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Abstract
In today’s society, the rate of development of sensory units in vehicles is increasing rapidly.
This is a result of the autonomation of vehicles becoming increasingly more common. RADAR
sensors are used in these autonomous vehicles, and due to safety, the RADAR sensor needs to
be able to detect multiple different objects in front of the vehicle while driving.

This paper presents a method to detect and approximate the distance of objects in a con-
trolled environment using FMCW RADAR technology. FMCW has multiple advantages to
pulsed radar including being able to detect closer objects and not needing to be turned off dur-
ing ranging. The ranging of targets was done with a frequency difference of the echoed signal
and the direct signal between one transmitter and receiver module. It was found that multiple
objects could be detected and the distance of them could be approximated in a single measure-
ment. The accuracy of the approximation was 10.1 meters of the measured distance due to the
limited sample rate, which impedes resolution.

The method presented in this paper works as a proof of concept that an FMCW RADAR
system is possible by using the ADALM Pluto SDR module. However, for this system to be
implemented in any real-life scenarios the sample rate needs to be increased which would lead
to a better resolution and therefore a better approximation of the distance to a target.
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Keywords
• Bandwidth - Difference between lowest and highest frequency of the signal

• Carrier Frequency - The frequency at which the electromagnetic field propagates

• FFT - Fast Fourier Transform

• FMCW - Frequency Modulated Continuous Wave

• Lobe - The radiation pattern and direction of the antenna

• Nyquist Theorem - fs ≥ 2f , where fs is the sample rate and f is the wave’s frequency

• RADAR - Radio Detection And Ranging

• RF - Radio Frequency

• Rx - Receiver

• Sampling Frequency - The rate at which a continuous signal is sampled

• SDR - Software Defeined Radio

• SWO - Sample Window Offset

• Tx - Transmitter
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1 Introduction
In the modern transportation sector, sensory units in vehicles, especially cars, are becoming
increasingly common. This is a product of many factors, the autonomation of vehicles and the
price of components dropping being two of them [1]. The two main types of sensors used in
automated vehicles are exteroceptive- and proprioceptive sensors, which are sensors for mea-
suring internal and external properties, respectively. Looking at the exteroceptive sensors there
are multiple ways of obtaining information where the most common ones are LiDAR, RADAR,
cameras, and ultrasonic sensors. The RADAR systems are short range, physically robust, and
mostly responsible for driver assistance systems such as cruise control and collision detection. In
an attempt to mimic the RADAR system on a vehicle, this project will revolve around creating
an affordable short range object detection using a RADAR system.
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2 Technical Background
The goal of this project is to configure a radio module to be able to detect objects relative to
the modules, essentially creating the software for a RADAR system. By processing the received
signals through a software of choice, the distance of an object can be calculated. In general,
a RADAR can calculate the range, velocity, and angle of a target relative to the RADAR
station. The different components of a RADAR module are most often hardware, however, in
this project, the base for the system will be an ADALM Pluto Software Defined Radio, SDR.
The SDR module makes it possible to build radio equipment using software instead of hardware,
in particular, to manage the functions of modulation and demodulation of the signals [2].

2.1 RADAR Technology
RADAR technology is a well-known concept in the civilian sector as well as the military sector
and it is based on reflection, as depicted in figure 1. A transmitter emits a radio frequency
(RF) electromagnetic (EM) wave to a region of interest and the receiver acquires the echo that
appears after the wave is reflected from an object [3]. Since the speed of the wave is known,
the distance to the target can be calculated by using the time delay of the echoed signal.
The technology is evaluated from the electromagnetism theory first elucidated by James Clerk
Maxwell, at Cambridge in 1855 [4]. Maxwell further developed the theory to predict that an
electromagnetic field could be propagated across space in the form of a wave traveling with the
speed of light. The first practical demonstration of this theory was not accomplished until 8
years after Maxwell’s death, by the experiments of Heinrich Hertz in Germany in 1886. After
Maxwell’s innovation and Hertz’s practical experiment, RADAR technology has split up into
two main categories, pulsed and continuous wave.

Figure 1: Basic radar principle
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2.1.1 Pulsed RADAR

Pulsed radar technology emits a signal in repetitive cycles of short pulses which is radiated
into space through either one or multiple antennas [5]. During the transmission of a pulse, the
receiver antenna is turned off. When the transmission of the pulse is completed, the transmitting
antenna is turned off and the receiver antenna is turned on. As a result of the receiver being
turned off, there will be a short period where the RADAR is not getting any information,
creating a blindspot. The theory of pulsed RADAR is depicted in figure 2. The received signal
will have a time delay, denoted as τ . This time delay is used to obtain the range to the object
by using the following equation R = c·τ

2 , where c is the speed of light, R is the distance to the
object and τ is the time delay of the received echo signal.

Figure 2: Pulsed radar principle

2.1.2 Continuous Wave RADAR

Continuous Wave (CW) RADAR transmits a high-frequency signal continuously while the echo
signal is received and processed at the same time [6]. This is visualized in figure 3. CW RADAR
technology works differently from pulsed RADAR technology, in particular, the receiver- and
transmitter antenna are always turned on as opposed to the pulsed RADAR technology. The
distance to a target is calculated in the same way as in pulsed RADAR, namely through the
equation R = c·τ

2 . The CW technology includes different types where the signal is modulated
in different ways, one of them is Frequency Modulated Continuous Wave, FMCW.

Figure 3: Continuous wave radar principle [7]
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2.2 FMCW RADAR
A Frequency Modulated Continuous Wave (FMCW) RADAR is a technology for obtaining
distance to an object by modulating the frequency of a continuous signal [8]. The frequency
modulation of the continuous signal can be made in two different ways, linear and sinusoidal.
Linear frequency modulation is the most versatile. For that reason, the FMCW radar is almost
all concentrated on the linear type, and because of that this project will only include linear
FMCW.

A FMCW RADAR works by emitting a continuous sinusoidal wave, where the frequency is
modulated according to a sawtooth function. The frequency increases linearly from a base
frequency and while reaching a defined maximum frequency it decreases very sharply back to
the base frequency [9]. This procedure repeats multiple times creating frequency chirps, as
depicted in figure 4. The transmitter and receiver are working simultaneously meaning there
will always be two frequencies at any given time, the signal directly from the transmitter and
the signal reflected from the target. As seen in figure 4, there is a frequency difference between
the transmitted signal and the received signal which is used to calculate the distance to the
target.

Figure 4: Chirps of linear FMCW-radar

2.3 ADALM Pluto SDR
The SDR module, seen in figure 5, is an educational tool available from Analog Devices Inc
that can be used to introduce fundamentals of Software Defined Radio, Radio Frequency, or
Communications as topics in electrical engineering in a self-lead setting [10]. It offers one
receive channel and one transmit channel that can operate in full or half duplex, which means
data can go in both directions simultaneously or just in one direction at a time.
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The SDR module can be configured through software in multiple ways to act independently or
as a part of a system. The SDR can be used to experiment with different wireless communica-
tion protocols like Wi-Fi or Bluetooth because it can measure different RF signals’ amplitude,
frequency, and phase.

Figure 5: ADALM Pluto Software Defined Radio [10].

2.3.1 ADALM Pluto SDR Specifications

From factory the SDR module can generate and measure frequencies between 325 MHz to 3.8
GHz at up to 61.44 Mega Samples per second and with an instantaneous bandwidth of up to
20 MHz, which makes it a good tool for all kinds of topics the user wants to use it for [10]. The
module is compatible with many different software programs like MATLAB, Python, C#, and
C++ over a USB connection, making it suitable for multiple target groups.

2.3.2 Configuration Options of ADALM Pluto

The described factory default with its properties are shown in table 1 where LO means Lo-
cal Oscillator. Beneath, another configuration is shown with expanded range for both center
frequency and bandwidth.

Table 1: Available tuning options for ADALM Pluto [11]

RF Transceiver LO Tuning Range Bandwidth
AD9363 (factory default) 325 – 3800 MHz 0 - 20 MHz
AD9364 70 – 6000 MHz 0 - 56 MHz

2.3.3 Local Oscillators

Inside each SDR module there is a local oscillator that generates the RF signal, the oscillators
will due to manufacturing have minor frequency differences. "Because of manufacturing and
environmental effects, such as aging, temperature, and power supply fluctuations, platform
acceleration, radiation effects, etc., an oscillator’s true output frequency often deviates from its
nominal value specified by the manufacturer" [12]. When using two different modules, both are
configured to the same center frequency but the two oscillators could have small differences as
stated earlier. This leads to when the SDR modulates the center frequency to the bandwidth,
the sent frequency and the received could be different.
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2.4 Analythics of an FMCW RADAR System
As described in section 2.2 the transmitted frequency increases over time. The steepness of the
linear increase is a sweep over bandwidth B in a time T, where T is the chirp time. The linear
increase of the frequency can be written as equation 1 where fc is the carrier frequency [9].

f(t) = fc + µt (1)

As described above the steepness of the linear increase depends on bandwidth and chirp time,
therefore the chirp rate is calculated as equation 2.

µ = B

T
(2)

To determine the appropriate angle Φ(t) for achieving the desired frequency sweep, equation 1
must be integrated with regard to time as equation 3 describes. In the equation below, Φ0 is
the phase at t=0.

Φ(t) = 2π

∫ t

0
f(t) dt = 2π

(
fct + µt2

2

)
+ Φ0 (3)

As described in section 2.2, the transmitted waveform is a sinusoidal function of the form
described in equation 4.

stx(t) = Atxexp(jΦ(t)) = Atxexp
(

j(2π(fct + µt2

2 ) + Φ0)
)

(4)

In equation 4, Atx is the transmitted wave amplitude.

The received signal will have a time delay, τ , which is the time it takes for the wave to propa-
gate to a target and bounce back to the rx-antenna. The received function will therefore follow
equation 5.

srx(t) = Arxexp(jΦ(t − τ)) + w(t) ⇒

⇒ Arxexp(j(2π(fc(t − τ) + µ(t − τ)2

2 ) + Φ0)) + w(t) (5)

In equation 5, w(t) is the Additive White Gaussian Noise, AWGN, which is a noise that is
located in all transmitters and receivers. The transmitted signal and the received signal are
mixed to obtain z(t), the mix is made in such way that the transmitted wave is multiplied by
the conjugate of the received wave.

z(t) = stx(t) · srx(t)∗ = AtxArxexp
(

j2π(µtτ + fcτ − µτ2

2 )
)

+ wz(t) (6)

Time delay, τ , can be calculated for 2 cases, if the target is stationary or if it is moving. The
two cases is calculated according to equation 7.{

τstationary = 2R
c

τmoving = 2vt
c

(7)
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R is the distance from the antenna to the target, v is the velocity of the target and c is the
speed of light. To obtain a total time delay, both cases are added together. This results in
τtotal= 2(R+vt)

c . By substituting τ in equation 6 with τtotal the following expression of z(t) is
obtained.

z(t) = AtxArxexp
(

j2π

(
µt

2(R + vt)
c

+ fc
2(R + vt)

c
− µ

(2(R + vt))2

2c2

))
+ wz(t) =

AtxArxexp
(

j4π

(
(µR

c
+ fcv

c
− 2µRv

c2 )t + (µv

c
− µv2

c2 )t2 + fcR

c
− µR2

c2

))
+ wz(t)

Since it is known that c≫v, c2 ≫c, c≫R and because of the very short chirp time vt ≪ R,
some simplifications of the expression above can be made and the final expression of the mixed
signal z(t) is described in equation 8.

z(t) = AtxArxexp
(

j2π

(
2fcv + 2µR

c
· t + 2fcR

c

))
+ wz(t) (8)

The frequency of the mixed signal, z(t), is a sum of the Doppler frequency caused by a moving
target and the beat frequency. The Doppler frequency of a FMCW radar system is fD = 2fcv

c

and the beat frequency is fbeat = 2µR
c .

For this project, a moving target will not be included. This summarizes that the doppler
frequency will be equal to zero and the beat frequency is the only frequency that will be ana-
lyzed to obtain the distance to the target. Beat frequency is the frequency difference between
the sent and the received signal at any given time.

fstationary = 2µR

c
(9)

2.5 FMCW Ranging
In theory, the beat frequency, fbeat, calculated in section 2.4 is the difference between the echo
signal’s frequency and the direct signal’s frequency [9]. In figure 6, the red arrow is the direct
signal and the black arrow is the echo signal. To obtain the appropriate fbeat in order to calculate
the correct range to the target, a thorough analysis of the received and transmitted signal has
to be made.
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Figure 6: Illustration of direct signal and echo signal of the RADAR system

The SDR module works by recording a set number of samples. In theory, the recording of sam-
ples at the receiving end of the system starts at the same time as the start of the transmission.
However, if there is a time delay between the recording of samples and the start of transmission
an offset in the sample window will appear. Throughout this project it will be referred to as
Sample Window Offset, SWO.

If the computational performance tends to infinity and delays of information are equal to zero,
the relation between the transmitted signal and received signal can be as visualized in figure 7a.
Where the SWO is equal to zero, and therefore the sample window starts at the same time for
both the transmitted signal and the received signal [13]. In practice, there are some delays in
the code and the hardware used for the testing which leads to a sample window starting slightly
after the transmission has started, as visualized in figure 7b. There are also two other kinds of
delays in practice, delay of the echo signal and delay of the direct signal which need to be taken
into account while calculating the range.

(a) Tx/Rx matched chirps (b) Tx/Rx unmatched chirps

Figure 7: Tx/Rx matched/unmatched chirps.
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In equation 6 in section 2.4, the transmitted signal is multiplied with the conjugate of the re-
ceived signal even if there is a SWO. This will cause a frequency shift in the recorded signals,
moving both the echo and direct signal on the bandwidth spectrum an amount related to the
size of the SWO. However, since they are both shifted by the same frequency and only the
difference between them is of interest the SWO does not impact the range calculation.

After the conjugate multiplication has been carried out, the frequency shift between the echoed
signal and the direct signal is used to calculate fbeat. However, when the direct signal is ap-
proaching the receiving antenna, its frequency will increase due to the nature of FMCW tech-
nology. This frequency increase needs to be calculated because the beat frequency should be
equal to the frequency difference between the echoed signal and the frequency that is currently
being sent. Therefore the frequency increase needs to be subtracted from the frequency of the
direct signal. The frequency increase will depend on µ, fs, and the number of samples the delay
is modeled after, Nx, according to equation 10.

fincrease = Nx · µ

fs
(10)

During the ranging, the distance x as seen in figure 6 is known, as it is equal to the distance
between the Tx- and Rx-antenna. However, Nx will only be known during simulation meaning
another equation for fincrease will be needed for tests in practice. Equation 9 for fbeat in section
2.4 can be used for this by substituting R for x and because fincrease is not a round trip as fbeat

is, the integer 2 in equation 9 is removed which leads to an expression for fincrease as equation
11.

fincrease = xµ

c
(11)

To obtain an appropriate expression of fbeat the direct signal has to be modulated by subtracting
the direct signal with the calculated fincrease. Since fbeat is the difference between the echo
signal’s frequency and the direct signal’s frequency the expression of the beat frequency is as
equation 12.

fbeat = fecho − (fdirect − fincrease) (12)

By substituting fbeat in equation 9 with fbeat as expressed in equation 12, equation 13 is obtained.

2µR

c
= fecho − (fdirect − fincrease) (13)

Deriving R from equation 13 the distance to the target can be calculated according to equation
14.

R = c

2µ
· (fecho − fdirect) + x

2 (14)

2.6 Range and Resolution
The range and resolution of the RADAR is dependent on the bandwidth, chirp time, and the
sampling frequency. However, due to the nature of RADAR, a greater bandwidth yields a
greater resolution but a worse range. In this project the resolution is the more important factor,
therefore the bandwidth will be as large as possible. According to the Nyquist Theorem, the
sample frequency needs to be at least double that of the bandwidth to avoid aliasing.
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The sampling frequency is limited to 30 MHz by hardware which yields a maximum bandwidth
of 15 MHz. To guarantee no aliasing, a bandwidth slightly smaller than the maximum available
was chosen. By using a bandwidth of 14.8 MHz, a chirp time of 8 µs, a sampling frequency of
30 MHz, and the speed of light, c, as 3 · 108 m/s the maximum range and resolution could be
calculated using equation 15 and 16.

Rmax = cTacq

4Beff
· fs [9] (15)

∆R = c

2Beff
(16)

With the usage of the values above the resulting range and resolution is seen below.{
∆R = 10.1 m
Rmax = 1216 m

2.7 MATLAB Toolboxes
To use the ADALM-Pluto SDR with MATLAB multiple toolboxes had to be installed, note that
all versions of the toolboxes were at their most recent version during this project. The following
four toolboxes are the ones used for this project.

1. Communications Toolbox

2. Communications Toolbox Support Package for Analog Devices ADALM-Pluto Radio

3. Signal Processing Toolbox

4. Simulink

The first toolbox is needed for SDR and all antenna communications, it also makes it possible to
create multiple different waveforms. The second toolbox is an extension of the communications
toolbox tailored for the Analog Devices ADALM-Pluto Radio which is required to get MATLAB
to be able to communicate with and control the SDR that is used for this project. The Signal
Processing Toolbox is being used to process the received signals. The most important algorithm
enabled by this toolbox is the Fast Fourier Transform (FFT). This algorithm computes the
Discrete Fourier Transform (DFT) of a sequence which essentially takes it from the time domain
to the frequency domain making it easier to distinguish frequency differences. Finally, the
Simulink toolbox was used to access the block-based system of Simulink.

2.8 Internal Leakage
One prominent issue with the ADALM Pluto SDR is its leakage inside the module. Since the
frequencies used in this project are high, namely 70 MHz to 6 GHz, there will be a significant
leakage inside the module. The cause of this is that all conductors can act as antennas at higher
frequencies meaning they can radiate electromagnetic waves [14]. This means practically that
the conductor associated with the Tx part inside the module will transmit its signal within the
module and the conductors associated with the Rx part will receive these signals within the
module. The effect of this is that the received signal will consist of what the Rx antenna has
picked up as well as what the Rx conductor inside the module has picked up. If the power of the
reflected signal is low relative to the leakage it will be hard to analyze because it is impossible
to differentiate the leakage from the received signal [15].
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3 Aim and Scope
This project requires a linear development of different technologies and theoretical knowledge
to be completed. For faster progress, a clear structure will be needed. This will be achieved
through adding boundaries and subgoals which will be presented in the following section.

3.1 Aim
The purpose of this report is to explore and analyze the usage of an SDR module along with
FMCW radar technology for object detection. By integrating these techniques, we aim to de-
velop an effective method for detecting objects in a given environment.

A significant aspect of the work will involve developing and implementing software to con-
trol and process signals from the SDR module. This includes designing and optimizing signal
processing algorithms to extract relevant information from the received signals.

The subgoals for the project are presented, with numbers in chronological order.

1 Establish transmission and reception on the SDR through Simulink

2 Transmit a basic vector and receive it

3 Transmit a sine wave and receive its corresponding FFT

4 Transmit a sine wave with varying frequency (FMCW) and receive its corresponding FFT

5 Identify echo signal of a transmission

6 Target ranging and detection

7 Target triangulation

8 Create a User Interface, UI

3.2 Scope
As described in section 2.1.1 pulsed RADAR technology could create a blind spot while detect-
ing objects at shorter distances. Because of this, it is decided that FMCW RADAR technology
will be used for this project.

For this project to be feasible, certain limitations needs to be set when choosing targets. The
targets will have a distance between each other larger than the resolution and the distances will
not exceed the maximum range calculated in section 2.6. The targets will also be placed directly
in front of the center of the RADAR system.

The SDR module needs software to be able to transmit and receive different types of data.
The used software for this project will be Simulink and MATLAB. Simulink will be used for the
first subgoal in section 3.1, and the rest of the subgoals will be accomplished using MATLAB.
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4 Method
This project requires a well-structured method to be able to complete each subgoal presented
in section 3.1. The subgoals for the project were solved in numerical order and the way the
subgoals were achieved will be presented in this section.

4.1 Simulink
Simulink was chosen as a starting ground for the project because of the lack of necessary coding.
It instead works by building block diagrams where each block has predetermined inputs. The
first step was to set up a spectral analysis of the recorded noise from the receiver with the block
diagram depicted in figure 8.

Figure 8: Spectral analysis of received noise

Afterward, the block diagrams in figure 9 were used to send data from one SDR module to
another. In the transmitter, a audio file was translated with the FM broadcast block and
thereafter broadcasted with the ADALM-PLUTO transmitter block. The signal was transmitted
with a center frequency of 2 GHz and a sample rate of 240 KHz. In the receiver, the ADALM-
PLUTO receiver block was set up with the same center frequency and sample rate as the
transmitter. The received data was transformed into the data type double, afterwards, the
FM-Broadcast block could decode the data to a sound file.

(a) Transmitter (b) Receiver

Figure 9: Simulink block diagram of transmitter and receiver

4.2 Square Wave Transmission
To set up a transmitter and receiver in MATLAB the first step was to create a radio object tied
to the physical SDR. Secondly, the radio attributes were created, such as center frequency and
sample rate. An important requirement is the Nyquist Theorem, this needs to be fulfilled to not
get aliasing. The previous steps were carried out with the help of the MATLAB documentation
for various toolboxes stated in section 2.7. The next step was to create a signal to transmit from
one device and receive on another. A square wave as seen in figure 10 was chosen, essentially a
vector where half of the elements are negative ones and the other half are positive ones.
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Since the input for the SDR needs to be complex, a small imaginary number was added to each
element in the vector thus allowing it to be transmitted. The vector is just a single step but since
the “transmitRepeat” function is used it becomes a continuous square wave. The transmission
of a square wave was done with the MATLAB code shown in listing 3, Appendix A.

Figure 10: Transmitted square wave

4.3 Frequency Correction of Oscillators
To correct the possible frequency offset between two SDR modules a square wave was sent from
one SDR to another using the same center frequency. An underlying sine wave was detected
in the received signal and the frequency of it was calculated by using the number of samples
of one period, Nf , and the sampling frequency. This was done through equation 17 where the
underlying sine wave frequency, f, was derived.

f = fs

Nf
(17)

Where Nf is the number of samples for one period of the underlying sine wave and fs is the
sample rate. To obtain the desired frequency offset in ppm, equation 18 was used.

Offset = f

fc
· 106 [ppm] (18)

Where fc is the carrier frequency. The offset can thereafter be corrected by using the code
shown in listing 1, as a value between -200 and 200 in ppm.

1 ’FrequencyCorrection ’,’offset ’

Listing 1: MATLAB command for synchronizing oscillators

4.4 Configuring ADALM Pluto in MATLAB
To increase the range for center frequency and bandwidth according to section 2.3.2, the MAT-
LAB command in listing 2 was used.

1 configurePlutoRadio (’configurationname ’,’usbport ’)

Listing 2: MATLAB command for SDR configuration
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Where "configurationname" is wich configuration the SDR should switch to and "usbport" is
wich USB port its plugged into the computer.

4.5 Sine Wave Transmission
To transmit a sine wave, the only major changes in the code from section 4.2 was the transmitted
vector and the display of the received signal. Instead of transmitting a square wave, a sine wave
was transmitted and the received signal was displayed in the frequency domain instead of the
time domain. It was created using the built-in sine wave function in MATLAB and transmitted
both within the same module and between two different modules by using the “transmitRepeat”
command in MATLAB. A sine wave with a frequency of 900 kHz was transmitted within a single
module, and a sine wave with a frequency of 400 kHz was transmitted between two different
modules. The received signal of both tests was displayed in the frequency domain using an FFT
as seen in the MATLAB script in listing 4, Appendix A.

4.5.1 Linearly Increasing Frequency

To modulate the frequency for the sine wave linearly, to obtain FMCW technology, the built-in
sine wave function in MATLAB was changed to a complex baseband equation which is illustrated
in equation 19.

Tx,wave = Aei2πft (19)

Where A is the amplitude and the frequency, f, is modulated as described in section 2.4. The
equation of the frequency sweep is seen in equation 20. The chirp rate, µ, is calculated by
dividing the bandwidth, B, through the chirp time, T.

f = fc + µt (20)

The transmitted wave was created as equation 4 in section 2.4. Since this only represents one
chirp the wave vector was repeated to become as long as the received vector. This was done since
there could be possible transmission delays when using “transmitRepeat” and for MATLAB to
be able to do the conjugate multiplication as described in section 2.4. The transmission of an
FMCW signal was made by using the MATLAB code in listing 5, Appendix A.

4.6 Internal Leakage Measuring
As described in section 2.8, the SDR modules could have internal leakage that could impact
other signals while testing. To measure this leakage a test with both a single module and two
modules was made.

To ensure that the only received signal was from the possible leakage, the transmitting an-
tenna was enclosed. This was done by encapsulating it in two tin cans. In the first tin can a
small hole was made to fit the antenna, the small gap was then sealed using tin foil. The second
can was then placed over the first one, essentially enclosing the antenna in metal. Subsequently,
two types of experiments were made. In the first one, only the encapsulated SDR module was
used as seen in figure 11a. In the second test, one module transmitted a signal to the encap-
sulated SDR module as visualized in figure 11b. Both of the tests were carried out using the
MATLAB script in listing 4, Appendix A.
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(a) Setup of leakage test with one module (b) Setup of leakage test with two modules

Figure 11: Setups of SDR modules during leakage tests

In the test with the setup as figure 11a, the SDR was transmitting a sine wave of 300 kHz, and
the resulting FFT was analyzed to check if there was an internal leakage from the module. In
the test with the usage of the setup in figure 11b the encapsulated module transmitted a signal
of 300 kHz, and the other module transmitted a signal of 400 kHz. The resulting FFT of the
encapsulated SDR was analyzed to see how strong the leakage was relative to a direct signal
from another module.

4.7 Simulated Ranging
To determine the distance to an object, the mathematics described in section 2.4 and 2.5 was
first tested in a simulated environment. This was done to eliminate unwanted and uncontrollable
variables by simulating the received signal. This will allow for quick modulation of the distance
to the target in relation to the RADAR system as well as the distance between the Rx and Tx
antenna.

The simulation was carried out with the MATLAB code in listing 6, Appendix A. Lines 29
through 44 are where the distances alongside the SWO are decided. Simulating varying dis-
tances and SWO is done by delaying the signals of a set amount of samples, resulting in a
time and frequency difference. The distance the electromagnetic wave travels in New number of
samples can be calculated according to equation 21, where fs is the sampling frequency, and c
is the speed of light, here approximated to 3 · 108 m/s.

R = New

fs
· c (21)
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The received signal was simulated by adding a delayed echo signal with a delayed direct signal.
By varying the delay of the echo the distance of the target to the radar system could be simulated,
while the delay of the direct signal represents how far apart the Tx and Rx antennas were. During
the simulations, the parameters seen in table 2 were used.

Table 2: Parameters of the simulated FMCW transmission

Parameter Value
fc 4.2 [GHz]
fs 30 [MHz]
B 14.8 [MHz]
T 8 [µs]
µ 1.85 [THz/s]

In the first test, ranging of a target with a single module was simulated. The delay in the
SWO signal was set to zero meaning instantaneous computational power. The direct signal
strength was set to zero since the distance between the Tx and Rx antenna was smaller than
the resolution computed in section 2.6. A delay of ten samples was added to the echo signal
by adding a vector of ten zeroes in front of the echo signal vector. This means the simulated
electromagnetic wave has traveled 100m according to equation 21. Since this signal represents
the echo, the distance is a round trip resulting in the target being stationed 50m away.

In the second test, the delay of the echoed signal was kept at ten samples. The simulation
was still made with the theory of using one SDR module but not instantaneous computational
power. This means the strength of the direct signal was kept at zero while the SWO was set
to 300 samples. This represents a time delay of 10 µs between the start of transmission and
recording of the received signal according to equation 22.

tdelay = NSW O

fs
(22)

In the third test, two SDR modules were simulated, one acting as a transmitter and the other as
a receiver. The direct signal was therefore accounted for since the distance between the two SDR
modules was larger than the resolution. With the current settings, the resolution of the RADAR
system was determined in section 2.6 to 10.1 meters, meaning the shortest delay possible that
relates to a distance greater than the resolution is a delay of two samples. This is because the
simulated sample delay is in integers. Therefore the delay of the direct signal was set to two
samples. The distance between the two SDR modules was set to 20 meters by adding a delay of
two samples to the direct signal. The delay of the echoed signal was kept at ten samples while
the SWO was set to 200 samples. The last test was carried out with the same parameters as
the third test but the strength of the direct signal was scaled down to one percent of the echoed
signal. This was done to observe how different strengths of signals impact the resulting FFT.

In all tests, the conjugate multiplication of the received and transmitted signals was done.
The resulting vector was then processed with an FFT and displayed to identify the direct and
echoed signals. The frequency peaks of the direct and echo signal in the FFT were then used
with equation 14 to calculate the value of the Range to the target.
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4.8 Multi-Module Reflection Measuring
The decision to measure outside was made and the location chosen was a football field since
the lack of objects close by will lower reflections and clutter. Because of the lack of accurate
measuring tools, such as a measuring wheel, the distance to the targets was made using an ap-
proximated 1 meter steps. To avoid the reflected signal being overpowered by the leakage inside
the module, the following tests will be conducted by using two separate SDR modules. This
means two separate modules will act as the Rx- and Tx-antenna respectively for the RADAR
system. The target will be in front of the two SDR modules as visualized in figure 12. For
both of the following tests, the x-value was kept at 22 meters to have a margin to the resolution
as described in section 4.7. The distance to the targets will be the h-value and the measured
distance will be the R-value.

Figure 12: Illustration of RADAR system setup

Both tests were made with a RADAR system based on FMCW using the MATLAB code in
listing 7, Appendix A. The transmitted signal will be an FMCW with the parameters according
to table 2. To calculate the R value the same calculations and signal processing as in section
4.7 were used. To acquire the measured h-value Pythagoras theorem was thereafter used.

The first test was conducted at the short end of the field with only one target approximately 82
meters away. The target in question was a large building, however, there were some smaller ob-
jects in front of it causing cluttering. Since the antennas used on the SDR module are isotropic,
the waves radiate in a sphere meaning there will be reflections from all directions. Therefore a
tin-can was placed over the Rx-antenna to limit received reflections from the desired direction.
Since the power of the received signal is relatively low, the gain settings were set to "AGC Fast
Attack" meaning the module will amplify low-powered signals that quickly change frequency.
For the direct signal, the leakage from the SDR modules will be utilized. The direct signal from
the Tx-module will penetrate the casing of the Rx-module and radiate into the circuit. With
this setup, a total of 5 measurements were made.
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The second test was a replication of the third simulation test but with two targets as seen in
figure 40 in Appendix B. The setup was similar to the aforementioned test with tin-cans over
the Rx-antenna, however, for the first measurement the gain setting was set to "Manual" and
the gain was thereafter set to zero. This was done for testing purposes of the different gain
settings. For the remaining five measurements the gain setting was set to "AGC Fast Attack".
This test was performed with two targets, one car approximately 50 meters away and another
large building approximately 84 meters away from the SDR module. This test was designed for
ranging with multiple targets instead of just one. With this setup, a total of 6 measurements
were made.
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5 Result
The following section will include the deliverables of the project according to section 4. This will
include, but not be limited to MATLAB and Simulink plots as well as approximated distances
of targets in relation to the RADAR system.

5.1 Simulink
The setup described in section 4.1 was used to analyze the spectrum of the received signal. The
frequency spectrum of the noise is visualized in figure 13, it is a result of the setup as the block
diagram in figure 8.

Figure 13: Spectrum of received noise

Transmitting an audio file between two SDR modules was done with the setup visualized in
figure 9. When the audio file was played in the receiver it was possible to distinguish the
transmitted audio, although it was noisy. The transmitted and received signals’ spectrum is
depicted in figure 14.

(a) Spectrum of the transmitted signal (b) Spectrum of the received signal

Figure 14: Spectrum of received and transmitted signals in simulink
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5.2 Square Wave Transmission
The transmission of a square wave within the same SDR module according to section 4.2 resulted
in a received signal depicted in figure 15.

Figure 15: Square wave transmission within the same module

The square wave being transmitted and received between two different SDR modules is displayed
in figure 16. Figure 16b is a close up of figure 16a to visualize that it is still a square wave being
received.

(a) The received square wave (b) The received square wave zoomed in

Figure 16: Square wave transmission between two SDR modules
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5.3 Frequency Correction of Oscillators
Figure 17 is the received square wave between two SDR modules without regard for frequency
correction. The marked points in the figure were used to find the wavelength of the underlying
sine wave.

Figure 17: Received square wave

With equations 17 and 18 the frequency offset in parts per million, ppm, was calculated to
1.33. This value is used to synchronize the oscillators of the two SDR modules and the resulting
received square wave is seen in figure 18. Figure 18a and 18b are two different recordings using
the same frequency correction.

(a) The received square wave (b) The received square wave zoomed in

Figure 18: Square wave transmission between two modules
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5.4 Sine Wave Transmission
The transmission of a sine wave with a constant frequency was made according to section 4.5.
Both tests FFT of the received signal are depicted in figure 19. Figure 19a is the received signal
in the frequency domain of a single module while figure 19b is between two SDR modules.

(a) FFT of a sine wave within the same SDR
module

(b) FFT of a sine wave between two SDR mod-
ules

Figure 19: Sine wave transmission with one and two SDR modules

5.4.1 Linearly Increasing Frequency

As described in section 4.5.1, the frequency had to be modulated to obtain FMCW RADAR
technology. It was modulated to increase linearly and the result of the sine wave with a modu-
lated frequency is visualized in figure 20. It is important to note that the chirp rate, µ, has been
scaled down to be able to visualize the frequency increase. In practice, the rate of the frequency
increase is magnitudes faster.

Figure 20: Sine wave with increasing frequency
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5.5 Internal Leakage
Using a single SDR module with the Tx antenna encapsulated as described in section 4.6,
the SDR module transmitted a sine wave with a constant frequency of 300 kHz. In figure 21
the received signals FFT is visualized. In theory, the received signal should be zero since the
transmitting antenna is covered, however, a clear signal at 300 kHz is visible.

Figure 21: Internal leakage measuring with one SDR module

Using the same receiver setup as aforementioned, but adding another SDR module with its
antennas fitted normally, the received signal is depicted in figure 22. The SDR with its antennas
fitted normally is transmitting a sine wave with a frequency of 400 kHz. The encapsulated SDR
module is still transmitting a sine wave of 300 kHz. It is apparent that the 300 kHz signal from
the internal leakage is stronger than the 400 kHz signal from the second SDR module. It is
worth noting that the 400 kHz signal is a direct signal from a SDR module in line of sight from
the receiving SDR module.

Figure 22: Internal leakage measuring with two SDR modules
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5.6 Simulated Ranging
Throughout all the tests in the following section, parameters for calculation according to table
3 will be used.

Table 3: Parameters of the simulated FMCW transmission

Parameter Value
fc 4.2 [GHz]
fs 30 [MHz]
B 14.8 [MHz]
T 8 [µs]
µ 1.85 [THz/s]

The FFT plot of the first test mentioned in section 4.7 is depicted in figure 23.

Figure 23: FFT for the first test

Using the frequency at the peak and equations 10 through 14 in section 2.5, the distance is
calculated to 50.47 meters. In theory, the delay of 10 samples would be the equivalent of a
distance of 50 meters to the target.

In the second test, a SWO of 300 samples was added and a frequency shift appeared as seen in
figure 24. This shift causes a distortion when calculating the distance to the target. With the
frequency from the peak, the range could be calculated to 959 meters while it should still be 50
meters.
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Figure 24: FFT for the second test

The FFT for the third test in section 2.5 resulted in figure 25. By using equation 14 with the
value of x derived from the two sample delay, meaning 20 meters, the distance is 50.37 meters.

Figure 25: FFT for the third test
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For the final test, the power of the echoed signal was scaled down to 1% of the direct signal
which resulted in the FFT depicted in figure 26.

Figure 26: FFT for the final test

5.7 Multi-Module Reflection Measuring
All measurements from tests one and two as described in section 4.8 resulted in the FFT plots
as depicted in figures 29 to 39, in Appendix B. The figures displayed in this section are the ones
that were deemed to have the most distinct peaks. The subsequent figures have enlarged areas
of interest and marked peaks.

For all frequency peaks in the figures below equation 14 in section 2.5 was used to calculate the
range R from figure 12. The range h was then calculated as described in section 4.8 and all
values are compiled in table 5 and 4.
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(a) Test 1, measurement 1 (b) Test 1, measurement 2

(c) Test 1, measurement 3 (d) Test 1, measurement 4

(e) Test 1, measurement 5

Figure 27: FFT plots from test 1 with marked frequency peaks
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Table 4: Calculated R- and h-value of test 1

Measurement R (First peak) [m] h (First peak) [m] R (Second peak) [m] h (Second peak) [m]
1 71.57 70.72 - -
2 91.76 91.1 - -
3 71.57 70.72 111.95 111.4
4 71.57 70.72 111.95 111.4
5 51.38 50.2 71.57 70.72

(a) Test 2, measurement 2 (b) Test 2, measurement 6

Figure 28: FFT plots from test 2 with marked frequency peaks

Table 5: Calculated R- and h-value of test 2

Measurement R (First peak) [m] h (First peak) [m] R (Second peak) [m] h (Second peak) [m]
2 51.4 50.2 81.66 80.9
6 51.5 50.3 81.66 80.9
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6 Discussion
A multitude of matters regarding the project will be discussed, concerning both decisions made
and possible explanations for issues discovered during the project. Potential solutions for the
problems will be presented and further development of the radar system will be discussed.

6.1 Simulink
As aforementioned, the project started with Simulink. At this phase, it was uncertain which
software would be used to control the SDR module, meaning Python, MATLAB, and Simulink
were tried. Simulink was first chosen as the block-based system is simple to begin with and
there are plenty of documentation and example systems. After the mp3 file was successfully
transmitted and received on two different SDR modules it was established that communication
between SDR modules was possible and an attempt to send a sine wave was made. However,
the block system also became a liability as it restricted functions to existing blocks. This in
conjunction with the fact that Simulink requires vast amounts of computing power led to the
decision to use MATLAB instead.

6.2 Square Wave Transmission
As seen in section 5.2 the square waves were similar to the transmitted vector when transmit-
ting and receiving within the same SDR module. At the extreme points, where the transmission
changes from negative to positive ones there is an overshoot. This overshoot comes from MAT-
LAB trying to create a square wave from a sine wave. When transmitting and receiving between
two SDR modules the shape of the signal is still a square, however, an underlying sine wave is
visible. The reason for the sinusoidal shape of the received signal is due to frequency offsets
between the respective oscillators in each SDR module, as described in section 2.3.3. The offset
was then corrected as section 4.3 describes to get both SDR modules to operate at the same
center frequency. However, as seen in figure 18 this did not work as intended since both figure
18a and 18b show varying degrees of frequency offset even when the same frequency correction
is applied. The reason for this could be that the offset does not just depend on set value due to
production differences but there is also a degree of time- and space-dependent offset. This could
be caused by varying temperatures of the oscillator or it could simply be random. However, as
the sampling frequency in the latter parts of this project is high, the offset was never recorded
at a value high enough to impact the results of the FMCW RADAR system.

6.3 Sine Wave Transmission
As seen in section 5.4 the transmission of a sine wave with a frequency of 900 kHz by using one
SDR module as transmitter and receiver worked well as the FFT in the receiving end visualized
a peak at the transmitted frequency. The test where one SDR module acted as a transmitter
and another as a receiver was also successful since the received FFT had a peak at 400 kHz
which was the frequency that had been transmitted. For both cases, with the usage of one SDR
module and two SDR modules, the frequency peak is the result of a sum of the echo, direct,
and leakage signals.
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6.4 Internal Leakage
As seen in figure 21 in section 5.5, the SDR module receives signals even when its transmitting
antenna is encapsulated. This indicates that the SDR module has internal leakage, meaning the
electromagnetic waves are propagating out of the Tx circuit and being received without the use
of a Tx antenna. Since the Tx antenna was covered, this could have happened in several ways.
Firstly the waves could be propagating into the Rx circuit directly from the Tx circuit or the
waves could be penetrating the hull of the SDR module and travelling from the Tx circuit into
the Rx antenna. A third option could be that the setup with the cans did not completely block
the waves.

The test depicted in figure 22, section 5.5, shows how the measured leakage is greater in am-
plitude than a direct signal from another module. This could cause problems since the power
of the echo signal will be much lower than the direct signal and therefore even lower than the
internal leakage, thus making it hard or impossible to detect. The power of the leakage could
drown out the reflected signal which is a problem since the reflected signal is the signal of inter-
est in this project. Therefore a decision was made to continue the project using multiple SDR
modules instead of a single one. Using two separate SDR modules to act as Rx- and Tx antenna
respectively with an adequate distance between them. The problem with the internal leakage
is then diminished since the power of the leakage signal is lower as it has to propagate through
free space. Although the leakage problem is solved by adding another module, new problems
arise such as syncing them which will be further discussed in section 6.5.

6.5 Object Detection Using FMCW RADAR
Due to the leakage discussed in section 6.4 it was concluded that using a single module as Tx
and Rx would not work. Instead, a setup of multi-module reflection measuring was used. This
setup requires two SDR modules, one transmitting in an unrestricted lobe and a receiver hav-
ing an antenna with an aimed lobe in the direction of the target of interest. This makes use
of the leakage from the transmitting SDR module to the receiving SDR module as the direct
signal penetrates the hull of the SDR module while the echo is received with the aimed antenna.
These two frequencies can then be used to obtain the beat frequency as equation 12 in section 2.5.

This concept was proven in section 5.6 where the distance to the target could be calculated
with the help of the frequency difference between the echo and the direct signal. However, only
in a controlled environment, meaning a large open area with minimal reflective objects to cause
noise and clutter. It was also discovered that as long as the amplitude of either signal was no
less in amplitude than 1% of the other it was detectable as depicted in figure 26. However, in
practice, the signal probably needs to be closer in amplitude than 1% because of noise which
was not simulated.

Observing the figures in section 5.7, it is apparent that there are periodic peaks through the
sample window. The frequency difference between each peak is equal to 124500 Hz. This fre-
quency difference, calculated in terms of how far the wave has traveled, according to equation 11
equals 10.1 meters which is equal to how far the wave travels during one sample. This confirms
our calculation for the resolution due to the inability to get a more accurate approximation of
distance to a target than 10.1 meter intervals. It can also be calculated that our maximum
range in practice is in fact equal to our theoretically calculated maximal range if the maximal
frequency difference is used with equation 14.
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In test one, the distance to the building that was attempted to measure was approximately 82
meters away. In four of the five measurements, a distance of 70.72 meters was calculated which
could represent the building. Due to the resolution of 10.1 meters calculated in section 2.6 the de-
viation from the calculated distance to the measured distance could be explained. The measured
distance of exactly 70.72 meters was obtained in four of five measurements which strengthens
speculation that these results strongly depend on the resolution. Because the RADAR was not
fully stationary but held by hand during the tests it should deviate the results by a couple of
centimeters from measurement to measurement if the results were accurate. There were also
multiple other buildings farther away that explain the distances of 91.1 and 111.95 meters that
were calculated. In measurement five there was a tractor that drove in front of the building
that the radar was aimed at. This explains the distance of 50.2 meters that was calculated. It
is also noteworthy that three of the five measurements from test one managed to pick up two
large echo peaks in the same measurements which means multiple targets are detectable at the
same time. Multiple smaller peaks were also visible in many of the measurements but these
were deemed as not noteworthy enough due to their low amplitude.

In test two, the most significant frequency peak came from the building located 84 meters
from the modules as seen in figure 27. That frequency peak gave a distance of 80.9 meters ac-
cording to table 5 in section 5.7. This value is an accurate result since it deviates just 3.1 meters
from the measured distance. However, the deviation is lower than the previously mentioned
resolution which means that the system should not be able to measure this accurately. Meaning
the low deviation is probably due to pure randomness and luck. In this test, there were multiple
targets, for example, the previously mentioned building and a car. The car was located approx-
imately 50 meters from the modules and the frequency peak that came from the car was low
in amplitude but still distinguishable. The peak is marked in figure 28b and is clearly visible,
however, in figure 28a the amplitude is lower but can be found if searched for nonetheless. From
these peaks, a distance of 50.2 and 50.3 meters was calculated. This result has a deviation of
just 0.2 and 0.3 meters respectively. The reason that the frequency peak that came from the
reflection on the car was hard to distinguish is because of the resolution. Around the car, there
were multiple different smaller targets within the resolution that the signal could also reflect
at which made these reflections hard to distinguish in the resulting FFT. The amplitude of the
peaks from the car was lower than the amplitude of the peaks from the building. This is due to
that the surface of the building had a larger area than the car. It must also be noted that all
the previously mentioned deviations from the calculated distances to the measured also depend
on how accurate the physical measured distances were.

In section 5.7 it can be observed how the SWO works in practice even though the R-value
in both tables were relatively close to the correct range for each measurement the peaks ranged
the whole bandwidth over the different measurements.

6.6 Simulated Minimum Distance
While simulating different distances to the target it was discovered that if the target was closer
than 50 meters to the RADAR system, the frequency peaks from the direct signal and the re-
flected signal merged into one peak. This makes it impossible to calculate the distance to the
target by using equation 14 since it requires two frequencies. This phenomenon happens because
each signal consists of multiple frequency peaks, and when the signal gets stronger it also gets
wider. The resolution only describes how far apart each peak can be, but if each signal consists
of multiple peaks, the real minimum distance to objects will be decided by how close the two
signals can be to each other without any overlap in the frequency domain.
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Therefore, the system has a resolution and a minimum range which are different. The reso-
lution is the distance at which two targets can be apart without being detected as one. The
minimum distance is usually the same as the resolution, however in this project due to the width
of the frequency peaks, it is different. During testing, it appears that 50 meters is the minimum
distance to a target where it is still possible to distinguish two peaks. If the distance was shorter
than 50 meters the two signals start to overlap resulting in one larger and broader peak. This
means the 50 meter minimum range only applies to the first target, due to the strength of the
direct signal, thereafter the resolution decides how far apart objects can be distinguished.

This problem could most likely be solved by using additional signal processing to further dif-
ferentiate the signal peaks. This would make them narrower, resulting in the peaks being able
to be closer to each other without any overlap. This could shorten or all together remove the
difference between the resolution and minimum range.

6.7 Hardware Limitations
As aforementioned in section 2.6 the Pluto SDR module has hardware limitations of certain
parameters, the parameter that impacts this project the most is the sampling frequency. The
maximum sampling frequency should, on paper, be 61.44 MHz but despite that when tested, the
system was affected by aliasing. The highest sampling frequency that could be used without be-
ing affected by aliasing was 30 MHz and to fulfill the Nyquist theorem the bandwidth was set to
14.8 MHz. Why the sampling frequency specified by Analog Devices causes aliasing could be be-
cause of documentation differences between their MATLAB toolbox and their physical products.

Another limitation caused by the sampling frequency is the chirp rate, µ, which depends on
the bandwidth and the chirp time. As aforementioned the bandwidth was set to 14.8 MHz
during the project. Typically the chirp time, T, is set to a short period in FMCW RADAR situ-
ations to make the chirp rate as large as possible. This will increase the time difference between
the direct and echoed signals. However, the wave vector in the transmitted signal depends on
the chirp rate. When simulating the ranging a smaller chirp time causes the transmitted vector
to be shorter due to the bandwidth being a set value. When a too small chirp time was used
the vector could no longer represent this due to having too few elements. For the transmitted
wave to be able to represent a linear frequency increase in a sine wave, the chirp time needs to
be at least 8 µs for the increase to be visible as figure 20.

6.8 Continuation of the Project
Although this project achieved subgoals 1 through 6 as seen in section 3.1, there is still room
for improvement and continuation to complete subgoals 7 and 8.

The first category that could be improved is the hardware. If it instead of the ADALM Pluto
SDR had been another module with the capacity for a higher sample frequency alongside a
larger bandwidth, the range and resolution could have been greatly improved. This could lead
to better estimates of the measured distances and smaller targets could be detected.

The second category of improvement is signal processing, both in simulation and testing. In sim-
ulation, the offset for each signal is currently an integer for more accurate simulations this could
be changed to float values. Noise could also be added to better simulate real-world phenomenons.
Currently, the only signal processing conducted is the usage of FFT. Future improvements that
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could be made are noise reduction for testing and subsample analysis. Noise reduction would
make weak signals easier to differentiate from background noise, meaning further distances and
smaller targets could be detected. Subsample analysis, using regression, would make it possible
to get a better range approximation than the current resolution allows.

For completion of subgoal 7, the triangulation could be simulated and tested using 4 modules,
2 receivers, and 2 transmitters, by using the same principles as done earlier with two modules
but two different center frequencies for each pair of receivers and transmitters. However, with
the current sample rate, this setup’s x-value according to figure 12 would need to be at least
40 meters wide. It would require 20 meters between the first Tx and Rx pair, and another 20
meters for the second pair. This makes it impractical for short-range object detection due to
the nature of these systems often being placed on vehicles.

Lastly, there was not enough time to complete subgoal 8, create a UI. This could automati-
cally calculate the range to the targets instead of making it manually which would save time.
If subgoal 7 is completed the UI could also automatically, by using triangulation, visualize the
object not only with range but also angle in relation to the RADAR system.
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7 Conclusion
The possibility of measuring direct and echoed signals using FMCW RADAR with SDR mod-
ules has been proven successful in a controlled environment. However, the minimum range of
the RADAR system was measured to 50 meters while the resolution was 10.1 meters. This
originates from the relatively low sample rate at 30 MHz that the hardware operated at.

Another limiting factor was the leakage inside the SDR module which made it impossible for the
receiver and transmitter antennas to be on the same module. This leads to a system where the
receiver and transmitter are placed on different modules fitted with tin-cans over their respective
antenna. This makes the system sub-optimal for short-range object detection due to the need
for a large distance between the receiver and transmitter antenna.

In summary, target detection and ranging are possible by using FMCW RADAR technology
with ADALM PLUTO SDRs that are controlled by using MATLAB, although not at a short
range.
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A Appendix

1 clc , clear , beep off
2 %tx part
3

4 % creating a vector with 100 ones and 100 negative ones
5 tx_waveform = [ones (1 ,100) *-1, ones (1 ,100)+eps *1i ];
6

7 % define a radio object to transmit from
8 radio = sdrtx (’Pluto ’);
9 radio . CenterFrequency = 2.415 e9;

10 radio . BasebandSampleRate = 1e7;
11 radio .Gain = 0;
12

13 %tx repededly to create a continous square wave
14 transmitRepeat (radio , tx_waveform ’);
15 % visualizing the sent wave
16 plot( tx_waveform )
17

18 % findPlutoRadio
19 % release ( radio )
20

21 %%
22 %rx part
23

24 fs =1 e6;
25

26 % creating our receiving radio object and defining some parameters
27 rxPluto = sdrrx (’Pluto ’ ,...
28 ’RadioID ’,’usb :0 ’ ,...
29 ’CenterFrequency ’ ,2.415e9 ,...
30 ’BasebandSampleRate ’,fs);
31 rxLogNoOverflow = dsp. SignalSink ;
32 rxLogDataValid = dsp. SignalSink ;
33

34 % creating an infinite loop meaning the receiver is constantly listening
35 %we have commented out when it wants to display if samples are droped in
36 % order to have a faster code
37 for counter = 1: inf
38 [data ,datavalid , overflow ] = rxPluto (); % store received signal
39

40 % Check for overflow of received samples .
41 if ( overflow ) % dropped samples
42 %disp(’ samples dropped ’);
43 else
44 rxLogNoOverflow (data);
45 end
46 % Check for overflow and validity of received data.
47 if ~( overflow ) % no dropped samples
48 if ~( datavalid ) % received desired data
49 rxLogDataValid (data);
50 end
51 else
52

53 %disp(’no valid data received ’);
54 end
55 %plot the received data in time domain
56 if mod(counter ,1) ==0
57 plot(real(data))
58 title (’Received signal in time domain ’)
59 ylabel (’Amplitude ’)
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60 xlabel (’Time ’)
61 drawnow % continuously draws the plot meaning we have real time

updates
62 end
63

64 end
65

66

67 % findPlutoRadio
68 % release ( radio )

Listing 3: MATLAB script to transmit and receive square wave

1 %% Configuration
2 % cleans up workspace and command window ,
3 clear , clc , beep off
4 findPlutoRadio % ConnectPluto
5

6 Fc =2.415 e9; % Center frequency
7 Fs =1 e6; % SampleRate
8

9 %% Choices 0 for off 1 for on
10 PlotWave =0;
11 LiveFFT =1;
12

13 % creating the radio object and defining some parameters for it
14 radio = sdrtx (’Pluto ’);
15 radio . CenterFrequency = Fc;
16 radio . BasebandSampleRate = Fs;
17 radio .Gain = 0;
18

19 rxPluto = sdrrx (’Pluto ’ ,... % Defining RX
20 ’RadioID ’,’usb :0 ’ ,...
21 ’CenterFrequency ’,Fc ,...
22 ’BasebandSampleRate ’,Fs);
23 rxLogNoOverflow = dsp. SignalSink ;
24 rxLogDataValid = dsp. SignalSink ;
25

26 %% Transmitter
27

28

29

30 % Creating sinuswave
31 sw = dsp. SineWave ;
32 sw. Amplitude = 0.5;
33 sw. Frequency = 200 e3;
34 sw. ComplexOutput = true;
35 sw. SampleRate = Fs;
36 sw. SamplesPerFrame = 5000; % to meet waveform size requirements
37 wave = sw ();
38

39 % Plotting wave
40 if PlotWave ==1
41 plot(wave);
42 xlabel (’Tid (s)’);
43 ylabel (’Amplitud ’);
44 title (’Sine Wave ’);
45 end
46

47 % Continously transmitting the wave vector
48 transmitRepeat (radio , wave)
49
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50 %% Receiver
51

52 %How long Pluto should receive .
53 for counter = 1:5000
54 [data ,datavalid , overflow ] = rxPluto ();
55

56 % Check for overflow of received samples .
57 if ( overflow ) % dropped samples
58 %disp(’ samples dropped ’);
59 else
60 rxLogNoOverflow (data);
61 end
62 % Check for overflow and validity of received data.
63 if ~( overflow ) % no dropped samples
64 if ~( datavalid ) % received desired data
65 rxLogDataValid (data);
66 end
67 else
68 %disp(’no valid data received ’);
69 end
70 if LiveFFT ==1
71 %Draw FFT
72 L= length (data);
73 Y = fft(data);
74 plot(Fs/L*(0:L -1) ,abs(Y) ," LineWidth " ,3)
75 title (" Received signal in time domain ")
76 title (" FFT plot ")
77 xlabel ("f [Hz ]")
78 ylabel ("| fft(X)|")
79 drawnow
80 end
81 end
82 release ( radio )

Listing 4: MATLAB script to transmit sine wave and visualize received signals FFT

1 %% Configuration
2 % cleans up workspace and command window ,
3 clear , clc , beep off
4 findPlutoRadio % ConnectPluto
5

6 Fc =2.415 e9; % Center frequency
7 Fs =1 e6; % SampleRate
8

9 %% Choices 0 for off 1 for on
10 PlotWave =0;
11 LiveFFT =1;
12

13 % creating the radio object and defining some parameters for it
14 radio = sdrtx (’Pluto ’);
15 radio . CenterFrequency = Fc;
16 radio . BasebandSampleRate = Fs;
17 radio .Gain = 0;
18

19 rxPluto = sdrrx (’Pluto ’ ,... % Defining RX
20 ’RadioID ’,’usb :0 ’ ,...
21 ’CenterFrequency ’,Fc ,...
22 ’BasebandSampleRate ’,Fs);
23 rxLogNoOverflow = dsp. SignalSink ;
24 rxLogDataValid = dsp. SignalSink ;
25

26 %% Transmitter
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27

28

29

30 % Creating the frequency increase
31 T = 2; %Time for one chirp
32 f_max = 8e5;
33 f_min = 0;
34 B = f_max - f_min ; % deciding the bandwidth
35 t = (0:1/ Fs:T) ’; %this is the timevector
36 mu = B/T; % definiing the chirp rate
37 f = Fc .*t + 0.5* mu .*t.^2;
38 A = 1;
39

40 % creating the wave function
41 wave = A*exp (1i*2* pi*f);
42

43 % Plotting wave
44 if PlotWave ==1
45 plot(t, wave);
46 xlabel (’Time (s)’);
47 ylabel (’Amplitude ’);
48 title (’Sine wave with increased frequency ’);
49 end
50

51 % Continously transmitting the wave vector
52 transmitRepeat (radio , wave)
53

54 %% Receiver
55

56 %How long Pluto should receive .
57 for counter = 1:5000
58 [data ,datavalid , overflow ] = rxPluto ();
59

60 % Check for overflow of received samples .
61 if ( overflow ) % dropped samples
62 %disp(’ samples dropped ’);
63 else
64 rxLogNoOverflow (data);
65 end
66 % Check for overflow and validity of received data.
67 if ~( overflow ) % no dropped samples
68 if ~( datavalid ) % received desired data
69 rxLogDataValid (data);
70 end
71 else
72 %disp(’no valid data received ’);
73 end
74 if LiveFFT ==1
75 %Draw FFT
76 L= length (data);
77 Y = fft(data);
78 plot(Fs/L*(0:L -1) ,abs(Y) ," LineWidth " ,3)
79 title (" Received signal in time domain ")
80 title (" FFT plot ")
81 xlabel ("f [Hz ]")
82 ylabel ("| fft(X)|")
83 drawnow
84 end
85 end
86 release ( radio )

Listing 5: MATLAB script to transmit FMCW and visualize received signals FFT
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1 clear , clc , beep off
2

3 Fc =4.2 e9; % Center frequency
4 Fs =3 e7; % SampleRate
5

6

7

8 % Creating the frequency increase
9

10 T = 8e -6; %Time for one chirp
11 f_max = 14.8 e6;
12 f_min = 0;
13 B = f_max - f_min ; % deciding the bandwidth
14 t = (0:1/ Fs:T) ’; %this is the timevector
15 mu = B/T; % definiing the chirp rate
16 f = Fc .*t + 0.5* mu .*t.^2;
17 A = 1; % amplitude
18

19 % creating the wave function
20 wave = A*exp (1i*2* pi*f);
21

22

23 % Replicating wave
24 n = 20000; % decidiing the length based
25 repetitions = ceil(n / numel (wave)); % deciding repetitions
26 new_wave = repmat (wave , 1, repetitions ); % repeating the wave
27 new_wave = new_wave (1:n); % making the wave n units long
28

29 %% Echowave
30

31 shiftecho = zeros (1 ,10); % deciding delay in echoed signal
32 shiftdirect = zeros (1 ,2); % deciding delay in the direct signal
33 echowave =[ shiftecho new_wave ]; % adding the padding to the waves
34 directwave =[ shiftdirect new_wave ];
35

36 conj_echo =conj( echowave (1:n) ’); % taking the conjugate of the waves
37 conj_direct =conj( directwave (1:n) ’);
38

39 rxwave = conj_echo + conj_direct ; % creating the received signal
40

41 window_offset = zeros (1 ,200); % adding theoretical offset to sample
window

42 txwave = [ window_offset new_wave ];
43 txwave = txwave (1:n) ’;
44

45 %% FFT
46

47 matrix_data = rxwave .* txwave ; % multiplying conjugate of received signal with the
transmitted wave

48

49 le = length ( matrix_data ); % creating length units for the fft
50

51 figure (1)
52 Y = fft( matrix_data ’); % creating the fft and plotting it
53 plot(Fs/le *(0:le -1) , abs(Y))
54 title (" FFT conjugate plot ")
55 xlim ([0 f_max ])
56 xlabel ("f [Hz ]")
57 ylabel ("| fft(X)|")

Listing 6: MATLAB script of simulation
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1 %% Configuration
2 % cleans up workspace and command window ,
3 clear , clc , beep off
4 findPlutoRadio % ConnectPluto
5 %%
6

7 Fc =4.2 e9; % Center frequency
8 Fs =3 e7; % SampleRate
9

10

11 % creating the radio object and defining some parameters for it
12 radio = sdrtx (’Pluto ’);
13 radio . CenterFrequency = Fc;
14 radio . BasebandSampleRate = Fs;
15 radio .Gain = 0;
16

17 rxPluto = sdrrx (’Pluto ’ ,... % Defining RX
18 ’RadioID ’,’usb :0 ’ ,...
19 ’CenterFrequency ’,Fc ,...
20 ’BasebandSampleRate ’,Fs ,...
21 ’GainSource ’,’Manual ’ ,...
22 ’ShowAdvancedProperties ’, 1);
23 rxLogNoOverflow = dsp. SignalSink ;
24 rxLogDataValid = dsp. SignalSink ;
25

26 %% Transmitter
27

28 % Creating the frequency increase
29 T = 8e -6; %Time for one chirp
30 f_max = 14.8 e6;
31 f_min = 0;
32 B = f_max - f_min ; % deciding the bandwidth
33 t = (0:1/ Fs:T) ’; %this is the timevector
34 mu = B/T; % definiing the chirp rate
35 f = Fc .*t + 0.5* mu .*t.^2;
36 A = 1;
37

38 % creating the wave function
39 wave = A*exp (1i*2* pi*f);
40

41 % repeating the wave so that it is the same length as the received signals vector
42 n = 20000;
43 repetitions = ceil(n / numel (wave));
44 new_wave = repmat (wave , 1, repetitions );
45 new_wave = new_wave (1:n) ’;
46

47 % Continously transmitting the wave vector
48 transmitRepeat (radio , new_wave )
49

50

51 %% Receiver
52 % storing the received data in a vector
53 [data] = rxPluto ();
54

55 % taking the conjugate and multiplying received and transmitted data
56 data = double (data);
57 con_data = conj(data);
58 matrix_data = con_data .* new_wave ;
59

60 % visualizing in an FFT
61 le = length ( matrix_data );
62 ti = (0:le -1)* 1/ Fs;
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63 Y = fft( matrix_data ’);
64 figure (1)
65 plot(Fs/le *(0:le -1) , abs(Y))
66 title (" FFT Plot ")
67 xlim ([0 f_max ])
68 xlabel ("f [Hz ]")
69 ylabel ("| fft(X)|")

Listing 7: MATLAB script of the FMCW RADAR system

B Appendix

Figure 29: Test 1 measurement 1 Figure 30: Test 1 measurement 2

Figure 31: Test 1 measurement 3 Figure 32: Test 1 measurement 4
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Figure 33: Test 1 measurement 5

Figure 34: Test 2 measurement 1 Figure 35: Test 2 measurement 2

Figure 36: Test 2 measurement 3 Figure 37: Test 2 measurement 4
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Figure 38: Test 2 measurement 5 Figure 39: Test 2 measurement 6

Figure 40: Test 2, view of targets
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