (—),Y¥
dB), which risks more false detections. In contrast, a —4 +© phase shift provides the
best side lobe suppression (—A,Y dB), albeit with a wider beam at ¢9 degrees
(resulting in less targeting precision) and lower directivity (V>¥VY dBi). The most

essential features of radar applications in drone detection are directivity, range, and

accuracy; therefore, the -YV+ © phase shift is the best choice for these applications.

¥,¥. Interference
To understand how undesired signals (interference) affect system design, such as

unwanted coupling between ports and mutual interference in arrays, a schematic
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was created, and the ports whose interference behavior was to be understood were
identified—Fig. YYa. The violation matrix(shown in Fig. 'Y b) shows for all Rx
(Receiver Import Band), Tx (Transmitter Import Band) combinations if there are
violation events. The red squares with a cross represent margins above * dB that
are always considered as violation events. Margins above the user-defined
threshold are shown as yellow squares with an exclamation mark. If no violation
event occurs for an Rx-Tx combination, there is a green square with a check. For
uncoupled receivers and transmitters, there is no square shown at all. Rx) (receiver
of first antenna TX)) works safely with clock port CLK, Tx), and TxY. Not
allowed with the transmitter of the input data port; this does not affect when
connecting an integrated circuit of the radar. RxY (receiver of the second antenna)
works safely with Clk, TxY, and TxY. Caution with Tx) (yellow): possible minor
interference or special requirements. InRxY (receiver of input data port) works
safely with CIk, TxY, and TxY. Not allowed with Tx); this does not affect when

connecting an integrated circuit of the radar.

m

3 il

--------- e =
L)
i s

el
=

¥
>
& &

LO.S22.51p

Figure '¥. TX FMCW Radar in CST Studio: (a) schematic, (b) main violation matrix

showing Rx-Tx combinations

Our study was compared with previous works on the same type of radar (FMCW).

It was found that, at a frequency of Y ¢ GHz, our design, despite its small size (¥ +,9
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mm x ‘A,2¢ mm) and simple antenna, yielded a gain value of ) +,YV dBi, which is

relatively high. A +,Y°® GHz bandwidth for a TX FMCW radar means the system

can transmit signals over a wide frequency range, improving its ability to detect

and analyze the presence and behavior of drones effectively. By applying the radar

range equation (V) and taking into account the simulation results, the value of the

distance was obtained as ‘Y,® m, which is an appropriate value for short-range

radar applications. The range can be increased by improving the antenna or

increasing the output power through a power amplifier.

Table £. Comparison of this study with the earlier studies.

Dimen

. Frequency Gain BW Rang
Ref. year sion Antenna Type .

y (om) | CHD yp (dBi) | (GHz) | (m)
[This red9x > Yby" microstrip patch | v Yo VY6
Ref.] 1A, 0% array
(Will et al. foyo. > series-fed Yx" linear Yy o Y Y.
Y14) array
aror [ vexe | Y| differental fed patch | V.o A ey
(Ash,

Y A)

(Jardak et Vex ¢ Yeve,ve Five elements array VY, ¢ .,ve Yv,e
al. Y19)

(El-Awamry - Y.E/8,A Two dipoles v .Y A
etal. Y:Y¢)
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¢, CONCLUSIONS

This paper investigates the design and simulation of Y¢ GHz transmitter FMCW
radar systems with a Y x ) microstrip patch array antenna for drone detection
targeting. For short-range drone detection applications, the —YV+© phase shift array
antenna offers a maximum gain of more than )+ dBi, as well as the sharpest beam
(YY1 degrees), the highest radiation efficiency, and a bandwidth (+,Y® GHz)
sufficient to accommodate the operational requirements of FMCW radar, ensuring
reliable signal transmission. Simulation results, including interference simulations,
validate the design, indicating that the designed radar can meet the necessary
specifications for operational efficiency in real-world scenarios. A crucial next step
towards implementing a complete drone detection system will be merging the
enhanced antenna design and TX FMCW radar with the receiver and signal

processing algorithms.
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