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ABSTRACT

Frequency Modulated Continuous Wave (FMCW) radar systems are compact,
energy efficient, and cost-effective, making them highly suitable for both commercial
and defense applications. Operating with continuous low-power transmission, these
systems enable accurate detection of target range by measuring the time delay between
transmitted and reflected signals and target velocity from the Doppler frequency or

position change over time.

To increase the spatial resolution of a radar system, which depends on the
antenna aperture and signal bandwidth, without adding hardware complexity,
Synthetic Aperture Radar (SAR) techniques are integrated into the FMCW framework.
This combination enables the development of a compact and lightweight imaging
radar capable of achieving high-resolution imagery through motion. In this approach,
measurements are collected at multiple spatial positions under the stop-and-go
assumption, and image reconstruction is performed using the Range-Doppler and

Backprojection algorithms.

This thesis presents both theoretical and experimental investigations into
FMCW radar signal generation, range—velocity measurement, and SAR-based
imaging. The results demonstrate the effectiveness of FMCW-based SAR for multi-
target localization and high-resolution imaging while maintaining a low-cost and

power-efficient hardware design.

X



Chapter 1

INTRODUCTION

Radar, which stands for Radio Detection and Ranging, is an electromagnetic
system designed to detect objects and determine parameters such as range and
velocity. The system transmits electromagnetic waves into free space, which
propagates until they encounter an object. Upon striking an object, a portion of the
transmitted energy is scattered, and some is reflected back to the radar receiver as an
echo. The time delay between the transmitted and received signals enables estimation
of the object’s range, while the frequency shift of the returned signal, resulting from
the Doppler effect, provides information about the object’s velocity.

Radar systems are designed in various configurations to meet specific
applications and performance requirements. One of the most fundamental types is the
pulse radar system, in which the radar transmits short pulses of electromagnetic signals
and then pauses before transmitting the next pulse. By measuring the time interval
between transmission, reflection from the target, and reception of the echo, the system
can determine the range or distance of the object. Pulse radars with high transmission
power can detect objects at ranges exceeding 100 km, making them particularly
suitable for long-range surveillance and object tracking applications.

Another prevalent configuration is the Continuous Wave (CW) radar. In this
system, the transmitter emits electromagnetic waves continuously at a constant
frequency and amplitude. As the transmission and reception occur simultaneously,
CW radars cannot directly measure range but can accurately determine the velocity of
moving targets by measuring the Doppler frequency shift between the transmitted and
received signals that result from the relative motion between the radar and the object.

As a result, CW radars are commonly employed in speed measurement and motion



detection applications and are often referred to as Doppler radars.

A Frequency-Modulated Continuous Wave (FMCW) radar combines the
advantages of both pulsed and continuous wave radar systems. It transmits a
continuous signal whose frequency varies linearly over a set range. The reflected
signal is a time-delayed version of the transmitted waveform, resulting in a small
frequency difference between the transmitted and received signals, which is used to
determine the object’s range, while the phase change of the reflected signal over time
provides information about the object’s velocity. The continuous transmission and
reception of signals enable a high signal-to-noise ratio while operating with

significantly lower transmitted power compared to pulsed radar systems.
FMCW radar offers several advantages such as:

e High accuracy in measuring short target ranges.

e Simultaneous determination of target range and velocity, with the ability to
resolve closely spaced objects.

e Simplified and cost-effective circuitry due to low frequency signal
processing.

e Absence of high peak power pulses, making it safer to operate while
maintaining precise measurements.

e Continuous transmission and reception enable real-time monitoring and
analysis.

e Minimal range measurement error due to linear frequency modulation.

FMCW radar systems were initially developed for military applications during
World War II but have since become widely adopted across numerous civilian and
industrial domains. They are extensively used in air and marine traffic control for
precise range and velocity measurements, as well as in weather monitoring and remote
sensing for atmospheric profiling and terrain mapping. In the automotive industry,
they serve as a foundational technology for advanced driver-assistance systems

(ADAS) and autonomous vehicles, supporting functions such as collision avoidance,



adaptive cruise control, blind-spot detection, and parking assistance.

In applications that require detailed imaging of a surface or scene such as
topographic mapping, infrastructure inspection, and environmental monitoring, simple
range measurements are insufficient. To achieve fine spatial resolution and reconstruct
two-dimensional images, the Synthetic Aperture Radar (SAR) technique is employed.
SAR synthesizes a large effective aperture by coherently combining radar returns
collected from multiple positions as the radar platform moves. This approach allows
the system to achieve high-resolution imaging in both the range and cross-range
(azimuth) dimensions, making it a powerful extension of FMCW radar technology for

precise surface and target characterization.

1.1 Contribution

This work serves as a foundational study for understanding and implementing
radar imaging systems, with a focus on the operation and processing of Frequency-
Modulated Continuous Wave (FMCW) radars. The study consolidates information
from diverse academic and technical sources, supported by experimental validation
and data analysis. The key contributions of this work are summarized as follows.

First, the thesis presents a comprehensive theoretical and experimental
investigation of FMCW radar operation, including the derivation of key equations for
estimating target range and velocity. The fundamental principles of signal generation,
data acquisition, and beat frequency analysis are examined in detail to provide a clear
understanding of FMCW radar behavior.

Second, this study explores the application of Frequency-Modulated
Continuous Wave radar in SAR imaging, demonstrating how radar data can be
processed to form two-dimensional images using algorithms such as the Range-—
Doppler and Backprojection methods. Both algorithms are implemented and evaluated
to understand their respective roles in achieving spatially resolved radar imaging.
Experimental results show that the Range—Doppler algorithm provides faster image

formation with lower computational complexity, whereas the Backprojection



algorithm produces clearer, higher-resolution images at the expense of greater
processing time and computational load.

Finally, the study compares simulated and experimental datasets to assess the
performance, accuracy, and computational aspects of the imaging algorithms. The
results highlight the strengths and limitations of each approach, providing insights for

further development of advanced radar imaging systems.

1.2 Outline

This thesis focuses on the study and analysis of Frequency-Modulated
Continuous Wave radar and its application in Synthetic Aperture Radar (SAR)
imaging.

Chapter 2 provides the theoretical background of FMCW radar, detailing the
principles of signal generation, modulation, and the techniques used for estimating
target range and velocity.

Chapter 3 explores the integration of FMCW radar into SAR imaging systems
and examines various image reconstruction algorithms. Emphasis is placed on the
Range-Doppler Algorithm (RDA) and the Backprojection Algorithm (BPA), including
their theoretical foundations and implementation methods.

Chapter 4 outlines the experimental framework established to validate the
theoretical models, including hardware configuration, data acquisition, and
measurement procedures. Imaging results from both algorithms are presented and
analyzed, with a comparative assessment of accuracy, resolution, and computational
performance.

Chapter 5 concludes the thesis by summarizing the key findings and outlining
potential directions for future research aimed at enhancing FMCW-based SAR
imaging. It also highlights how some of the limitations associated with digital

processing can be addressed through the development of photonic-based SAR systems.



Chapter 2

FUNDAMENTALS OF FMCW SIGNAL GENERATION AND PROCESSING

Frequency-Modulated Continuous Wave (FMCW) radar is a system that
transmits a continuous signal whose frequency is modulated with time while
maintaining a constant amplitude. This process, known as frequency modulation,
generates a waveform that periodically sweeps across a defined frequency. In this
work, a linear modulation technique is used which can be referred to as Linear

Frequency Modulation (LFM).

2.1 FMCW Radar Block Diagram

A frequency synthesizer, together with the voltage-controlled oscillator
(VCO), generates the linear FMCW signal at the output of the VCO. This signal is
then amplified and divided into two paths: one portion is transmitted through the
transmit antenna into free space, while the other is directed to the mixer as a reference
for down-converting the received signal. The echo reflected from the target is captured
and amplified by the receive antenna before being mixed with the reference signal.
The resulting intermediate frequency (IF) signal is then band-pass filtered, amplified,
and fed into an analog-to-digital converter (ADC). The digitized data is subsequently
collected by a host system for further signal processing and analysis. The Figure 2.1

illustrates the block diagram of an FMCW radar system.
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Figure 2.1. System block diagram

2.2 FMCW Principles

The transmitted signal, known as a chirp, is a sinusoidal
waveform with a frequency that varies linearly (LFM) over time,
producing a continuous frequency sweep across a defined bandwidth
(BW). The duration required to complete one frequency sweep is
referred to as the chirp duration (T). The instantaneous frequency of the

chirp for a time t is defined as:

f®O=/f+Bt,
2.1)

where f, is the carrier frequency and f is the slope, also known as the
chirp rate, which depends on BW and T and is given by:

_ BW
p=—
2.2)

A higher slope corresponds to a faster frequency sweep.
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The time duration between two consecutive transmit chirps is
called the Pulse Repetition Interval (PRI), and its inverse is the Pulse

Repetition Frequency (PRF):

PRF = 1 _1
PRI T

In FMCW systems, the PRI generally equals the chirp duration T . The
received signal is digitized at a rate known as the sampling frequency
(fs), which determines the maximum measurable range and affects the
resolution of range processing. The appropriate selection of f; ensures

the accurate capture of the beat signal without aliasing.
The transmitted signal during the first period can be represented as:
t 2
Six = rect (?) cos(mfts + 2nfyt)

2.3)

where

t 1 |t|<T
t{=)= ’ =2
rect (2) { 2

0, otherwise .



This can be expressed in exponential form by using Euler’s identity as:
AN 2
Six = rect (T) ) (2nfot+mBe?)

(2.4)
The received signal can be modeled as a time-delayed and attenuated version

of the transmitted waveform, with additional system and environmental noise.
_ t j[2mfo(t—1) +mB(t-1)?]
V. = rect T e + Vhoise -

(2.5)

The time-delay (t) between the transmitted signal and the received signal is
related to the distance (R) between the radar and the target and the propagation speed
of the electromagnetic wave, which is taken to be the speed of light (c). Time delay

can be shown as:

(2.6)
In most cases, the range R extends only a few kilometers, resulting in a

corresponding time delay on the order of several tens of microseconds.
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Figure 2.3: Chirp signal

Within the radar receiver, the transmitted and received signals are mixed to
generate a down-converted signal called the intermediate frequency (IF) signal. This

process is called the de-chirp process. It is expressed as:
S;p = rect (E) ej[2nf0(t—‘t)+n8(t—‘t)2] _ e—j[2nfot+n8t2]

(2.7
Simplifying gives:
S,p = rect (%) pil2mBtt+2nfyr-npr?]
(2.8)
The first exponential term, e/?™BT, represents the frequency-dependent
component. The second and third exponential terms, e/2™°T and e/TBT correspond to
the phase related components. The third component is small and can generally be
ignored,

Sir =rect (%) eJ2nfotl gjl2mprt]

(2.9)



The filtered signal is then digitized using an Analog-to-Digital Converter
(ADC) and processed using Digital Signal Processing (DSP) algorithms to extract the

target’s attributes such as range, angle, and velocity.

2.2.1 Range Estimation

The frequency difference between the transmitted and received signals, known
as the beat frequency (f},), can be used to calculate the target range by directly using
the known parameters f and c.

Given a chirp slope f and a time delay 7 due to the target's round-trip

propagation, the beat frequency (f;,) can be expressed as:

fo =Bt .
(2.10)
The relationship between beat frequency f}, and target range becomes
2R fb Cc
= JE— =9 R -
fo=B= 25
(2.11)

To determine the range (R) of a target using the IF signal (2.9) the frequency-
dependent part of the signal is analyzed. To extract this frequency component, a Fast
Fourier Transform (FFT) is applied to the IF signal over the fast time, where each
sample corresponds to a range bin representing a specific range value. The FFT
converts the IF signal from the time domain to the frequency domain, where the
dominant peak indicates the distance to the target [1].

By applying continuous time Fourier transform on the IF signal, this can be

expressed as:

Sy = Tsinc[T(f — pr)] /2ot |

10



(2.12)

where sinc(x) = sin(mx)/(mx) is the sinc function, and

rect (%) o sinc(Tf) .

This can be expanded as:

1 . 1 .
Sip = ETsinc[T(f — Br)] /2ot + ETsinc[T(f + )] e~ /2mhoT

(2.13)

The above equation reveals two symmetric peaks about the Y-axis in the
frequency domain representation of S;z(t): the peak at f = St appears on the positive
frequency side, while the one at f = —f7 lies on the negative frequency side,
corresponding to frequency components with opposite phases. In digital signal
processing, these peaks appear in the discrete frequency spectrum after performing the
FFT and remain symmetric about zero frequency, provided that the zero-frequency
component has been properly shifted to the center of the frequency axis. Since both
have equal magnitudes but opposite phases, one of them can be discarded without loss
of information. Assuming the positive-frequency spectrum is retained, and the

negative-frequency component is discarded, we have:

1. .
Sip = ETsmc[T(f — Br)] e/2™hoT |
(2.14)
2.2.2 Maximum Unambiguous Range
The maximum unambiguous range defines the farthest distance at which a

radar system can uniquely determine a target’s position without overlapping from

echoes of subsequent chirps. This range primarily depends on the chirp duration T,

11



which, for FMCW radar, is equal to the PRI. It is also limited by the ADC sampling
rate (f), since the highest beat frequency that can be measured without aliasing is
(fs/2). By setting (f, = fs/2) and using the relationships established in (2.6) and

(2.11), the maximum unambiguous range can be expressed as:

C
R ,
max 2 PRF
(2.15a)
fsc
Rpax = ;_
(2.15b)

This relationship shows that a higher ADC sampling rate or a smaller chirp slope

allows for a larger unambiguous detection range.

2.2.3 Range Resolution

When multiple targets are present within the radar’s field of view, the IF signal
contains frequency that corresponds to the sum of each target’s range. In the frequency
domain, these appear as distinct tones, and their separation indicates the relative
distances between objects. The radar range resolution defines its ability to distinguish
two closely spaced targets, which is possible when the difference between their beat
frequencies (Afp) exceeds the system’s frequency resolution. From the equation (2.2)

and (2.11) we get

1
Af, >= = AR =
fo>7 c2BT ~ 2BW

(2.16)

12



An increase in signal bandwidth (BW) directly enhances range resolution,
allowing the radar to resolve objects with smaller separations in range. This can be

achieved by increasing the chirp slope, or rate,  or extending the chirp duration T.

2.2.4 Velocity Estimation in FMCW Radar

For a stationary target, the beat frequency corresponds solely to the target’s
range. However, when the target is in motion, a Doppler shift is superimposed on the
beat frequency, allowing the radar to measure both range and velocity. The Doppler
frequency (f;) depends on the relative velocity (v ) between the radar and the target
and is expressed as:

2v
fa =—=—sinB ,

(2.17)
where A is the radar wavelength, R, is the shortest distance between the radar and the
transmitter and 0 is the angle between the radar line-of-sight and the target's direction

of motion.

Ry

Figure 2.4: Doppler representation
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The Doppler effect appears as a phase shift between consecutive chirps and
can be expressed using the phase component of equation (2.14). If two consecutive
chirps are separated by a time interval T, a target moving with velocity v travels a
small distance ( Ad = vT ). The corresponding phase difference ( A¢) between the

received signals of the two chirps is:

_4mAd AT
)
(2.18)
Hence, the target velocity can be obtained as:
_AA
Y= T
(2.19)

In practice, the velocity is estimated by performing a Doppler FFT across
multiple chirps in the slow-time domain. The resulting Doppler spectrum exhibits

peaks corresponding to different target velocities.

2.2.5 Maximum Detectable Velocity

The maximum detectable velocity (also called the unambiguous velocity) is the
highest speed that the radar can measure without confusion due to phase wrapping. To
avoid ambiguity, the phase difference between two chirps should be less than . Based
on this condition, the maximum velocity, taking ( A¢ = ), that can be measured is:

A
VUres = ﬁ

(2.20)
If a target moves faster than this limit, the radar cannot accurately estimate its

direction or velocity without additional signal processing. Therefore, when designing

14



an FMCW radar, parameters such as the chirp duration T must be carefully chosen to

balance the maximum measurable velocity and the velocity resolution.

2.2.6 Velocity Resolution

The velocity resolution defines the smallest difference in velocity that the radar
can detect between two moving objects. It depends on the number of chirps in one
frame(N) and chirp duration (T). The velocity resolution can be expressed as:

5 217T>21'[
™ "N

(2.21)

Since the total frame time (Tf) is the product of the number of chirps N and
the chirp duration T, it can be expressed as: (Tr = NT).
Substituting this relationship into (2.23), the velocity resolution can be

expressed as:

(2.22)
This shows that the velocity resolution improves (gets finer) when the radar

uses more chirps per frame or a longer total frame duration.

15



Chapter 3

APPLICATION OF FMCW RADAR IN SYNTHETIC APERTURE RADAR
(SAR) IMAGING

3.1 SAR Concepts

Accurate positioning of a target in a two-dimensional plane requires both range
and cross-range (azimuth) information. The imaging performance of a radar system is
primarily determined by two resolution metrics: range resolution and azimuth
resolution. The range resolution defines the radar’s ability to distinguish between two

targets separated along the line of sight and is given by:

_ C
~2BW

AR

(3.1
where ¢ is the speed of light and BW is the transmitted signal bandwidth. A larger
bandwidth yields finer range resolution, allowing the radar to distinguish closely
spaced objects more accurately.

The azimuth resolution, on the other hand, defines the radar’s ability to
discriminate between two closely spaced objects in the cross-range direction. It
depends on the effective synthetic aperture length and can be expressed as:

AR

AA ,
L

(3.2)

16



where A is the wavelength, R is the range to the target, and L is the aperture length of
the radar. A larger aperture provides finer azimuth resolution, which is critical for
detailed imaging.

While conventional radar systems can provide precise range measurements,
their azimuth resolution at long ranges is inherently poor due to the physical
limitations of real-aperture antennas. For example, achieving meter-level azimuth
resolution at long ranges would require a real-aperture antenna hundreds of meters
long, which is impractical for most airborne or spaceborne radar systems.

The concept of Synthetic Aperture Radar (SAR) overcomes this limitation.
One way to understand SAR is from the perspective of antenna arrays. The beam
width of a broadside array pattern is inversely proportional to the array length; that is,
a longer array produces a narrower beam width and higher angular resolution [2]. The
half-power beam width of a broadside array with M elements can be approximated by:

0.886A
HPBW ~ ~pr7—

where A is the wavelength and d is the element spacing. High cross-range resolution
can thus be achieved if a sufficient number of elements are available. However,
constructing such a large physical antenna is not realistic in most application.

SAR achieves the effect of a large physical antenna by synthesizing it through
the motion of a smaller antenna along a linear path. As the radar moves, it sequentially
collects echoes from different positions, which are stored and later combined
coherently once the platform completes its motion. This coherent Doppler (azimuth)
process effectively narrows the azimuth beamwidth, providing resolution equivalent to

that of a much larger antenna. The motion-based synthesis forms the foundation of

17



SAR. Achieving high azimuth resolution depends on maintaining precise phase
coherence during data collection, allowing the individual echoes to be combined
constructively. Modern SAR systems employ advanced digital signal processing to
perform these operations efficiently, enabling real-time or near real-time image
formation. This capability makes SAR a vital technology in diverse applications,
including remote sensing, defense, environmental monitoring, and disaster response,
as it can operate effectively day or night and penetrate clouds and other obstructions.
A SAR operates along two main directions: range and azimuth. The azimuth
direction runs parallel to the radar platform’s motion and is called the slow-time
direction. The range direction, perpendicular to the platform’s path and parallel to the
radar beam, is known as the fast-time direction. As the platform moves in azimuth, it
transmits multiple pulses in the range direction. Each pulse illuminates a footprint,

which is the area contributing to the radar back-scatter received by the system.

T ﬁ\o{\on

_—nd
z — pwec®
7-’/,- \_\\\

Figure 3.1: SAR system
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SAR systems primarily operate in three modes as shown in Figure (3.2):
stripmap, spotlight, and scan mode. In stripmap mode, the antenna beam remains fixed
perpendicular to the flight path throughout the data acquisition. As the radar platform
moves, the projection of the antenna beam on the ground traces a continuous strip, and
each point within this strip is illuminated for an equal duration. This configuration
provides a balanced trade-off between coverage area and resolution and is therefore
the most commonly used SAR imaging mode.

In spotlight mode, the antenna beam is actively steered either mechanically or
electronically to continuously illuminate a specific region as the platform moves. This
allows the radar to observe the target from a wider range of angles, producing images
with greater detail and sharper features. Because the radar remains focused on the
same spot for a longer period, precise control of the antenna motion is essential to
achieve accurate motion compensation and well-focused images. This increased
observation time, known as dwell time, enables the collection of more phase-
consistent echoes that can be coherently integrated to enhance signal strength and
spatial resolution. However, this improvement in image quality comes at the cost of
reduced overall scene coverage.

The scan mode increases the radar’s coverage area by periodically sweeping
the antenna beam across several neighboring sub-swaths as the platform advances.
This approach allows the system to image a much wider region, but each ground cell
receives less illumination time, leading to lower azimuth resolution. Scan mode is
especially valuable for applications that require broad area surveillance, where

maximizing coverage is more important than achieving fine detail.
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Figure 3.2: Modes of SAR (a) Stripmap mode; (b) Spotlight mode
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3.2 Transmit and Receive signals
During the SAR operation, the radar transmits an FMCW signal that can be

expressed as:

t - .
Stx(t,n) = rect (7) rect (T]T_ﬂc) o 2nfot+mpt?)

a
(3.3)

Here, t represents range time (fast time) and 1 denotes azimuth time (slow

time). B is the chirp slope, or rate, (T,) represents the synthetic aperture time and f; is
the carrier frequency. The amplitude of the transmitted signal is assumed to be 1. The

time delayed received signal is:

Vix(t,m) = rect (%) rect (Tl ; T]c) e/l2mfolt-D+mB(t-D?]

a

(3.4)

Figure 3.3: Interpretation of the Azimuth—Doppler Relationship
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Assume that the radar platform moves horizontally with a constant velocity v,
where 1 denotes the azimuth time (slow time) and 1. is the azimuth time at zero
Doppler. A chirp signal is transmitted at each azimuth sampling position, and 0
represents the instantaneous incidence angle at each point along the platform’s
trajectory. R, represents the closest slant range between the radar and the target, R(1)

is the instantaneous slant range at each azimuth position 1 which is shown as:

R(M) = RZ +v2(n—nc)? .

(3.5)
The time-delay (t) between the transmitted and received signal can be taken as:
2R 2
= 2B 2 o + v -no
c c
(3.6)

It is assumed that the SAR observes the scene from a broadside. By applying a
Taylor series expansion to the square root about (n = 1) and retaining only terms up
to the second order in slow time [1], the expression simplifies as follows:
n 3<R0 v - nc)2>

2R,
(3.7)

As the radar platform moves along the azimuth direction, it continuously
transmits and receives signals. Between successive transmissions, the radar advances
to a new sampling position, introducing a Doppler frequency shift due to the relative

motion between the radar and the target which can be expressed as:

2nf; = 21 2717 sinf ,
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fa = R K,
(3.8)
where (K, ) denotes the azimuth chirp rate, defined as:
k=2
RA

(3.9)

and ( A) denotes the wavelength, i

"R
(3.10)

The IF signal is obtained by mixing the transmitted signal in (3.3) with the

received signal given in (3.4), giving:

Sir(t,m) = rect <£> rect (u) eJ2mfot gJ2mptt o jmpT®
' T T,

(3.11)
The third exponential term, known as the residual video phase (RVP), is

negligible and is thus ignored in subsequent analysis:

t — . .
Sip(t,m) = rect <?) rect (n—T ﬂc) el2mfot gjzmprt

a

(3.12)

33 Imaging The Data
After acquiring data with the SAR system, the information is digitized and
processed to reconstruct an image of the target scene. Several signal processing

algorithms can be employed for SAR image formation, such as the Range—Doppler
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Algorithm (RDA), Backprojection Algorithm (BPA), Chirp Scaling Algorithm (CSA),
and Omega-K Algorithm. This thesis focuses primarily on the Range—Doppler and

Backprojection algorithms.

3.3.1 Range Doppler Algorithm

The Range—Doppler Algorithm (RDA) was the first imaging algorithm
developed for digital SAR signal processing. This method offers computational
efficiency by forming SAR images in the range—azimuth frequency domain. The
algorithm leverages the significant difference in time scales between the range and
azimuth dimensions, allowing the processing to be approximately separated into two
independent stages [3]. A key step in this separation is the Range Cell Migration
Correction (RCMC), which compensates for the motion-induced curvature of target
trajectories in the range—azimuth plane. This correction is performed in the range—
frequency and azimuth—frequency domains. Because the azimuth frequency is directly
related to the Doppler shift caused by platform motion, the algorithm is named the

Range—Doppler Algorithm.

The main steps of the RDA are as follows:

e Range Compression: Range compression is performed along the
fast-time axis, where the received signals are transformed into the
frequency domain using a range FFT.

e Azimuth Compression: The range-compressed data are
transformed into the range—Doppler domain using an azimuth FFT,
aligning signals within the same range bin according to their
Doppler characteristics.

e Range Cell Migration Correction (RCMC): This step
compensates for the range migration of targets by transforming their
curved trajectories into straight lines in the range—Doppler domain.
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Figure 3.4: Range-Doppler Algorithm flowchart

Azimuth Filtering: Applies matched filtering in the azimuth—
frequency domain to achieve azimuth compression.

Inverse Azimuth Fourier Transform (IFT): An inverse FFT
along the azimuth dimension transforms the data from the Doppler
domain back to the spatial domain.

Applying the range continuous-time Fourier transform (CTFT) to the IF signal

in (3.12) and then substituting the time-delay approximation from (3.7), we get:

Sir(f,m) = Tsinc[T(f — B1)]rect (%) eJ2mfot

a

(3.13)
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Vz(n—nc)z)

. 2
S;e(f,m) = Tsinc lT (f — B%(Ro + M))l rect (%) ejznf"?(R"+ =

2Ry a

(3.14)

Substituting the value of K, from (3.9) and wavelength from (3.10) we obtain:

S;e(f,m) = Tsinc [T (f _2BRo _ sz(n_nC)z)] rect (ﬂ) d@eiﬁam—nc)z _

c CRy Tq
(3.15)
Applying the Fourier Transform (FFT) along the azimuth dimension

transforms the signal into the range—Doppler domain.

SIF(frfn) — Tsinc [T (f _2BRo _ BUZ(T]_T]C)Z)]

c CRg

.ATIR
rect (_n—nc) e]MToej”Ka(“_“f)zeﬂ”f“” , (3.16)

a
where f; is the azimuth frequency.

By applying the Principle of Stationary Phase (PSP), the approximation can be

made as
_
11 - Ka +nc )
(3.17)
o _h
n—"Nc K,
(3.18)

Substituting (3.18) into the Fourier Transform expression and solving yields the

following result. Hence, we can write:

2

s B2R, 2B vif? -1\ jitRo —jmlR
Sie(f, fyy) = Tsinc [T(f—T—Tm)] rect (T_a) e/ % e/ ka @7 I2nNe

(3.19)
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The exponential terms correspond to different phase components of the signal.
The first term represents a constant phase, the second is a quadratic term associated
with azimuth modulation, and the third is a linear term that determines the azimuth

position of the target after azimuth compression [4].

Range Cell Migration and Its Correction

When the IF signals collected from all azimuth positions are converted to the
range-frequency domain, through a Fourier transform, the variation in target range
between successive transmitted chirps becomes evident. Because of the radar’s wide
azimuth beamwidth, a target may move through multiple range bins during the
synthetic aperture period. This phenomenon is known as Range Cell Migration

(RCM). The peak of the sinc envelope along azimuth follows a curve that varies with

the azimuth frequency (f;,), which can be expressed as:

2 F2
RCM =M
cKiR,

After converting received IF signal into the Doppler-frequency domain, the
information collected over the entire synthetic aperture is coherently combined to form
a focused image of the target. However, the range variation introduced by RCM
complicates this process, as the target’s echo energy no longer remains confined
within a single range bin. To overcome this issue, the received signal is corrected such
that the echo from a single target remains within the same range bin throughout the
entire synthetic aperture. This operation is referred to as Range Cell Migration
Correction (RCMC) and is typically implemented through interpolation in the range—

Doppler domain [4], [5].
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After applying RCMC, the signal is compressed in the azimuth direction using

an azimuth matched filter. The expression for the azimuth matched filter is given by:

2

|
Ho(fy) = '™ . (3.20)
After applying (3.20) to the received signal (3.19) the second exponential term

is eliminated, yielding

ZR - ARy
SIF(frﬁ’]) = TSlnC [T (f —_ B c O)] rect (n Tanc) e] A 0 e—]Z‘l'[fnT]C )

(3.21)
Finally, an inverse Fourier transform (IFT) is performed to reconstruct the

focused image of the point target.

41TRO

Sie(fm) = dsine [1 (1 =22 sine[BW, (0 ~ e’ 3

(3.22)

Here, A represents the signal amplitude. The range and azimuth positions of

the target are determined by two sinc functions, whose 3dB widths are 1/T and
1/BW,, respectively. The azimuth bandwidth (BW,) depends on the synthetic
aperture time (T,), which is governed by the radar beamwidth and the platform

velocity, and is given by:

L AR,
Ta = —_ = — ,
v Dv
BW, =T,K,
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3.3.2 Backprojection Algorithm

SAR image formation techniques, such as the Range—Doppler Algorithm
(RDA) and other frequency-domain methods, assume that the radar platform follows a
straight and uniform path to enable efficient convolution operations using FFTs.
Although several modifications exist to account for platform motion deviations, they
increase algorithmic complexity and remain limited in performance. In contrast, the
backprojection algorithm (BPA) is a time-domain approach that inherently
compensates for non-linear trajectories and surface topography variations. It
reconstructs the SAR image by directly correlating the received, range-compressed

radar echoes with the expected signal from each pixel location [3], [6], [7].

Raw Data

FFT in Range direction

|

Radar Position —  Differential Range = |[«—— Pixel Position

Phase Correction

Linear Interpolation

!

Final Image

Figure 3.5:Backprojection Algorithm
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In the backprojection approach, the radar echo data are first range-compressed
to isolate target reflections in fast time. The scene to be imaged is represented as a
two-dimensional grid of pixels. For each pixel, the algorithm computes the total
propagation distance between the radar and that pixel for every radar position along
the aperture. Using this distance, the corresponding time delay and phase shift are
determined, allowing the received signal to be properly aligned and phase corrected.
The phase-aligned contributions from all radar positions are then coherently summed
to estimate the pixel intensity. Repeating this process for every pixel produces a fully
focused SAR image.

If the scene to be imaged is represented as a two-dimensional spatial region,
with each pixel corresponding to a specific location (x, y), the intermediate frequency
(IF) data received by the radar (3.12) are first range-compressed as in Equation (3.13)

to convert the signal from the time domain to the frequency domain, expressed as:

S,e(f,m) = T sinc [T(f — Bv)] rect (“ ;”) eJ2nfot

a

(3.23)
The image is then formed by coherently summing the range-compressed

signals across all radar positions:

N
2R, (x,y)\ _AmRn(xy)
1Y) =) Sip(fm) (t =+) S
k=1

(3.24)

where Ry, (x,y) denotes the distance between the radar position at slow time (1) and
the pixel location (x,y). The exponential term applies the necessary phase correction

corresponding to the propagation delay.
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The backprojection algorithm provides excellent geometric flexibility and
image fidelity. It allows motion compensation on a pulse-by-pulse and pixel-by-pixel
basis, making it well-suited for complex flight paths and topography-dependent
imaging. However, these advantages come at the cost of high computational
complexity and the need for accurate knowledge of radar geometry and motion
parameters. Since the algorithm operates directly in the spatial domain, it requires

evaluating distances and phase terms for every pixel and every pulse.
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Chapter 4

EXPERIMENTAL DEMONSTRATION OF RANGE, VELOCITY, AND
IMAGING USING FMCW RADAR

4.1 Experimental Setup

The experiment was conducted in a controlled laboratory environment
equipped with RF absorbers to minimize unwanted reflections and reduce noise in the
received signals. The measurement setup consisted of an FMCW radar mounted on a
movable platform that traversed a 1.5-meter linear rail. The radar's motion was
automated using an Arduino-based control system. A cylindrical target was positioned
approximately 1 meter from the rail during the experiment.

Data collection was performed using the stop-and-go method, in which the
radar platform halted at discrete positions along the rail to acquire measurements
before advancing to the next point. At each position, the radar transmitted and
received signals were recorded as in-phase and quadrature (IQ) data. Following the
acquisition, the signals were digitized and processed using digital signal processing
techniques. Image reconstruction was performed using both the Range-Doppler

Algorithm and the Backprojection Algorithm.
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Figure 4.3: Experimental setup; (a) Setup block diagram; (b) Experimental setup

4.2 Anechoic Enclosure

To minimize unwanted reflections and multi-path effects caused by metallic
fixtures in the laboratory, which can introduce noise into the collected data, a semi-
enclosed anechoic chamber was constructed. The setup consisted of RF absorber
panels arranged around the radar measurement area to suppress stray reflections and
simulate a free-space environment. The absorber walls were positioned approximately
3 m from the transmitter-receiver assembly, forming a partial enclosure. The structure
was built using aluminum-backed foam boards that served as mounts for 2 ft x 2 ft

absorber tiles. Each board held six tiles, attached via a hook-and-loop Velcro system,
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with the loop fabric bonded to the panel backs and the hook fabric adhered to the foam
boards. The boards were wedged securely between the floor and ceiling to ensure
stability, and additional absorber panels were installed where necessary to achieve full

coverage of the designated test area.

Figure 4.2: Anechoic Enclosure

4.3  Radar Board

The experiments were conducted using two commercial off-the-shelf radar
systems. The first is the Position2Go radar module from Infineon Technologies,
featuring one transmit and two receive channels (1Tx—2Rx). It operates in the 24—
24.25 GHz band with a bandwidth of approximately 200 MHz.

The second system used in this study is the TinyRad radar module from
Analog Devices, configured with two transmit and four receive channels (2Tx—4Rx)
and operates in the same 24-24.25 GHz frequency range with 200 MHz bandwidth.

The specifications of both radar systems are summarized in Table 4.1.
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Figure 4.1: 24 GHz Radar System; (a) 1-Tx 2-Rx; (b) 1-Tx 4-Rx

Table 4.1: Specifications of the radar systems used in the experiment

Parameter 1Tx-2Rx 2Tx-4Rx Unit
Antenna Gain (G) 12 12.6 dBi
Sidelobe Suppression (AS) -20 -20 dB
Horizontal 3dB Beamwidth (6H ) 76 76.6 degrees
Vertical 3 dB Beamwidth (8V ) 19° 17.6 degrees
Supply Voltage 5 5 A\
Maximum RF Output Power 10.26 8 dBm
Transmit Frequency Range 24-24.25 24-24.25 GHz

4.4  Virtual Array Geometry

When multiple transmit (Tx) and receive (Rx) antennas are co-located, the

combination of their positions forms what is known as a virtual array. This represents
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a mathematically equivalent configuration that models the behavior of a larger
physical array, thereby improving spatial resolution and imaging performance while
maintaining compact structure. Each transmitter—receiver pair contributes one virtual
element, effectively extending the system's aperture [8].

The position of each virtual element can be expressed as the sum of the spatial

coordinates of the corresponding transmitter and receiver elements:

Apn = Xm + X0
4.1)
where X,,, and X,, denote the positions of the m™ transmitter and n™ receiver,

respectively.

Example: TinyRad 2 Tx — 4 Rx Configuration:

The TinyRad radar system used in this experiment consists of two transmitters
and four receivers arranged linearly. The two transmit antennas are separated by a
distance of 32—/1 while the receiver elements are spaced uniformly at % intervals. The
first receiver (Rx,) receives the signal from the first transmitter (Tx;), which serves
as the reference element. Signals received by the subsequent receivers (Rx,, Rx3, Rx,)
from the same transmitter experience phase delays proportional to their spacing
relative to (Rx;), resulting from the additional propagation distance introduced by

their physical separation.

: 31 L
The two transmitters are separated by ~ causing signals from Tx, to travel an

. pl . . .
extra distance of about 37 before reaching the target. This extra path length increases

the delay observed at each receiver and shifts the positions of the corresponding

virtual elements. Consequently, each unique Tx-Rx pair forms a distinct virtual
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element, resulting in a denser effective aperture. When two virtual elements coincide
spatially, the overlapping locations are considered redundant. Thus, the spatial
arrangement of the transmit and receive antennas in the TinyRad radar system results

in a seven-element virtual array [8].

Tx Rx4 Rx, Rxg Rxy Rxs Rx; Rxg

41 54 64

2 2 2

P
)
=

e &2

Figure 4.4: Virtual array of TinyRad

4.5 Geometry of Transmit and Receive Elements

To model the geometry of a multiple, transmit multiple receive radar array, it is
necessary to define the spatial positions of the transmitting and receiving antenna
elements. In a radar system consisting of M transmitter and N receiver elements
arranged linearly with uniform spacing, let (d;) denote the separation between
adjacent transmitters and (d,) the spacing between adjacent receivers. The offset
between the first transmitter and the first receiver is defined as (Xrgy). The
propagation distance from the first transmitter element to the target, denoted (Rrx 1),
is taken as the reference range [9]. The positions of the remaining elements are then
expressed relative to this reference point as:

X, = (m—1)d,, forthem!™ Tx element,

X, = Xrpe + (n—1)d,, for the n'* Rx element.
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Figure 4.5: Transmit and receive element geometry

Under the far-field approximation, where the distance to the target R, is much
greater than the array aperture, the propagation distances from each transmitter and

receiver to the target are given by:

Rrxq1 = \/Rg + (X5t + voN)? = Ryer

2 .
RTX,m = \/Rg + ((xst - Xm) + VoT]) R Rief — Xm sin(0) ,

2 .
RRX,n = \/Rg + ((xst - Xn) + vOtS) X Rief — Xp sin(0) ,

(4.1)
where (x5 + vgm) represents the motion of the radar platform, and 0 is the target’s
angle relative to the array broadside.

h

The total round-trip propagation distance for a signal transmitted from the m®

Tx element and received by the nt" Rx element is given by:

R = Rrxm + Rpxn
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= Rpef — Xi SIN(O) + Ryef — X, Sin(B)

= 2R.es — (X;, + X;,) sin(0) .

By using Equation (4.1), the expression can be simplified to:

R = 2Rt — dpyp, Sin(0)
(4.2)
The variation in path length across different Tx—Rx pairs introduce phase
differences in the received signals, enabling techniques such as beamforming, angel-

of-arrival (AOA) estimation, and SAR imaging.

4.6  Data Collection and Organization

The data collected by the radar at each position along the rail are organized
into a three-dimensional matrix, commonly referred to as a data cube. This data cube
serves as the foundation for estimating key target parameters such as range, velocity,

and azimuth angle.

Data Cube Structure

The 3D of the data cube corresponds to distinct domains of radar measurement:

e Samples (Fast Time, t):
This dimension represents the temporal samples of the received signal for each
transmitted chirp.

e Pulses (Slow Time, 1)
This dimension represents the sequence of radar pulses collected as the antenna
moves along the azimuth direction.

e Channels (n)

This dimension corresponds to the number of receiver elements (Rx) in the
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radar array. Each receiver provides a spatially distinct observation of the

reflected wavefront.

The data cube can therefore be represented as:

DC(t,m,n) .

Receiver channel

Samples

Figure 4.6: Data cube

Each measurement across fast time and receiver channels forms a single slice
of the data cube. As the radar platform moves along the rail and repeats this process,
successive slices populate the cube along the slow-time dimension. Once data from all
positions have been acquired, the data cube is fully populated and ready for

subsequent signal processing and image reconstruction.

4.7 Experimental Results
Using the experimental setup described in the previous section data were

collected at discrete positions along the rail to form a complete synthetic aperture. The
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target was placed approximately 1m from the radar. The experiments were conducted

by position2go radar system.

L

Figure 4.7: Experiment setup with target kept at Im distance

Range Estimation

To estimate the target’s range, a Fast Fourier Transform (FFT) was applied to
the received IF signal. The FFT converts the signal from the time domain to the
frequency domain, where each frequency component corresponds to a specific range
bin. The resulting range profile exhibits a distinct peak at the location corresponding
to the target’s distance from the radar.

Figure (4.8) shows the magnitude of the FFT output, clearly indicating a strong
reflection peak at approximately Im range, consistent with the actual target position.
This confirms the correct operation of the radar system and validates the data for

subsequent imaging steps.
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Figure 4.8: Range profile; (a) Simulated range profile; (b) Collected range profile

Imaging Target

The acquired data were processed using two imaging algorithms: the Range—

Doppler Algorithm (RDA) and the Backprojection Algorithm (BPA). Both methods

were applied to the same dataset for comparison.
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Figure 4.9: Target imaging; (a) Imaging by Range-Doppler algorithm; (b) Imaging

by Backprojection algorithm (figure generated using equations provided
by Noah Butler).

Although the RDA produced a recognizable target image, it exhibited limited
spatial resolution. In contrast, the backprojection result provided a much clearer and
more focused image of the target, demonstrating its effectiveness in accurately
reconstructing the scene. However, this improvement in image quality came at the cost

of significantly higher computational complexity and processing time.
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To quantify this difference, Table 4.2 summarizes the computation times for
each algorithm under identical processing conditions. The results highlight the trade-
off between computational efficiency and image quality. While the backprojection
algorithm provides superior reconstruction accuracy, its higher processing cost makes

it less suitable for real-time applications compared to the Range—Doppler approach.

Table 4.2: Comparison of computation times between imaging algorithms

Algorithm Computation Time (s)
Range—Doppler Algorithm (RDA) 1.2444
Backprojection Algorithm (BPA) 5.8849

Imaging of Closely Spaced Targets

An experiment was conducted to assess the spatial resolution of the radar using
closely spaced metallic targets. A flat board with aluminum strips was used to create
three configurations with inter-strip spacings of lcm, 1.25c¢m, and 2cm. The radar
operated at a carrier frequency of 24 GHz, corresponding to a wavelength of
approximately 1.25cm (A = 0.0125 m).

Data was collected for each configuration using the same setup and processing
method. The reconstructed images, shown in Figure (4.10) and (4.11) highlight the
effect of target spacing relative to the radar wavelength. When the strip spacing (1cm)
was smaller than the wavelength, the targets could not be clearly resolved, producing a
blurred image. At a spacing (2cm) exceeded the wavelength, the individual targets

were distinctly resolved.
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Figure 4.10: Target 1: Reflective surface separated by 1 cm: (a) Reflective surface
separated by 1 cm; (b) RDA image; (c) BP image (figure generated using
equations provided by Noah Butler).
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Figure 4.11: Target2: Reflective surface separated by 2 cm; (a) Reflective surface
separated by 2 cm; (b) RDA image; (c) BP image (figure generated using
equations provided by Noah Butler).
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Beamforming for Angular Resolution Enhancement

To enhance the angular resolution of the reconstructed scene, digital
beamforming was applied to the collected radar data. In this process, the received
signals from each antenna element are coherently combined after being weighted by

an angle-dependent complex phase term, referred to as the array factor (AF), given by:
2T
AF = [—j ~ n sin(8(n, b))] ,

where A is the radar wavelength, d,,,, is the spacing between the m™ transmitter and
the n™ receiver, and 0(1, b) denotes the steering angle corresponding to beam index
( b ) at slow-time sample (1).

The beamformed signal is obtained by summing the weighted signals across all

receiver channels:
N-1

SBF(t'nF b) = SIF(tFnI n) AF(nI n, b) )

n=0

(4.3)
where S;z(t,m,n) represents the IF signal at the n™ receiver, and Sgr(t,n, b) is the
resulting beamspace signal for beam index ( b ).

Once the data are transformed into the beamspace domain, image formation
can proceed by integrating over the focused beams. In this experiment, the signals
received from the seven virtual antennas of the TinyRad system were weighted using
the array factor to steer the beam toward the center of the scene, thereby improving
target localization. Figure (4.12) presents the resulting image, which demonstrates

enhanced angular resolution compared to the unfocused case.
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Figure 4.12: Imaging after Beamforming; (a) Image using RDA; (b) Image using BP
(figure generated using equations provided by Noah Butler).
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Chapter 5

SUMMARY

This thesis presents the theoretical foundation and experimental validation of a
Frequency-Modulated Continuous Wave (FMCW) radar system for target detection
and Synthetic Aperture Radar (SAR) imaging. The research focuses on understanding
the operational principles of FMCW radar, analyzing its range and velocity
measurement capabilities, and extending its functionality to high-resolution imaging
through SAR techniques. The thesis provides a comprehensive analysis of FMCW
signal generation and processing. It discusses range estimation, and Doppler-based
velocity extraction. The thesis also elaborates on the concepts of synthetic aperture

formation, and various SAR operation modes such as stripmap, spotlight, and scan.

Two principal imaging algorithms are investigated:

e Range-Doppler Algorithm (RDA): A frequency-domain approach that pro-
vides computational efficiency through range and azimuth compression with

range cell migration correction.

e Backprojection Algorithm (BPA): A time-domain technique that delivers
better image clarity and flexibility for non-linear platform motion, albeit at

higher computational cost.
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Experimental Implementation

The experimental work employs two 24 GHz radar modules, a (1Tx-2Rx) and
(2Tx-4Rx) systems. A semi-anechoic enclosure was constructed to minimize
reflections and simulate a free-space environment. The radar was mounted on a 1.5-
meter motorized rail, enabling data acquisition under the stop-and-go assumption at
discrete spatial points. The experiments were designed to evaluate range, velocity, and
imaging performance.

Range profiles were generated through FFT processing, validating the correct
operation of the radar by accurately identifying targets at expected distances. Doppler

processing enabled motion estimation and velocity profiling.

Both RDA and BPA were implemented and compared:

e RDA achieved faster computation but exhibited lower spatial resolution.

e BPA produced sharper, well-focused images with improved target

definition, confirming its effectiveness for high-fidelity reconstruction.

Experiments on closely spaced metallic targets demonstrated that resolution
improves proportionally with wavelength, verifying theoretical predictions.
Beamforming techniques were also applied to enhance angular resolution, leveraging

virtual array configurations to achieve finer spatial focusing.

5.1  Future Work
The work presented in this study represents the preliminary stage of
understanding the fundamental operation of an FMCW radar signal and its application

in SAR imaging. The experiments and analyses carried out thus far focused on
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developing a baseline digital SAR processing framework, implementing algorithms
such as Range-Doppler and Backprojection, and exploring the relationships among
system bandwidth, resolution, and imaging performance.

Conventional SAR systems face several challenges, such as limited bandwidth,
beam squint, and high Size, Weight, Power, and Cost (SWaP-C). These issues become
more pronounced at higher operating frequencies and with larger apertures.
Furthermore, the need for high-speed analog-to-digital converters (ADCs), digital-to-
analog converters (DACs), and extensive digital signal processing increases system
complexity, thereby hindering real-time operation and scalability.

To overcome these limitations, future research aims to translate portions of
SAR signal processing into the optical domain. Rather than directly converting
received radio frequency (RF) signals into the digital domain, microwave photonics
enable their modulation onto optical carriers. This facilitates substantial signal
processing and beamforming within the optical domain. Optical systems are inherently
lightweight, energy-efficient, and well-suited for broadband and high-frequency
applications. Additionally, optical beamforming supports true-time-delay (TTD),
which alleviates the bandwidth and beam-squint constraints associated with
conventional digital beamforming (DBF). The analog nature of optical processing also
minimizes synchronization challenges and latency, resulting in faster and more
energy-efficient operation.

Future research will focus on developing photonic-based MIMO SAR systems
that utilize Fourier-based opto-electronic architectures. These architectures maintain
spatial and temporal coherence independent of the number of antenna elements. In

such systems, received RF signals are first converted into optical signals and
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subsequently processed using Fourier-transform lenses. These lenses separate and
focus the signals according to their angles of arrival, generating an optical pattern at
the focal plane that directly represents the target scene [10], [11]. This method
substantially reduces digital processing demands and latency while improving energy
efficiency, bandwidth capacity, and overall system throughput.

For the initial studies in this area, simulations were carried out on a system
where the received beams were weighted using an array factor to steer each receiver’s
response toward specific angles. The beam corresponding to the strongest return was
then selected for image formation, effectively reducing the computational load during
the imaging process. The effect of varying the number of selected beams is visualized

below.

FMCW SAR w/ Lab Data (Beam Selective)

FMCW SAR w! Lab Data (Beam Selective)

TINYRADZ4G FMCW SAR

Reference Image 1 Selected Beam 2 Selected Beams 3 Selected Beams

FMCW SAR w! Lab Data (Beam Selective) FMCW SAR w/ Lab Data (Beam Selective) FMCW SAR wi Lab Data (Beam Selective) FMCW SAR w! Lab Data (Beam Selective)

4 Selected Beams 5 Selected Beams 6 Selected Beams 7 Selected Beams

Figure 5.1: Comparison of the reference image with beamspace SAR images formed
using 1-7 beams (Image provided by Noah Butler).
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In addition to improving processing speed and resolution, the next-generation
system will employ an optically enabled hybrid stripmap—spotlight SAR
configuration. Conventional SAR systems typically operate exclusively in stripmap or
spotlight mode. By integrating optical beamforming, it becomes possible to merge the
advantages of both. In the proposed configuration, the transmitter will illuminate a
broad region, while the optical receiver array forms multiple simultaneous narrow
beams across the scene. This stripmap-spotlight hybrid mode enables concurrent wide-
area imaging and localized high-resolution observation, allowing adaptive beam

selection based on return strength or region of interest [9], [12].
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