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ABSTRACT

DESIGN AND PERFORMANCE EVALUATION OF 2D LFMCW FDA

Karadag, Savas
Doctor of Philosophy, Electrical and Electronic Engineering
Supervisor : Prof. Dr. Simsek Demir

September 2021, 171 pages

Waveform diversity is a highly desired property for radars because of its numerous
benefits. Frequency diversity is one type of the waveform diversity. Total radiation
pattern of transmitting antenna elements that are operating at slightly different center
frequencies has peaks and nulls depending on the summation of the radiated fields,
which can be constructive or destructive with respect to location and time. LFM chirp
fed antenna elements with increasing true time delays will give rise to frequency
diversity, thus, self-scanning beam patterns. This is named as LFMCW based FDA

in the literature.

In this thesis, a direction finding method with LFMCW based linear FDA is
presented and evaluated. Furthermore, comparison with a proven MIMO example
that focuses on advantages of spatially modulated array takes place. It is shown in
this study that one can obtain comparable performance by using much simpler
LFMCW-FDA implementation than state of the art MIMO implementations which

are relatively more complex in structure.

Waveform diversity properties and application methods of LFMCW-FDA are both
analytically and experimentally proven for radar implementation by [1]-[5]. All of

them utilized the linear array until now. In this study, a novel implementation with a



planar antenna array is introduced. Migration to planar array makes 3D scanning
possible with this technic. The proposed structure is evaluated by simulations of a
realistic radar example. Finally, the target RCS characteristic of the planar array is
investigated and compared with the equivalent PA radar.

Keywords: Frequency Diverse Array, Phased Array, LFMCW, Radar

Cross Section.
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0z

IKi BOYUTLU DOGRUSAL KiPLEMELI AYRIK FREKANS ANTEN
DiZiSi TASARIMI VE PERFORMANS DEGERLENDIRILMESI

Karadag, Savas
Doktora, Elektrik ve Elektronik Miihendisligi
Tez Yoneticisi: Prof. Dr. Simsek Demir

Eyliil 2021, 171 sayfa

Dalga sekli ¢esitlendirilmesi bir¢ok faydasi sebebiyle radar uygulamalarinda sik sik
istenen bir tekniktir. Dalga ¢esitlendirme tekniklerinden biri de frekans gesitlendirme
yontemidir. Merkez frekanslar1 ¢ok hafif farkli olan sinyallerin kullanildig:
antenlerin olusturdugu dizilerinin toplam 1s1ma oriintiisiinde gonderilen sinyallerin
toplam girisim fazlarma bagli olarak tepeler ve vadiler olusur. Dizi antenlerinin
arasinda frekans cesitliligi yaratabilmek icin farkli teknikler kullanilabilir. Dogrusal
frekans modiilasyonuna sahip isaret, gergek zamanl gecikme yollar1 vasitasiyla bir
anten dizisi beslendiginde elemanlar arasi frekans farki, dolayisiyla kendiliginden
uzay1 tarayan hiizmeler, elde edilebilir. Bu yontem literatiirde dogrusal frekans
modiilasyonlu devamli dalgaya dayali ayrik frekans dizisi (LFMCW-FDA) olarak

adlandirilir.

Bu c¢alisma kapsaminda LFMCW-FDA mantigiyla kurulmus dogrusal anten dizisi
kullanilarak yeni bir yon bulma (DF) metodu sunulmakta ve degerlendirilmektedir.
Bunun da otesinde, literatiirdeki wuzaysal modiilasyonun avantajlarina
odaklanilmaktatir; islevselligi kanitlanmis olan ¢oklu giris-¢oklu ¢ikis anten dizisi
(MIMO) ornegi ile karsilastirmalar yer almaktadir. Bu ¢alismada uygulamasi ¢ok
daha kolay olan LFMCW-FDA tekniginden, en gelismis yontemlerden olan MIMO

uygulamastyla denk performansa erisilebilecegi gosterilmistir.

vii



LFMCW-FDA yo6ntemi hem analitik olarak hem deneysel olarak radar uygulamalari
icin kanitlanmis bir tekniktir [1]-[5]. Simdiye kadar bu 6rneklerin her biri dogrusal
anten dizilerinden faydalanmaktadir. Bu c¢alismalarda gosterilen avantajlar
uygulama kolaylig1, ¢oklu yansima kosullar1 altinda etkinligi ve hedef kesit alanin
daha az dalgalanmasidir. Literatiire bagka bir katki olarak, yeni bir LFMCW-FDA
yonteminden faydalanan diizlemsel anten dizisi sunulmaktadir. Bu gelisme ile ii¢
boyutlu tarama miimkiin kilinmaktadir. Bu yeni yontem gercekei radar senaryolari
ile degerlendirilmektedir. Son olarak bu radar kullanilarak hedef radar kesit alaninin
karakteristik 6zellikleri arastirilmis ve es deger nitelikteki faz dizili radarla elde

edilmis degerler ile karsilastirilmistir.

Anahtar Kelimeler: Ayrik Frekanshi Dizi, Faz Dizili Anten, LFMCW, Radar Kesit
Alani.
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CHAPTER 1

INTRODUCTION

There are various types of waveform diversity which achieve electrical steering of
the radiation pattern [6], [7]. Phase array is one of the most common type that uses
phase differences between antenna excitation signal to control the beam steering.
Spatial diversity is another type that uses different propagation paths by using
different transmitting or receiving antennas. It can be, for example, different base
stations for mobile communication, or, electrically small displacement of the array
elements. When the same signal transmission is repeated again at different times to
get rid of the noise and decrease the bit error and false alarm probability, it is named

as time diversity.

Another type of diversity is frequency diversity which is the core of this study. In
this diversity, each transmitting antenna element operates at a different frequency,
therefore, overall beam pattern changes with time and the position of the observer
because signals with slightly different center frequencies can be destructive or
constructive with respect to the location and the time. Scanning behavior of the FDA
is different from the conventional phased arrays. Whereas beam is controlled by
phase shifters in PA, radiation pattern changes with respect to time in FDA. Phased
arrays can be directed to stable angle and they illuminate this angular section
independent from the distance. On the other hand, maxima on the FDA radiation
patterns depend on also the distance. Therefore, it is possible to focus on a specific
point without wasting the energy to illuminate the whole angular section. Moreover,
that is advantageous to securely communicate with the ally and to increase the
efficiency of wireless power transmission power transmission [8], [9]. In addition,

its S-shaped range-angle dependent beam patterns could be useful for suppressing



the interferences from various locations [10]. Focusing on a single location makes
target tracking with FDA more robust, because interferences due to other targets

along same angle could be suppressed by virtue of the S-shaped patterns.

Continuous scanning of the field of view (FOV) is one of the distinctive
characteristics of FDA [11]. FDA scans the whole space throughout only one
scanning period, 1/Af. However, conventional PA radars need to be controlled by
phase shifters that decelerates the space scanning. Implementation of the faster
scanning is possible with the FDA that is another advantage. Because target

displacement would be less during the target detection process [12].

A basic implementation of the FDA is to use different signal sources for each
transmitting element with different center frequencies. Therefore, the phase shifters,
which cost a lot and bring implementation complexity, become redundant in FDA.
As a result of that, realization of FDA is cost-effective and undemanding. A value
added by FDA is illustrated in target RCS characteristics, RCS fluctuation with FDA
is smoother than the obtained with the conventional PAs [1]. Its immunity against
multipath signals is another benefit of FDA usage [2]. On the other hand, this rather
novel topic have different challenges from the conventional methods. Because of the
range-angle ambiguity, space time adaptive processing (STAP) is necessary in this
application. There are many studies, which focus on the solution for the range-angle
ambiguity. Beam scanning property is controlled by radar parameters such as
frequency offset types and amount, which is still hot topic for FDA researchers.

A classical implementation of the FDA is to use different signal sources for each
transmitting element with different center frequencies. Another possibility is to build
separate up-converter circuits for each transmitting antenna by using a different IF
signal to obtain the frequency diversity in the RF output signal [13], [14] and [11].
These two options are widely used methods to create frequency diversity in the
transmitter. Need of many circuit components for separate transmitter for each
element and, so, complexities in the implementation could be drawbacks even

though it is less complex than the conventional PAs. A simpler and reliable method



of realization was proposed by [11] in order to get rid of need for the separate
transmitter before each antenna element. This approach has been investigated by
different researchers with respect to various aspects. By using single LFM chirp on
each antenna with different true time delays, time diversity among transmitted
signals is created that causes the frequency diversity because frequency of the chirp
is changing with respect to the time linearly. This method is called as LFMCW based
FDA, whereas other one will be called as classical FDA throughout this report. Some
valuable studies in the literature have already shown that the LFMCW based FDA
can be effectively usable and has many advantages such as low-cost implementation,
superiorities in the presence of multipath effects over PA and performance in terms
of the target RCS characteristic, etc. [3]. However, there are still open points that can
be studied to make the LFMCW based FDA state of art technology.

In this study, DF method for LFMCW based linear FDA is reviewed, discussed and
evaluated. Angle resolution is decided in time domain, whereas range is determined
in frequency domain. Abilities and limitations of the proposed method will be
discussed and explained with numerical examples. This DF method is based on the
idea that is proposed in [5] by Dr. Eker. To extend the scope of his study, impact of
instantaneous FDA bandwidth over aperture on the range resolution is derived
explicitly and taken into consideration during DF examples. Furthermore, radar
images in the presence of 5 targets are presented, that is obtained by taking FFT of
the time domain samples within a sliding window with weighting coefficients
derived from sinc function’s main lobe. Therefore, performance of the LFMCW-
FDA radar is shown by numerical examples that confirms the aforementioned
resolution approaches. Furthermore, it is shown that utilization of LFM pulses
instead of CW signals could be a remedy for the range-angle ambiguity in FDA
radars.

FDAs are capable to scan automatically the field of view (FOV), this means that
FDA has inherently spatially modulated beam steering behavior. Studies on spatial
modulation in radars show that they can resolve multiple targets better that the radars

with the fixed radiation pattern during pulse period [38, 39]. Similarities between the



spatially modulated MIMO array and LFMCW-FDA are investigated in this study.
It is revealed that the proposed MIMO, which utilizes waveform diversity, is
equivalent to the LFM based FDA, when MIMO uses LFM radar signal with linear
spatial modulation schemes. The advantage of resolving multiple targets is presented
with numerical examples in this thesis. Range resolution is mainly determined by the
bandwidth of the LFM pulse and the increments in true time delays, whereas angle
resolution is determined by array size and excitation type. Radar performance is
evaluated in the presence of 5 targets located on X shape. Numerical examples prove
that LFMCW-FDA achieves the objective of distinguishing different targets within

single pulse.

There are many studies on FDA in the literature, that have been analytically and
experimentally proved the promising performance of linear antenna array based on
LFMCW-FDA, [1], [2], [4], [11]. With linear array, only 2D scan is possible.
Throughout this study, we introduce and evaluate a novel planar array that makes 3D
scanning possible. Although, there are a few examples of 2D FDA in the literature,
first example of 2D LFMCW FDA is given here as a main contribution to FDA
literature. Critical design steps for the planar array are presented, in order to have
properly scanning behavior. It is possible to scan whole space, which is defined by
0~ 38° - 143° and ¢ ~ 30° = 134° within only a single LFM chirp, that is
swept in Ims for the given example in this study. That is illustrated by the coverage
diagrams as well. The scanning behavior of the novel array is similar to raster scan.
Migration of the advantages of the LFMCW-FDA from linear array to 2D array
would make this method more comprehensive and closer to be state of art
technology. Moreover, fast scanning feature of the proposed array is another
efficacious yield when it is used in radar applications. Therefore, radar
implementation with the proposed 2D array deployed as a transmitter is given in
Chapter 4. Angle of arrival (AoA) is determined by phased array receiver in the
given structure, while range of the target is determined from frequency domain. By
using 8x5 elements array, 1.5m range resolution is obtained. Degradation in range

resolution is observed due to the frequency diversity over aperture that makes



spectral components of reflected signal spread over wider frequency bandwidth than
the classical LFM radars. On the other hand, there many advantages to use FDA,
such as fast and self-scanning beam pattern, immunity to multipath, smoother target
RCS with respect to incidence angle and low cost implementation of the LFMCW-
FDA. Radar example shows benefits of the proposed system by comparing it with
the equivalent phased array radar. Even though SNR is lower in FDA, fast detection
with FDA stands out. That could be an advantage for short range high SNR radar
applications. The target displacement during detection in LFMCW based FDA

would be significantly smaller than the state of art competitor.

Target radar cross-section (RCS) is defined by that how much of the incident is
reflected from it. Target RCS characteristic is related with the used radar system.
Due to complexity of a target shape, surface and material, summation of the scattered
fields from the complex surface of the target can be destructive or constructive with
different angle of incidence. In other words, as the target rotates around its center,
the total reflected field may fluctuate rapidly. It may be even zero for certain angles,
that makes the detection of the target impossible. The linear FDA is already shown
to have some superiorities over the state of art PA in [1], [2] in terms of multipath

characteristics and the target RCS characteristics.

In this thesis, target RCS characteristic is investigated for the novel 2D LFMCW-
FDA. In order to determine RCS, reflected field from a group of the point scatterer
is assumed to be captured by an omni-directional antenna at origin. Dumbbell, which
is composed of a pair of scatterers, is considered as target. So, overall RCS is
investigated and illustrated for different bandwidth usages. As the bandwidth of chirp
increases, smoother RCS change with respect to aspect angle is obtained. That
shows increasing frequency diversity provides less zero RCS angle and smoother
variation with the 2D LFMCW FDA.



1.1 Literature Review

In this part of thesis, the literature of FDA concept is reviewed. Due to high volume
of research on this topic, it is not possible to include every valuable work to this
section. The main intention to summarize the important accomplishments related to
this work in this section. Furthermore, a capability of reshaping the radiation pattern
and changing direction of maximum radiation direction is strongly desired for great
numbers of applications such as radars, the communication [5].

FDA is proposed in [14] for the first time. Two patents are obtained by the authors
later based on the FDA [15], [16] that contain FDA design using multiple waveform
generator and a single waveform generator respectively. The array structure in [14]
with separate frequency, amplitude and phase control on each spatial channel is
illustrated in the Figure 1.1. Range dependent pattern due to slightly different center
frequency at each antenna element takes place with classical phased array control
blocks for amplitude and phase. Aperture tapering and beam steering are done by
amplitude weighting and phase shifters respectively. It is claimed that the novel FDA
concept provide resistance to multipath, while it permits more flexible beam
formations. Moreover, each element can be considered as different spatial elements
of the synthetic aperture radar (SAR). Because, each channel provides sufficient
bandwidth transmission so that a requirement for long integration times in small
apertures can be overcome. This work is expanded in [17] with implementations of
the various scenarios. Therefore, range dependent behavior of the FDA is proved by

different experiments.
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Figure 1.1. Hardware Implementation of the FDA in [14]

Another implementation is introduced in [11], that is comprised of much simpler
circuitry i.e. two signal sources, multiple mixers and interconnections. Continuous
scanning in range and angle is illustrated without deploying phase shifters. This
study focuses on discovering the details of periodicity in time, range and angle by
using a binominal distribution array. Figure 1.2 (a) shows the FDA hardware, that is
equivalent to conventional systems when frequency diversity step (Af) is zero. Same
figure also illustrates the radiation pattern at different time instants. Periodicity in
range, angle and time graphs are given for each variable, while other two stay

constant.
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Figure 1.2. Implementation of the FDA in [11], (a) Hardware, (b) & (c) Range
dependent radiation patterns at different times

Cross-range resolution can be improved by widening the angular data collection
range in synthetic aperture radars (SAR) [18]. On the other, it requires longer
measurement duration and it may cause target smearing for moving targets and not
well controlled platform movements. The authors of [18]-[20] propose FDA based
SAR setup to exploit the bended radiation pattern to focus on the FOV. The Figure
1.3 shows the pattern lines and displacement of the SAR during data collection. By
using FDA, they show that within same distance of data acquisition, better resolution
can be obtained by FDA. Furthermore, dynamic frequency shift selection is proposed
to optimize the data collection within same length. Beside many other benefits, LFM

usage is regarded as range resolution improving factor as pulse compression method



with match filtering on the receiver side. Moreover, planar FDA SAR, which is

capable to accomplish strip-mapping, is introduced with numerical examples in [20].

Targst Scene
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Figure 1.3. Bended and straight radiation lines of FDA and PA-SAR in [18]-[20]

The authors of [21], [22] present the full wave simulations to show beam patterns of

FDA. They show that the scanning period Ty, Which is periodicity in time, is é

where Af is frequency diversity step. The expended studies are reported in [23] as a
dissertation later. Pulsed radar implementation is discussed by steering the beam to
fixed angle rather than continuous scanning. The authors introduce a relevant FDA
beamformer to control the envelope of each signal with rectangular pulse. Therefore,
transmitted signal becomes zero for any other angle than the angular section that
coincides with pulse timings. It is proposed that selecting pulse repetition interval
(PRI) same as T, provide beam steering to the given angle. Figure 1.4 illustrates
the PRI , sketch of pulse with element frequencies and resulting simulated radiation
pattern of the pulsed FDA.



(b) ©

Figure 1.4. Implementation of the pulsed FDA in [23], (a) Pulse Waveform,
(b)Pulse with CW signals (c) Resulting Radiation Pattern

Different LFM pulses are used on each element in [24]. Each chirp starts from
slightly different frequencies, so waveform diversity provides the time-varying
beamforming. It shows the characterization of the chirp in order to obtain practical
energy spreading by carefully arranging the non-linear relationship between spatial
and electrical angles with proper parameters. It shows the linear beam scanning by
using both phase and frequency shifts. It also defines the ambiguity function based
on the matched filtering, and illustrates the performance of the AoA and the range

estimations with different target cases.
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Figure 1.5. Implementation of the FDA with WA in [25]-[28], WA antenna
distributions with omnidirectional RX (a) and phased array RX (b). Two way
patterns with omnidirectional RX (c) and ESA RX (d)

The frequency diverse bistatic system (FDBS) is first introduced in [25], later is
detailed by the authors of [25]-[28]. A regular FDA has well-known range angle
time dependent radiation pattern. A reference point away from the transmitter array
is selected in order to eliminate or lessen the S shaped radiation pattern in the FDA,
which is named as wavelength array (WA). The displacement between the array
elements and the reference point is given as LAy, that is multiple of instantaneous
wavelength of the signal on the corresponding element. The Figure 1.5 (a) shows
the proposed placement. With such placement of the array, angle dependency of the
obtained radiation pattern is eliminated. The resulting pattern on the Figure 1.5 (c)
shows the range and time dependent pattern with lessened effect of angle. Angular
dependency is controlled by utilizing the ESA RX, so that two-way pattern can be

steered to the desired angle by the conventional phased array or MIMO setup.
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Furthermore, frequency diverse MIMO techniques are discussed in [27] based on the
aforementioned method. Different radiation patterns are obtained by applying
nonlinear frequency shift with FDBS as well. Cross-correlation calculations are
given in order to illustrate the properties of the multi-dimensional ambiguity function
of At, AR, A8, and fuoppier-

FDA is implemented with various combinations of circuit components. It can be
realized by deploying multiple waveform generators or multiple mixers which may
cost reasonably high. The authors of [4], [5] occupies their selves with trying to find
out simple and plain FDA implementation. They introduce a novel method of
linearly frequency modulated continuous-wave (LFMCW) based FDA. That exploits
the same chirp on each element by inserting true time delay between consecutive
elements as it can be seen in the Figure 1.6 (a). Therefore, each chirp starts at
different time instant and the instantaneous frequencies are different over the array
aperture. This makes the proposed system totally different from the frequency
scanning array (FSA). The frequency slope of the chirp, start-stop frequencies and
the duration of chirp can control frequency shift during the operation, also measure
of the TTDs during implementation.

12
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Figure 1.6. Implementation of the FDA with single LFMCW source in [4], [5], (2)
basic schematic of the LFMCW-FDA and (b) the test setup

Above figure shows the fabricated array and the feed network on the setup. Vivaldi
antenna elements make possible to conduct experiments within the wide bandwidth.
TTDs gives 0.55nsec delay. Effects of center frequency, frequency slope and the
bandwidth are showed and confirm the analytical approach experimentally
throughout these studies. Some discrepancies are observed and explained with the
non-linearity in control of the VCO and frequency response of the antenna elements.
Furthermore, radar application examples with different target combinations are
simulated. Angle resolution is derived from the time domain signal and showed the
dependency on the AoA. The low frequency envelope of the field reflected back
from a target is illustrated. Then, the range resolution is decided by considering the
shortened useful pulse width by the FDA envelope. That approach is the basis of the
DF method discussed in this study as well.
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Three FDA receiver constructions are presented in [29] as an extended study of [30].
These receivers are composed of filter chains, band limited coherent FDA receiver
contains different narrow band filters on each RX antenna. One antenna captures
only one spectral component of the proposed linear classical FDA transmitter. Phase
and amplitude of each spectral component are controlled independently. Full-band
pseudo-coherent FDA receiver deploy wideband filter however single receiver unit
changes phase and amplitude of only single spectral component. In the last receiver,
full-band coherent FDA receiver, each RX unit takes all TX spectrum, but it handles
all components separately to direct the two-way radiation pattern on the target.
Although, it has the most complex implementation among them, the authors verify
the usefulness of the method as a radar system. During they are expending their study
towards a planar FDA receiver, the first two-dimensional FDA structure is proposed
in these companion studies [30], [31]. Planar array with 9x9 elements is located on
xy — plane with half-wavelength spacing. Excitation of array has prerequisite of
which frequency shift along one axis must be much greater than the other axis. 4D
radiation patterns are illustrated for different frequency shift cases such as Af, =
+1kHz withAf, = +10kHz and Af, = £10kHz with Af, = +1kHz. Even though
this big step taken by this study, it does not encompass the definition of the critical
parameters that controls the radiation pattern for practical radar. By utilization of
full-band coherent FDA receiver as explained for linear array, “extremely unique
patterns” are obtained. The 3D null steering and null steering in the range are

presented as advantageous possibilities.
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Figure 1.7. Measurement setup of the FDA in [3], (a) LFMCW-FDA link
measurement over ground plane and (b) radar measurements with two corner

reflector targets

The authors of [1]-[3] focus on some of the promising advantages of the FDA
concept. Radar may have some blind spot due to multipath especially on the ground
plane with low grazing angles. In addition, fading effects may occur due to multiple
wave components in a communication link. It shows that the power fluctuation in
the summation of the multiple waves can be decorrelated by the frequency diversity.
Analytical background on FDA under multipath effects over the ground is derived
for communication link, which shows the better results than the conventional phased

array. Moreover, it is claimed and discussed that FDA could be remedy for the radar
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cross-section fluctuation with respect to aspect angle. The expectations of smoother
RCS fluctuation and less blind look angle are confirmed with derivations. The
essential contribution is the proclamation of the first experimental LFMCW FDA
multipath communication link and the radar application. Whereas RCS fluctuation
is around 12.5/6.8dB in the PA measurement, it is obtained as 3.3/2.2dB with the
center frequencies 6.00/7.84GHz respectively. The authors prove the claimed

advantages of the FDA by revealing the outstanding results.
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Figure 1.8. Measurement setup of the FDA in [32], [33] (a) LFMCW-FDA radar
diagram (b) LFM TX wideband horn antenna (c) FDA RX with feed network and
Magic-T

Monopulse direction finding application with LFMCW-FDA is proposed in [32],
[33]. The proposed method is claimed to find the angular position of a target within
a single LFM pulse. The setup is comprised of a single wideband horn transmitter
antenna, eight-element FDA receiver that is composed of two sub arrays and the

related feed network elements. As same setup is used as in the previous LFMCW-
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FDA implementations. One sub array consists of four Vivaldi antenna array and the
TTD lines fabricated on PCB. Outputs of them are connected to magic-T, which
gives ). and A of the input signals. Thus, the authors utilize the difference between
the beam patterns that are reconstructed by Magic-T. Then, problem is simplified to
amplitude comparison DF with the resulting waveforms. However, the relationship
between angle and time is carefully taken care for better AoA estimation. DF
examples for various cases with different center frequencies, bandwidths and angular
position of the target are conducted to validate the analytical approach
experimentally. The accuracy of the AoA estimation is obtained within +2° by the

proposed setup.

The authors of [34] introduce the narrow band wide angle scanning circular FDA
placed equiangular spacing. The criteria for parameters are explained with analytical
details. Derivations from a single circular array are extended to double circular FDA
for proper space scanning. After supporting the findings with analytical
interpretations, they show the simulation results with beneficial beam steering
capability. Also, match filtering implementation for direction finding is considered.
It is stated that the ability of the beam steering and beam shaping can be improved
further by adding more CFDA into the system. The idea of CFDA is extended by the
authors of [35] by using concentric CFDA (CCFDA) which contains three circular
subarrays. They have shown its beam steering abilities with the periodicity in time.
They obtain the spatially steerable smoot elliptical beam patterns.

Range and angle measurement method is proposed by using a linear pulsed FDA
radar in [36]. Same antenna array is used for FDA in transmitting mode, whereas it
is utilized as PA in receiving mode to estimate the AoA by using the digital
beamforming. Decreasing and increasing frequency shift over linear FDA elements
effectuate the radiation patterns that are mirrored. Therefore, FDA build-up time for
a radial location would be different for positive and negative frequency shift as well
as an angular position. Ability to use two tone signals that contain both decreasing

and increasing frequency shift version of FDA is proposed for decreasing the
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measurement time significantly. It proposes to exploit the pulse compression with
300 random polyphase code which same for all transmitter by using matched filter
on the receiver side. Numerical example illustrates the improvement in the range
resolution with pulse compression. Simulation result of a case with two targets along
same angle with 3km and 20 km radial distance shows the functionality of the
method. In the experiment setup, seven coherent DDS are used to obtain two-tone
signals by up-converting with same RF oscillator. Angular tilt is constructed by using
cables with linearly increasing lengths. On the other hand, identical cables are used
to combine the signals before mixing with the other side. Figure 1.9 shows the
functionality of the proposed method by illustrating the different time between peaks
with varying frequency shift. Even though, measurements are conducted in a pipeline
setup rather than real radar scenario, they still prove the functional approach.

() Af = 10kHz (b) Af = 15kHz

Figure 1.9. Peak Detector output waveform of the FDA radar example in [36]

Planar FDA also attracts wireless power transmission (WPT) researchers’ attention,
with its range dependent radiation patterns. The authors of [8] exploit planar FDA
for WPT. FDA outperforms PA in this subject. Because PA transfers power along
an angular section, whereas focusing energy on a certain position in space is achieved

in this study.
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We propose a novel FMCW based planar FDA in [12] which is basis of the Chapter
4 of this study. The planar array, which is placed on xz — plane, is discussed with
field derivations, then usable radar example is presented and evaluated by comparing
it with the equivalent PA example. The authors of [37] propose similar array
geometry but using continuous wave signals with different frequency shifts along x
and z axes instead of LFM signal. The array is composed of 18x4 elements with
frequency shifts |Afy| = 1\3MHz and |Af,| = 7MHz along x and z axes
respectively. The resulting maximum radiation direction varies as in the Figure 1.10,
which shows coverage diagram of the planar FDA. This study utilizes the uniformly
distributed poly-phase codes that are randomly selected from {0, +m/2, }. On the
other hand, the receiver is phased array with digital beam forming capability.
Furthermore, match filtering is used for pulse suppression which improves the range
resolution to 6m. Significant decrease in side lobes of the time domain signal is
illustrated as well. Although, FDA suffers from low SNR due to inherit full scan
property, it is claimed that the cumulative detection scheme in slow time could be

remedy for it.
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Figure 1.10. Coverage diagram of the planar FDA TX in [37]

Another planar FDA approach is presented in [38] as it can be seen on the Figure
1.11. This system is composed of hybrid planar TX array that is comprises of FDA
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along azimuth and classical PA along elevation. The range periodicity ambiguity is
removed by PA, whereas FDA removes the non-periodicity ambiguity. Effectiveness

of this combination of the radar is validated by the simulations in this study.

The authors of [39] investigate the selection of the frequency shifts based adaptive
3D beamforming technique in planar FDA. Three beamforming approach are
investigated and compared with each other. Matched filtering is utilized with
different weighting coefficients in both transmitter and receiver. Classical and
minimum variance distortionless response (MVDR) beamforming methods designed
with constant frequency selection. However, the proposed frequency offset scheme
(FOSS) strictly relies on the adaptively selected frequency shifts. However, they
reveal that it does not require weighting for beamforming. Moreover, they obtain by
using FOSS almost 20 dB higher signal to interference and noise ratio gain, which
defines the gain ratio between desired and unwanted signal source, than others in

simulations.
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1.2 Motivation

One of the main focuses of this study is to review and evaluate a DF method.
Essential parameters such as angle resolution and range resolution will be reviewed
by using a homodyne receiver that contains a single omnidirectional antenna.
Aforementioned definitions are complying with the selected digital signal processing
methods. Even though, it is possible to build a radar with better performance,
promising performance is obtained by using low cost setup which can be
implemented by PCB technologies and minimum number of IC parts. The proposed
setup will be compared with the state of art MIMO example that may cost much

more expensive.

A novel planar LFMCW based FDA would make use of the advantages of the FDA
concept in 3D scanning radar. Also, that feature is highly demanded by common
radar application. In this study, analysis of the transmitted field by the planar FDA
that is similar to raster scan will be given in order to show comparable performance
as the state of art PA concepts. In order to progress step by step, it is deployed only
as transmitter of the radar example, whereas, PA is selected as the receiver of the

radar.

Radar cross-section (RCS) is a useful parameter for radar applications that is defined

by o = }%1_1)130 4t R? :;—:E . It is directly related with the reflected power from a target.
Investigation of the RCS characteristic that obtained by planar array is another aim
of this study. The target RCS may differ with respect to incidence angle. It may have
nulls for certain angles, that makes the target invisible to radar. Therefore, such
behaviors are not desired for security reasons and have high risks in surveillance
applications. Moreover, it may be dangerous for the air traffic control (ATC) radars
as well. Advantages of using LFMCW based linear FDA in the target RCS
characteristics have already shown by the previous research and validated by

measurements. It will be investigated again with the proposed planar array. Main
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goal is to show that LFMCW based planar FDA has much less nulls in the RCS vs

incidence angle graphs.

1.3  Summary of Works Done

First contribution done by this study is to review that reliable and easily
implementable DF is possible with the LFMCW FDA, that is proposed also in [5].
That is detailed by explanation of the approach as a preparation for the comparison
with the MIMO radar competitor. In order to fill the gaps in LFMCW based FDA
literature, the novel planar array structure, that exploits advantages presented by its
predecessors, is proposed. Moreover, this concept, which is discussed with details,
is compared with the equivalent PA radar in a realistic scenario. Finally, immunity
to RCS fluctuation of this system is formulized. Also, outperforming results are
presented.

1.4 Organization

This report starts with the introduction chapter. In this chapter, very brief history of
FDA is given. Then, how FDA concept is migrated to LFMCW based FDA is
explained. Then, this chapter introduces the main contributions made by this study.
A literature survey section follows the introduction with the summary of the valuable
studies in the literature. The selected studies give readers an understanding about

how the path of the research is developed and ends up with this study.

Despite of the presence of prior studies with the LFMCW based linear FDA, the total
field transmitted and received back is derived again by starting from scratch in the
Chapter 2. This chapter continues with review and explanations of the proposed
direction finding method with the definitions of range and angle resolutions.

In the next chapter, design steps of the radar that proposed by [40], [41] take place,
to reveal the similarities between the state of art MIMO concept and LFMCW based
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FDA. This chapter is finalized with DF performance comparison of these two

approaches.

In the Chapter 4, the novel LFMCW planar FDA method is presented. Firstly,
realization of it is discussed and transmitted field derivations are given in time
domain. Also radiation patterns are explained to show the covered space by it.
Reflected fields that captured by the PA receiver are illustrated. Both comprise the
radar that is evaluated in realistic scenario and compared with the given fully PA

rival.

On account of the previous studies, which show the advantages of both LFMCW
based and classical FDA, the target RCS characteristic has become a hot topic for
LFMCW-FDA researchers. For the sake of the wholeness of the proposed planar
array studies, this feature is investigated again for the novel method in the Chapter
5. Its performance is compared again with the PA competitor as in the previous

sections.

In the last chapter of this study is composed of the conclusion and the possible future

works that would make this concept closer to being the state of art.
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CHAPTER 2

BACKGROUND ON LFMCW BASED FDA

Frequency diversity has been on the focus of the many researches for the last two
decades. Implementation of the FDA is possible by deploying the transmitter as
many as the number of the antenna elements in the array. Therefore, the frequency
of the signal on any element can independently be controlled in order to have
frequency diverse waveforms. Cost and complexity of the design and
implementation would also scale up rapidly in the aftermath of the increasing number
of the T/R modules. A Linear Frequency Modulated Continuous Wave (LFMCW)
based Frequency Diverse Array (FDA) has been suggested as one of the possible
FDA implementations in [5]. Various possible applications and implementation have
been presented in [3]-[5], [32]. Those works have shown the promising results, that
prove, the LFMCW-FDA is a worthwhile research topic and the feature of fast
scanning of the space is one of the outstanding advantages of the FDA concept.
Moreover, immunity to multipath effects and its outperforming the state of art radars
in terms of the target RCS characteristic have been revealed in those studies. Some

of the beneficial properties have not totally been unveiled in the literature yet.

In this chapter, the background of LFMCW based FDA will be reviewed and
examined thoroughly in order to bring out some more capabilities of it. The direction
finding performance of the LFMCW-FDA will be reviewed and discussed, after
presenting the methods and formulations explicitly. Starting with the derivation of
the transmitted electric field from an antenna to an observation point in space,
properties of LFMCW-FDA radar will be investigated. In order to show the
procedure for a target localization, the reflected signal will be derived and

investigated to locate the possible targets.
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2.1  Background on LFMCW FDA Radar

The classical Frequency Diverse Array (FDA) can be implemented with separate
transmitter units whose RF sources are producing the different frequencies. The
LFMCW based FDA utilizes a continuous wave pulse whose frequency changes
linearly along the pulse duration. In order to create small frequency diversity steps
along a linear transmitter antenna array, progressing true time delays are inserted
along feed lines of antenna elements on the feed network of a linear antenna array.
It can be realized by corporate feed network like in [3]-[5], [32] or a series fed
network, therefore the frequency diversity can be actualized with a single LFMCW
signal source. All transmitters can be fed by that signal via the carefully designed
feed network, that significantly reduces the number of circuit elements such as mixer,
amplifier, etc. As a result, the cost of transmitter can be significantly reduced.

2.1.1 Transmitted Electric Field by LFMCW-FDA

n=20 n=1 n=N-1
A 4 \ 4 A 4
Tl Tl Tl Tl
A

2T,

2T,

AT,

T

LFM Input

Figure 2.1. The corporate feed line with progressing true time delay lines of the

transmitter array with N = 8
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The transmitter structure of the radar proposed in this section is not different from
the predecessor implementations of LFMCW-FDA in [3]-[5], [32]. The corporate
feedline of the transmitter array can be seen on Figure 2.1. True time delay (TTD)
lines are composed of the transmission lines that are longer than the lines at the
opposite side of the power dividers’ branches. The amount of delay of these TTD
lines, relative to the straight lines, is given as “T;” on the closest lines to the antennas.
The relative delay on the upper hierarchical power divider stage is given as “T;”.
Therefore, along the antenna elements, which are numbered from “0” to “N — 17,

the value of the time delays can be written as “nT;”.

N-1

L 1 3 i - Hor 2
Et(r, t) = Z r_ S(t — tn) {Tn(el d)'fn) e’ [Wo (t tn)+2 (t—tn) ] 21

n=0 "

The total transmitted electric field at a point P(r,, 9,, @,) in Figure 2.2 due to the
LFMCW-FDA transmitter can be written as in Eq-2.1. s(t) is the baseband part of
the RF signal. The baseband signal is assumed to be the rectangular pulse whose
value is 1 during the pulse duration starting from 0 to pulse duration, t, in time

domain as in the Eg-2.2.

1, 0<t<rt 292
0, t<Oort<t

s(t) = {
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Figure 2.2. The Transmitter of Proposed Linear LFMCW based FDA and the
frequency change of LFMCW pulse vs time

£,(0, 9, f,) is the vector pattern of the n'" single antenna element, that depends on
the instantaneous frequency on the antenna and the design of antenna. The frequency
of the input signal can be seen right hand side the Figure 2.2. That complex waveform

. P Ho 2
can be written as formula e’ (o t+5-¢%)

, Where wy, is the angular frequency of the
LFMCW pulse. Af is the total frequency band of the LFMCW pulse. That value does
not have to be the positive value. When implementing an LFMCW pulse with
decreasing frequency, the total bandwidth can be defined as negative in order to
make general formulas valid without deriving them again. In other words, negative
value of it implies nothing but that the frequency sweeps with the negative slope over
pulse. Radian slope on the frequency vs time graph is defined by u = 2 nAf/z,

whereas the slope in terms of Hz/sec is given as s = Af /7.

T,
t'l’l = ?n + n Tl 23
2.4
{ro —nd cos @9, for phase terms
T, = ;
7 , for amplitude terms

For the far field observer, elementwise distance can be written as in the Eg-2.4 for
phase related terms and amplitude related parts in derivations. Elementwise true time
delay of the signal from source to the target is comprised of delay due to feed network

and the propagation delay in free space.
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Let t' 2t—— 2.5

The retarded time is defined by above equation. Because the total delay is much less

than the pulse duration, one could write s(t") instead of s (t’ — nT, + 24cos 9),

which is unit rectangular pulse. Element distance r, is substituted by r, for amplitude
terms and r, — nd cos 6 for phase terms. Element electric field density patters are
assumed to be identical for all elements and constant over frequency band. With the

given assumptions, the transmitted electric field can be written as in the Eq-2.6

i 1 4
E(r,t) = - s(t") (6,9, fo)

0

L 2.6
Nzl ej [Wo (t’—nTl+nd ccos 9)+% (t’—nTl+nd CCOS 9)2]
n=0
After rearranging the above form, one could get the below equation.
_ 1 _ T 2
B0 =— s(t) £, ) /M2 ]
0
N—1 , dcos @ ’ dcos 6 u d cos 0\? 2.7
—jn|wy (TZ—T)+ ut (TI_T)_ ny (TI_T)
e too small

n=0

dcos@

2 ,
Exponential of the term jnzg (Tl ) , Which is in the order of % can be

considered as 1. After omitting that term, summation could be calculated as the
digital — sinc function. The simplified total electric field at point P is found like in
Eqg-2.8 where ¥ is defined by Eg-2.9.

1 2 N-1 in(N¥
E_'t(‘r’ t) = Ms (t _ TFO) ef (Wo t’+% (3 _Tq,) S:lllf(lp//zz)) 28

To
d cos 6
Y= (wp+put) (Tl— CC;S 0) 2.9
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2.1.2 Properties of the Transmitted Field

w - N 210
o) |

The electric field at an observer’s point has a peak value at specific time which can
be found by Eg-2.8. Time of the maximum electric field, which is t,, has a value that
makes the sinc function in Eg-2.8 maximum. Maximum value of the sinc function

is N when the retarded time equals to to, then the Eg-2.11 holds.

dcos 8,

by |t’=to = (WO +,ut0) (T[ — ) =2mp, p€ T 2.11

T p

= | - 2.12
Af (Tl_dC0590> fol PEZ &0<ty<Tt

to

c

There are infinite number of solutions for to, which satisfies above equation. In
addition to mathematical solution, one must consider the physical meaning of that
equation. That maximum has to occur due to pulse transmitted from the array, that

brings time limitation into the calculations. Firstly, propagation of the transmitted

field takes time, which is roughly TO/C , Tp and c are the distance between the origin
and the point of observation. If the constant retardation is subtracted from time, one
may get retarded time, t’. Therefore, the maximum would occur between 0 and 7 in
terms of the retarded time. After having the physical restriction, the solution of the
EQ-2.12 has an unique solution with well-defined transmitter parameters. More than
one solution is also possible and valid that gives multiple peaks within the single
pulse duration. Number of maxima in single pulse interval depends on various
application parameters. However, that will be discussed on the section of a planar

array implementation of the LFMCW-FDA.. During the decision process of the array

30



parameters, this will be considered in order not have multiple valid solution for to

within pulse duration.

)z ry =719+ AR Pulse
# 4 Power AR > ﬂ
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Figure 2.3. Range Resolution in Pulsed Radar

Range resolution is another property to be investigated, because it has vital role to
distinguish different targets at the same angle. In order to distinguish different targets
along an angle, conventional pulsed radars utilize the pulse width. This type of radar
is out of scope of this work, however, very short introduction is important for
continuity. A simple scheme is given as in the Figure 2.3. The most important
parameter in the pulsed radars is pulse width for range resolution. The minimum
range between two targets, AR, that can be resolved, is calculated as AR = cT/2,
where c is the velocity of light in free space. Another type of the radars may utilize
the LFMCW pulse and phased array. In this type, all antenna elements radiate same
frequency but different phases, which was determined to steer the main lobe
demanded angle during throughout the LFM chirp. The LFM pulse duration can be
longer than the pulsed radar. There is obvious difference between in determination

of the range resolution.

The LFMCW-FDA radars are different from the conventional pulsed radars that send
pulses with a very short period. Pulse, which is observed in LFMCW-FDA

applications, can be examined by considering time domain field pattern at an
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observation point. The time domain signal is shaped as sinc function. Therefore, it
roughly composes of a main lobe and side lobes. At that point, one may assume the
pulse period as the null-to-null time duration. It can also be defined as -3dB or -6dB
points with respect to the maximum value of the received voltage. However, the null-

to-null time duration is considered as the pulse period for the further calculations.

T, dcos 6
NY|, .= N<wo +M(to $ﬂ)>(ﬂ -2 0) =2mpFm pez 213
t'=to 4" 2 c
In Eg-2.13, the null-to-null time duration is given as T,,,, and using above formula its
value can approximately be written as in Eg-2.14. It is an approximation, because

the maximum radiation direction, 6,, does not stay unchanged. The effect of this

d cos 8y

change to T, value typically is limited, because T; is much greater than
Generally, the value of T; is in the order of a couple of hundred of picoseconds,
whereas the value of d%se" term is in the order of tens of picoseconds. This

comparison is, of course, dependent on design of the array and signal determined by

application.

27T

_dcos 90)

Tnn
Naf (1, - <

IR

2.14

So-called pulse duration can be determined and changed with different parameters
as it can be figured out in above equation. The more antenna elements in the array is
present, the narrower main lobe in the time domain signal can be obtained. Moreover,
increasing the frequency bandwidth of the LFM sweep makes the null-to-null time
less. Furthermore, the length of delay lines is inversely proportional to T,,,,. On the
other hand, one can control that duration directly by changing the overall pulse

duration value, 1.
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Figure 2.4. Frequencies of the LFMCW transmitter antennas with respect to
retarded time

Instantaneous bandwidth of transmitted signal can be determined by a physical
approach. Every antenna would radiate sine waves with different frequencies. As in
the essence of FDA, every element has a small step of frequency difference to the
adjacent elements, that is exactly intended by the design of LFMCW-FDA.
Therefore, the instantaneous bandwidth can be calculated by subtracting the lowest
frequency on the aperture from the highest frequency. For the sake of clarity, the
instantaneous frequencies on each element have been given on the Figure 2.4 with
respect to the retarded time. For an LFM pulse with positive slope in frequency vs

time graph, the instantaneous bandwidth is “AT—f T, where Tryy = (N — DT

2.1.3 Simulation of the Transmitted Signal

Transmitted signal at a point has been calculated in previous subsection. In this
subsection, the total electric field due to the array will be shown by simulations.

Therefore, possible further manipulations will be investigated. Parameters have been
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given on Table 2.1. N is the number of antenna elements within array. An isotropic
antenna will be used as a single transmitter. Inter-element spacing between adjacent
antennas is taken as half wavelength of the center frequency that is 10GHz.
Therefore, the spacing is 1.5cm.

Table 2.1 Linear Transmitter Array Parameters

Parameter Value Parameters Value
N 16 Af 2.5%
Antenna Isotropic r [0,100] km
Ac
fe 10GHz d >
T 1ms 0 € [0°,180°]
T, 4 nsec ¢ 90°

The distance from transmitter is assumed to be 1 km in order to observe transmitted
field in terms of time. Moreover, the field of interest is reduced to the plane that is
limited by 8¢ [0°,180°] and ¢ = 90° in order to show field strength on the plane.
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Figure 2.5. Radiation Pattern and observed waveform with proposed linear

LFMCW-FDA transmitter

The transmitted patterns are illustrated above figure on the azimuth plane defined
above. The observer is located at (7,6, ¢) = (1km,90°,90°), in order to obtain
normalized power with respect to time. Spiral like radiation pattern is one of the FDA
characteristic and observed here as well. It can be commonly called as S shape
radiation pattern also, because they would seem like S, if rectangular plot used
instead of polar plot. On the right hand side of the figure, normalized power pattern

looks line absolute value of the digital — sinc function, as it is found in the
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previously. As pattern is changing with time, position and angle, space time adaptive

processing (STAP) is necessary.

2.1.4 Received Field at the Origin that is reflected back from a point
scatterer

There would be reflected signal in the presence of scatterers in the field of view.
Detection of that field can be accomplished with an antenna or an array as the

transmitter. A single receiver antenna will be considered in this part of the study.

N-1
_ 1 — . _ Mo N2
Ei(r,t) = zr— st —t,) &,00,0, 1) o) [ Wo (t=tm)+5- (t=tn)?] 2.15
n=o0 "
o T d cos 6
t;l=—°+—°+(n—1)(Tl- 0) 2.16
C c c

Derivation of the received voltage can be started from the transmitted field as in the
Eg-2.15. The total time delay of the reflected back from the scatterer at far field target
that is transmitted signal from nt" element can be written as in the Eg-2.16. This
term contains double way propagation delay, corresponding TTD in the transmitter’s

feed network and the phase delay value due to the spatial location.

N-1
—4 | 1o j[wo (=t +h (e-e)’] 2,17
vrx(t) =A |o Aeff T;) TuTo S(t tn) fn(g' ¢' fn) e [ 2 ]

21,
t” — t__O 2.18
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The field would be scattered from the target, whose radar cross section (RCS) is o,

with the term %. Then, the field reflects back to the receiver antenna, which is

assumed to be an omnidirectional antenna with the effective antenna aperture, A, .
Therefore, one can finally write the received voltage on the RX terminal as in the
Eg-2.17. The linear terms, which contain 1/+/4m twice due to radiation and all
efficiency related components, are represented by the term A in the derivations. The

distance between the nt" element and the target is 7, that can be assumed to be 7,

dco

CS % for the phase related terms. After

substituting the Eg-2.16 into the Eg-2.15, one could obtain the Eq-2.19. Received

for amplitude terms, whereas r, — (n — 1)

voltage has high frequency term and also low frequency envelope whose shape is the

digital — sinc function as in the transmitted field derivation.

o (NW
0,9, (e ¢!+ ()2 _N=1y,) Sin
@) =4 [oay, SOPT) i (worr+h @)= W)# 2.19
10 sin( /2)
Y= (wy+ ut") (Tl — dC(;SQO) 2.20
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Figure 2.6. The Flow diagram of the receiver with the transmitter array

Baseband received signal will be derived in this part of the study for the further
investigation on the target detection performance of the linear LFMCW-FDA radar.
A direct conversion receiver (DCR) is being used to downconvert the received signal
as basically illustruted on the Figure 2.6. This homodyne receiver is composed of
only a mixer and a low-pass filter (LPF). Same local oscillator used in transmitter is
also used in the RX to feed the LO input of the mixer. More realistic receiver must
contain also a low noise amplifier (LNA), a band pass filter (BPF) and an
intermediate frequency (IF) amplifier. However, these parts are assumed to be
excluded for now in order to ease related derivations and illustruations. Moreover,
their contribution to the system would be positive in a realistic scenerio. But
continuing the receiver given on the Figure 2.6 is adequete to investigate the target

detection capabilities of the proposed method.

$(6, 9, fo)

2
To

2 _  (NW
S(tll)ej (Wo t”+% (t”) —(Wt+%t2)—¥q—’) Sll.l( v /2)
sin( /2)

Assuming all conversion losses and path losses be zero, basebend received voltage

UerB(t”) =A O-Aeff
2.21

can be written as in the Eg-2.21. Substituting the Eg-2.18 into the Eg-2.21, one could
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find below expression. That shows the relation between the spectral components of

the baseband signal and the target distance.

£6,9.f)
50 (t) = Acsy ;szo
0 2.22
<t—2ﬂ> (w25 sin(N )
‘ sin(qj/z)
r r g - Ccos r
vEE(t) = A [0 A Mej (WO 260 g(z_co) +N2 1(Tl d 090 )(%—u%))
j _ ) § 2.23
; 219\ Jnt <2r0 N2 1 (T1 dcocs 6o )> Sin(NLIJ/Z)
). %
sin( /2)

This spectral component can be found as in the Eq-2.24. This beat frequency
represent only single tone signal. On the other hand, the downconverted signal has
bandwidth rather than the single tone due to the nature of the LFMCW-FDA even
for a point scatterer target assumption. The bandwidth of it is a vital characteristic
for target detection and it will be considered in the next section with more details.

For a stationary point scatterer f;,.,: can be written as in below equation roughly.

IIZ

Af 21y 2.24
C T C

Af (2ry, N-—1 dcos@
R )
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2.2  Direction finding with the proposed LFMCW-FDA Radar

Target localization is the main motivation for the radar applications. Therefore, a
method for DF is presented in this part of the study. DF applications were proposed
and done in [5], [32], and [33]. Authors of [32] and [33] used two linear LFMCW-
FDA that composed of 4 antenna elements as receiver. Captured voltage were
combined with 0° and 180° degree phase differences to create sum and difference
pattern. The method described in [5] is the proposed DF method. However, in this
study, we will investigate DF method with different target examples and including
sliding window approach that provide 2D radar images different that the previous

works.

There are two inevitable parameter decision-making process for DF with the linear
array and they are range and elevation angle. Before continuing with DF method
explanations, it is better to define critical points in range and angle detection by
defining resolutions for them. Finally, simulation results with the proposed approach

are presented in this subsection.

2.2.1 Range Resolution (AR)

’;‘,L'/ PZ(rZ'ﬂo'(po)
/,/, Pl(rl'ﬂo'(p

Figure 2.7. Two targets that located at points P1and P>
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Two targets, which are sketched as plane like shapes on the Figure 2.7, are assumed
to be located on the points P; and P2. Main lobe around maximum can be considered

as a pulse that impinges on the target. Therefore, the duration of pulse becomes the

27T
War ()

required for wave travelling the separation distance two times, must be less than T,,,,

null-to-null time period. That is found as T, = . The time that is

which is the so-called pulse duration for the proposed radar. Although, it is
dependent on the parameters, this can be order of tens or hundreds of microseconds.
As a result, it is not possible to resolve two targets that are separated by AR, which

is much less than tens of kilometers, in time domain.

VﬁxB(t”)
A
N
—— ol R AN e >
1 .
i. &‘I‘% Tnn

Figure 2.8. Envelope of the received waveforms

Green and blue signals on the Figure 2.8 are the received voltage, when the single
point target is located at P1 and P> respectively. If two identical point scatterers are
located at P, and P, points, which are illustrated on the Figure 2.7, the red envelope
is likely to be shown instead of the green and the blue voltage waveforms. Therefore,
it would not be possible to decide the positions of the targets by using time domain

envelope of the received voltage.
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The range of the target can be determined by using frequency response of the voltage
reflected to the receiver antenna. The beat frequency of the baseband signal at the
output of the low-pass filter is calculated as in Eq-2.24. If there was no frequency
diversity, that signal would have been composed of single tone sine. However,

instantaneous frequency bandwidth, which is at the transmitter aperture, has been
reflected back from the point scatterer. That has been shown as “AT—f Triy”, where
Triy = (N — 1)T,. Figure 2.4 can provide useful illustration, in order to understand

better the physical meaning of the instantaneous frequency bandwidth, which is also

given on Eqg-2.25.

Af Af
Afins = TTfiu = 7 (N —-1)T,; 2.25

f(@&)
A
n=0 1 n n=N-1
fo+Af
f >
R PN ol t
<« T+ Triy
T
nT, > Trin
Trin = (N — DT, T

Figure 2.9. Instantaneous frequencies of the LFMCW transmitter antennas with
respect to retarded time

The difference in the range brings the frequency difference along to the resulting
baseband signal. Because the received signal from the first scatterer has bandwidth,

the second scatterer should be separated by enough distance in order to cause
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separable beat frequency. One can determine the lowest possible range between the

separable targets as in Eq-2.26-2.28

A
freat(R2) ~ fooat (Re) > Mfns = (N = 11T 2.26

Af2 Af 2.7
TE(RZ —Ry) > Afins = T(N - DT,

C
AR > (N = DT, 2.28

1r r 1 _Tobi_-.: v
0.8
S
m > <
= BW
:.‘E 06l Afins A fm/
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e i 24AR Af
E 0.4 seperthlon B c T
0.2

FroatRD)  freat(Rs)

Figure 2.10. Frequency Spectrum of the baseband received signal
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Figure 2.11. The Flow diagram of the receiver

An approach for resolving the targets is explained above. However, the range
resolution is dependent on not only the instantaneous bandwidth but also the
observation time for the targets located along same line. The output of FFT block on
the Figure 2.11 has limited frequency resolution, due to the nature of FFT algorithm
[42]. The smallest frequency step in the frequency domain, &f;.s, can be defined by

EQg-2.29. The observation time, T, can be considered as the total pulse duration, .
Then, the resolution in frequency domain would be % , Which is usually in order of a

few kHz. However, the direction of the main beam changes with time in the pulse
duration. Therefore, energy on target is less than the case with the stationary
radiation pattern. And, the observation time can be considered as the null-to-null
time, T,,. That makes the frequency resolution greater, but it gives better power

levels in the frequency spectrum.

1

8fres = ——
fres Tobs

2.29

2.2.2 Angle Resolution (A8)

Angle of a target with LFMCW-FDA has been decided in time domain. In another
approach for estimating angle of the target is that one can deploy the phased array
antenna as a receiver. Angle resolution would be dependent on the beam width of
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the receiver phased array. Furthermore, estimation of AoA can be dependent on the
radar properties. In this part, three different methods will be introduced without
going into too many details for determining angle resolution. However, only one of
them will be used in next sections. Frequency response of the signal captured by the

single receiver antenna will be utilized in the proposed radar.

2.2.2.1 Phased Array Receiver

An electronically steered array (ESA) can be used to estimate the angle of arrival
(AoA) of the reflected signal from the target. A phased array receiver would be able
to increase the gain of the receiver and contribute advantages for the AoA process
with higher SNR. Therefore, even though, there is self-scanning transmitter’s
radiation pattern with S-shapes, overall two-way beam pattern of the radar could be
controlled by the PA receiver. Moreover, AoA estimation would be straight forward
as in many examples in the literature. The angle resolution could be improved by
using the PA receiver significantly depending on the chosen array, because, vital
parameter would be beamwidth in total radiation pattern of the radar. The number of
element in the RX array determines the radiation pattern of the PA, thus, half power
beam widths of the two-way pattern. Without using any estimation algorithm such
as MUSIC, LMS, maximum likelihood, etc., half power beam width could be
considered as the angle resolution of the radar. This type of receiver is not in the
scope of this work for the linear LFMCW-FDA. To have complete and low-cost
example without using phased array, a single antenna receiver will be considered and

evaluated for the linear array.

2.2.2.2  Single Antenna Receiver

Instead of the phased array receiver, low cost single receiver antenna can be used to

exploit the advantages of the LFMCW-FDA.. Then, the receiving signal is strongly
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related to the fields on a target due to the LFMCW based FDA transmitter. The

impinged signal on the observer at P(r,, 8,5, ¢,) is found as below equation.

£(6o, 90, fo) s(t—r—o) ol (wot'+4 () -2ty sm( lV/z) 2.30
To c sm(lp/z)

d cos 90) 231

c

E.(r,t) =

Y= (w, +yt’)(Tl—

When isotropic antennas are used in transmitter array, magnitude of electric field
multiplied with the distance can be written as below in order to find the beam width

of radiation pattern.

IroBe(r, )] = |s (£ = ) o (wo "+ ()5 #)sn(/)| _[sin/;) 2.32
c sm(lp/z) sin(lp/z)
dcos @
W lp=5, = (wo + uto) (T[ - 0) =2mp, pE T 2.33
b4 |9:90¢9Nu112—1vuu =
d cos (90 F W) o 2.34
(wo+ut)| T, — =2np+—, p€E Z
c N
A8, the 4dB beam width can be defined as half of W | oy yu
0= +-Null=Null
o™
dcos 9 +9Nu112 Null) . 2.35
(wy + uty) =2ﬂp$ﬁ, pEZ
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AB
d cos(6) d cos (90 + 7)

s
(wo + uty) - - =y 2.36
AG\_ e 2.37
COS(90) — COS <90 + 7) = m
AO T 2.38

cos(6g) — cos(Hy) cos (A?Q) + sin(6p) sin <7> = Nd(w, + uty)

If narrow beam is assumed, one can write cos (%9) = 1 and sin (%9) = %9 , therefore A9,

the 4dB beam width, as in below equation.

27 C 2.39

AO =
Nd(w, + uty) sin(6y)

2223 Correlation Receiver

Angle resolution can be determined by radiation pattern beam width as in the
previous section. Moreover, in the LFMCW based FDA may have another possibility
to detect a target. In this type of radar, whereas different frequencies impinge on
target, the band width of the received signal is limited by the array parameters. That
can be called as frequency coding with respect to angle as well. Although, all
frequency components radiated by the array to every point in space, strength of field
changes with the array factor and time. In other words, some of the frequency
components can be observed by an observer with significant strength, whereas the
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rest can be sensed with lower power due to FDA pulse envelope. That is directly
related to the radiation pattern of the transmitter array, which is changing with time.
Therefore, reflected signal from a far-field target has information of the angular
location which is embedded into the frequency as well.

cos (Wt + %tz)

- LNA
Signal v ()
Reconstruction [€ ADC |¢ LPF
vrx(t”) RX

Reference ANT
Signal
l_ Table

—> Cross- »| AOA Detection

correlation

Figure 2.12. The Flow diagram of the receiver

A matched filtering is known to be the method that maximizes the output peak signal-
to-mean-noise ratio, in the presence of the white noise on the input signal [43]. One
can divide LFM pulse into different parts and use these piecewise portions for AoA
determination by applying cross-correlation with the received signal. Rough
illustrations of the envelope, frequency, signal itself and the resulting cross-

correlation were given in the Figure 2.13 for LFM example from [44]. Whereas time
offset, Ty, gives the radial distance ry, = CZ—”’ comparison of the cross-correlation

with the reference signals from the look-up table would give the AoA. Although, this
approach is an implementable for the proposed radar, previous approach will be used

in this work.
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Figure 2.13. LFM Pulse Compression with Matched Filter Example from [44]

2.2.3 Proposed DF Method

This method relies on both frequency and time domain calculations. It is explained
explicitly in the previous parts that range should be determined in the frequency
domain, because time domain so-called pulse duration, T, leads range resolution
in km range. On the other hand, this sinc — like envelope can still be useful for

determining the angle-of-arrival (AoA).
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Figure 2.15. Received voltage envelope due to the target at P, = (11, ¢ = 90°,60,)

whose peak is at t” = t; does not coincide with the DF reference signal from LUT
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Figure 2.16. Received voltage envelope due to the target at P, = (11, ¢ = 90°,6,)

whose peak is at t" = t; coincides with the DF reference signal from LUT

Build-up time that is time of received waveform maximum can be determined for
each angle separately in the presence of a single point scatterer. After acquiring the
baseband signal, a sliding window whose length is T,,, , is taken into the FFT
algorithm. Expected main lobe of the signal is illustrated on the Figure 2.15 and
Figure 2.16 with the black dotted lines. Also, the green solid lines show the received
waveform due to point scatterer on the far field point P;, that lies on xy-plane.
Weighting coefficients for FFT window are chosen as the envelope of the main lobe
of the reference signal. In other words, the sliding window is equivalent to beam
steering for two-way radiation pattern. Therefore, one can determine the presence of
a target along corresponding angle by calculating the energy in the window. It can
be interpreted that there would be side lobes as well. That will be illustrated in next
sections with numerical examples. Another way of the AoA estimation can be
possible in frequency domain together with the range. Range determination is
nothing but the changing frequency axis with the distance by applying the below

equation. This is simple beat frequency calculation for general LFMCW radars.

CcT

Ryet = ZAffbeat 2.40
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2.2.3.1  Range-Angle Ambiguity

In the proposed LFMCW-FDA concept, the two-way radiation pattern is not linear
along range. The two-way radiation pattern contains transmit pattern of the
LFMCW-FDA and omnidirectional receiver. Spiral like pattern would seem as S
shape, if the radiation pattern was plotted in rectangular coordinates with range and
angle instead of the polar coordinates. Therefore, there is the range-angle ambiguity

for the DF application in this concept. The

Figure 2.17 shows the possible range-angle ambiguity that shows the concept better.
There are two far field point scatterers at different angles and ranges defined by
P; and P,. The estimation of the AoA is made by using the time of the maximum
point. With the fact that s-shape radiation pattern, one could realize that different
target positions may result in same build-up time, that makes impossible to determine
the exact angle. However, the LFM signal brings advantage of the range
determination independent from the angle. Procedure stays same until the step of
range determination in the frequency domain with presumed angle. After finding the
exact range, one could determine the angle with one more iteration. Even though,
there are many target positions that may result in same maximum timing, unique pair
can be found with the known range. That is one of the outstanding advantages of the
LFMCW-FDA concept.

The steps of the procedure could be summarized as the following flow;

i.  Assume target lays on r = 0 distance, for angle estimation process.
ii.  Find the AoA that maximizes the received energy window with weightings
found from sinc function’s main lobe envelope
iii.  Find the frequency response of the given window by taking FFT
iv.  Apply decision making algorithm if any target is detected
v.  The radial distance can be found by the beat frequency with the Eg-2.40

Then one could find the exact location with corrected/compensated angle as in the

Figure 2.17. Because the ambiguity curve lies along the two-way radiation pattern.
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Figure 2.17. Example two-way pattern with LFMCW-FDA transmitter and the

omnidirectional receiver that contains the angle-range ambiguity illustration

2.2.4 Example and Simulations Results

Two examples for the implementations of the proposed method is given in this
section. Two different arrays with different number of antenna elements is
considered by leaving rest of the parameters same. The example with 32 elements
array will be used for the comparison with an example from literature, which is
known as spatially modulated radar. In this section, received signal, which is
obtained from simulations, will be processed in time domain and the frequency
domain from different types of target combinations. Therefore, target-locating
process with the proposed set-up will be detailed by the realistic examples. Used
parameters in the simulations are given on the Table 2.2.

2.2.4.1  Linear TX Array with 16 antenna elements and omnidirectional RX

antenna

In this section, simulation results obtained by using LFMCW-FDA transmitter
composed of 16 elements and a single omnidirectional antenna receiver are given.

Receiver unit illustrated in the Figure 2.11. As it can be seen in the figure, a direct
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conversion receiver is utilized. The reflected RF signal is captured by the antenna
and down converted by multiplying with the LFM signal, which is coherent local
oscillator of the radar. Then, it passes through low-pass filter, in order to obtain only
low frequency component of the mixer output. The base band IF signal is sampled
by the analog-to-digital converter (ADC). Digital signal processes are applied in

order to determine the locations of the targets, that is explained above.

Table 2.2 Linear Transmitter Array Parameters

Parameter Value Parameters Value
N 16 Af 15%
Antenna Isotropic T 1000m
Ac
fc 7.84GHz d >
T 1ms 0 € [0°,180°]
T, 0.51nsec ¢ 90°

In first case, single point scatterer is assumed and located on the far field point
P;: (R; = 1000m, 8, = 90°). The maximum of the received voltage is normalized
for all the cases in this section. The time domain waveform of the baseband received

voltage is given on the Figure 2.18. As expected, received waveform’s low

frequency envelope is sin (%) /N sin (g) Indeed, there is intermediate beat
frequency due to the two-way propagation delay. Also, calculated range and the
corresponding voltage level is given on the same figure. Range is determined by
changing the frequency axis of the FFT domain defined in the Eq-2.40. This plot
highlights very small range to illustrate the details of the received signal spectrum.
Whole waveform with and without sinc shape window weights limited with T,,,, can
be used for FFT operation. Results for both cases can be seen on the figure. Due to
the frequency diversity over aperture, frequency spectrum is different from the

classical LFMCW whose beat frequency is single tone for the point target.
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In the second case, two targets that lie along same angular position are considered to
show the range resolution performance. They are placed along boresight of the radar
I.e. 8 = 90° and radial distances are 1000m and 1002m. One of the limiting factor
for the range resolution is the instantaneous bandwidth, as explained in the previous
sections. The bandwidth occupied by the LFMCW based linear FDA is 9.2kHz.
When it is converted to range, that makes 1.17m. Therefore, the range resolution
must be greater than this value. On the other hand, range resolution is constrained by
the resolution of the FFT i.e. the length of the time domain signal, types of weighting
or length of weighting window. These may widen the bandwidth therefore
degradation may be observed. The Figure 2.19 shows both time domain waveform

and the range vs voltage plot reconstructed from the frequency response.
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Figure 2.18. Time domain baseband received waveform and calculated range with
single target located on the distance R1=1000m with angle 6:=90°
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Figure 2.19. Time domain baseband received waveform and calculated range with
two targets located on different distances R; = 1000m and R, = 1002m with

same angle 61,,=90°
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Figure 2.20. Time domain baseband received waveform and calculated range with

two targets located on same distance R, , = 1000m with angles 6:=85° and 6,=95°
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The enlargement in the FD can be seen on the figure as well. Therefore, the
displacement between the targets is selected as 2m, even though smaller distance
would be also possible with 3dB deep between targets. However, 20dB deep

between target range estimation is accomplished in this example with 2m distance.

In the third case, two identical point targets are located on the same range but
different angular positions. Two sinc functions form the waveform as self-scanning
radiation pattern takes place. The Figure 2.20 shows the reflected waveform and its
range response, that was found from frequency response. Because the LFMCW-FDA
scans all field of view (FOV) with a single LFM pulse, all targets are illuminated so
received voltage is amplitude modulated. The effect of the amplitude modulation is
also visible on the frequency response, that shows the necessity of the sinc window
weighted FFT. Otherwise, it is not possible to resolve these targets with the
omnidirectional receiver. When the weighted frame is used, these targets can be
distinguished. Below figure shows the frequency response of the part that is in red
dashed lines. This frame coincides with the look angle 95° in this example. In other
words it only means that there is one target located on P, (R = 1000m, 8 = 95°).
It does not show the possible targets along any other angles. In order to illustrate
that, reconstructed radar image based on the aforementioned method will be

explained with an example of multiple targets.

In the last case, five targets are located on the X shape on the ranges 995m, 1005m,
1000m, 995m, and 1005m with angles 80°, 80°, 90°, 100°, and 100°
respectively. The Figure 2.21 illustrates the time waveform and voltage distribution
over range, that is calculated from indicated window. The framed portion of the
waveform corresponds to the direction of & = 100°. By sliding this window all over
the time waveform, one can reconstruct the radar image as in the Figure 2.22. The
radar image shows resolved targets by this method both in angular and spatial

position.
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Figure 2.21. Time domain baseband received waveform and calculated range with
five targets located on the ranges 995m, 1005m, 1000m, 995m, and 1005m with
angles 80°,80°,90°,100°, and 100° respectively.
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Figure 2.22. Radar image (dB) with five targets located on the ranges
995m, 1005m, 1000m, 995m, and 1005m with angles
80°,80°,90°,100°, and 100° respectively.

2.3 Conclusion

In this chapter, derivation of the transmitted fields was given starting from scratch.
Transmitted field in time domain and radiation patterns have been illustrated with
simulations. Spiral like shape in the radiation pattern has been observed, as it has
been showed many times in the literature. Therefore, space time adaptive processing
(STAP) has be considered for this type of radar. Before describing the DF method,
the received voltage expression due to the reflection from the far-field target was
found. The omnidirectional single receiver antenna is utilized. One could have used
a PA as a receiver with digital beamforming, in order to increase gain of the receiver
antenna. However, the goal of this study was to build and show the setup comprised
of only LFMCW based FDA without phase shifters with single downconverter unit.
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Range and angle resolutions have been found by considering the realistic signal
processing steps. They are illustrated with the simulations as well. One of the
accomplishments of this study is to show the DF performance of the linear array.
The proposed system is able to successfully resolve different target combinations.
Both definitions for angle and range resolutions have been validated by simulations
in the presence of multiple targets. This method will also be used in the next chapter

to compare it with the MIMO example.

62



CHAPTER 3

LFMCW-FDA AND SPATIALLY MODULATED RADAR COMPARISON

This chapter reviews the state of art MIMO radar example [41] from the literature
by repeating some derivation steps in detail. The repetition of their work takes place
in this study, because their study focuses on the benefits of the spatial modulation
which is suggested as “a biological counterpart of fixational eye movement”. The
term spatial modulation stands for the creation of the radiation pattern that depends
on both time and the spatial position of the observer. That types of radiation patterns
are formed by the FDA as well, due to its nature. This example is not a randomly
selected example. It is selected because of its similarities to the LFMCW-FDA.
Obtaining intended fields costs lower with less complexity in implementation by
deploying LFMCW-FDA instead of the competitor MIMO radar. Furthermore,
simulation results for the DF process will be presented for the similar cases that was
reported in [41]. The natural behavior of the LFMCW-FDA, that was implemented
by MIMO radar by applying phase coded waveform diversity [41], has been seen as
an advantage in DF applications. That complies also with the early findings of the
LFMCW-FDA researches in [1], [2], [4], [11].

An attractive biological phenomenon about eye movements of human beings and
animals has been researched by many scientists. In addition to gazing at an object or
a point and rather slow movements to change direction, the eyes show rapid
movements known as microsaccades [45], [46]. In Figure 3.1, the example of eye
movements during fixation, microsaccades and drifts can be seen over

photoreceptors.
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Figure 3.1. Example of eye movement during fixation [40], [41]

As a novel approach to usage of the radar waveforms, spatially modulated radar
waveforms have been introduced and detailed in [40], [41] in 2014. The main
inspiration of the research was declared as trying to bring the advantages of the
fixational eye movement in visual acuity which have been presented in [47] into the
radar field by applying on the approach in a Multiple Input Multiple Output (MIMO)
radar. Therefore, a small perturbation in terms of the angle around the radar look

angle was intended to obtain as the drafts movement of the eyes.

3.1  Spatially-Modulated Radar Waveforms Inspired by Fixational Eye

Movement

This subsection is composed of the review of the work are done in [40], [41] in order
to make it easy to understand the evaluation on LFMCW based FDA in terms of this
approach. In the example work, a linear antenna array, which contains M antenna
elements, is used. Every element is assumed to have own transmitter and receiver
units in the research. That MIMO radar make it possible to radiate different
waveforms from every unit at the same time, meanwhile, independent receiver units

are able to effectively capture and process the received signals from the antennas.
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Figure 3.2. Constant Amplitude Chips of Polyphase-Coded Wave [48]

311 Polyphase-Coded FM Wave

Implementation of Polyphase-coded FM Waves was proposed with the detailed
calculations and optimized in 2014 [48], [49]. A theoretical background of the
implementation of the polyphase-coded FM waves will be reviewed and used for
showing benefits of LFMCW based FDA.

Efficiency of the occupied frequency band in terms of bit rate has been focus of
different researches. In order to have better bits per hertz (bits/Hz), the transition
between two different phase states must be as smooth as possible. Therefore,
continuous phase codes will be implemented. Phase states can be infinitely many on
phase constellation diagram. Phase modulation can be implemented by using 1Q
modulation. In-phase and Quadrature components of baseband signal are realized
with two different Digital-to-Analog converters on rather low-frequencies. However,
instantaneous phase changes increase the spread of spectrum. Therefore, phase
jumps between consecutive states within the phase codes array must be eliminated
by using filter. Generic Continuous Phase Modulation block diagram for

implementation can be seen in Figure 3.3.

IR

p(t;

S(t1=iT)—>g ()Pl | (Va= exp{Jj ()} —>

Figure 3.3. Generic CPM implementation for communication [48]

65



Data symbol stream, a; is multiplied by modulation indexes, h;. In order to obtain
the stream of symbols, an impulse train whose repetition duration is T is used. Then,
the sequence of weighted symbols are put into a pulse shaping filter, g(t). After
convolution, this time domain signal is integrated over time in order to obtain the
continuous filtered pulse sequence. The shaping filter can be one of various filters
such as, rectangular or raised cosine etc. The phase of the CPM signal, s(t) is

calculated by scaling the output of shaping filter with 2.

2 S0 e—x=log @ - oy’

n=l1

Ll | [()ae+6, —sfention 5

Figure 3.4. CPM Filter Proposed in [48]

The block diagram in Figure 3.4 is the block diagram of the proposed CPM
implementation to generate polyphase-coded FM waveforms in [48] and the one
used in [40], [41] to implement a spatially modulated radar. A linear M elements
antenna array is proposed for this type of radar. Phase coded signal is composed of
N phase codes. An impulse train ¥N_, 6(1 —(n— 1)Tp) with phase codes a,,, which
can be considered as weighting factors over total pulse duration of T, is used, that

can be seen in Figure 3.5.
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Figure 3.5. Impulse train weighted by phase codes

In order to avoid the phase jumps whose magnitudes are greater than r, the phase
codes must be checked. If such phase difference between the consecutive codes
occurred, the phase change must be made same on phase plot by subtracting or
adding 2m as defined in Eqn-3.1.For example a phase code of d,, = 8m/6 must be
converted to a,, = —4m/6 by subtracting 2z from itself. Another example can also

be given with @, = —9m/6, which must be converted to a,, = 37 /6 by adding 2

to itself.
a :{an S 3.1
" an — 21 sgn(dn), Idnl >T
p = ¢p — Py forn=12,..,N 3.2

Convolution of the shaping filter and an impulse with unity amplitude would give
the shaping filter’s itself. Therefore, the duration of the shaping filter must be within
the single chip duration ,T;,, of the CPM signal in order to avoid interference of a
phase code to neighbor chips’ phase codes. There are two requirements about
shaping filter that are declared in [48]. The shaping filter must integrate to unity over

the real line and have time support on [0,T;].
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Figure 3.6. Filtered Phase Codes with Raised Cosine Filter Rough Example

A coarse sketch of the raised cosine filter output whose input is the weighted impulse
train is illustrated in Figure 3.6. In order to notice peak values of filters that are equal

to a,,, time axis of impulses is shifted by T,,/2.

s(t; x,) = exp {j <f0tg(r) * [Z:zlan §(z— (- 1)Tp)] dr )} 3.3

Taking integrate the filter output over time will give the phase term of baseband
signal. The integration gives the continuous function even if phase codes at the
beginning are discrete values. Baseband signal, s(t;x,,), for the up-converters
located behind every antenna would be same, if there was no spatial modulation.
That baseband phased coded signal is given in Eqn-3.3 and same at every transmitter

unit’s up-converter.
t’ N
b™ (t; x5) = exp {—jm (_]; g(1) * [anlgn §(t—(n— 1)Tp)] dt — A0>} 34

In order to steer the beam to required angle, one must utilize the spatial modulation
during the pulse transmission. That can be implemented to the phase codes by
assigning different phases on signal radiated from each antenna element. Generally,

beam steering can be done by giving linearly increasing phase to all transmitter
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antenna elements on the linear antenna array. A spatial phase modulation is
formulated in Egn-3.4. According to the equation, same procedure is applied to the
phase codes of the spatial modulation. “A,” is the phase difference, that is required
to direct the beam to the angle at the beginning of the pulse train. In other words, the
baseband signal arising from spatial modulation b™ (t = 0; x,), which is given in
Eqn-3.4 would be simplified to e/™40. Therefore, the maximum radiation direction
can be found for the M element linear array by maximizing the function given in
Eqgn-3.5. Independent from the presence of the spatial modulation, initial radiation
direction, 84! can be arranged with Ay = kd cos(61¢%4).

sin(% (Ay — kd cos(6y))

AFlD = 35

M sin(% (Ag — kd cos(6y))

Beside the initial condition on the radiation, it is possible to change the direction of
the maximum radiation within overall pulse duration. Generally, the phase codes are
same for every element, however inserting the progressive phases along the array
elements so that the beam steering angle can be rearranged at the beginning of the
chips. In Eqn-3.6, there is a term “g,,” that is used for the beam steering during the
pulse transmission. This term is calculated, regarding the required angle of the spatial
modulation. Second half of the phase term in Eqn-3.6, which is coming from Eqn-
3.4, is linearly increasing over the array, that can be seen the multiplication by m in

this part.

Sm(t' Oc; Xw» xs) =

M-1

1 weightin . t' N
*/_qu,am ghting gy, {1 ((fo g(0) * [zn=1an6(r— (n— 1)Tp)] dT) .

m < fo g g(1) + [Z:Jn §(t—(n- 1)Tp)] dr> —m A0>}
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Above equation can be rewritten as in the Eqn-3.7 by reordering the phase terms and

uniting the phase codes of data and the spatial modulation as (a,, — m &,)4.

S (L, 0c; Xy, Xs) =

y ’ 3.7
1 w . t N
ﬁmz:o e {] <<f° 9@+ [, @-mays (c= @) d’) - on>}
M-1 .
rEg[cIMO_BB(t) = Z a,";’l S(t; xw) pm (t; xs) ejde cos @ 338
m=0

The total electric field multiplied by the distance between transmitter and the target
on a point scatterer target due to the proposed CPM MIMO array in [41] can be
written as in Eqn-3.8 after the normalization and the scaling electric field.

Receiver of the proposed radar in [41] will be considered in this subsection. But the
receiver of LFMCW FDA case is composed of the system explained in the previous
chapter. Although, it is possible to implement match filtering for LFMCW FDA
radar, frequency domain analysis will be considered.

A
r(M -1)d
m - -y
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...... 9 7
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// B

Figure 3.7. Proposed Linear LFMCW based FDA
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3.2 Linear LFMCW based FDA implementation with Polyphase-Coded FM

Wave

The linear array that uses LFMCW with linearly increasing true time delays between
consecutive elements was proposed and evaluated in [5] and [4]. Its advantages are
proven method both analytically and experimentally by [3] in terms of agility to
multipath effects and the target radar cross section fluctuation characteristic. The
implementation of the phase modulation is reviewed in the previous subsection, that
is proposed in [40], [41], [48]-[50]. The proposed LFMCW-FDA implementation is
assumed to be different from the MIMO studies, because it utilizes only delay lines
instead of the separate transmitter units. However, it is still possible to modulate
same baseband signal in front of each transmitter antenna at the same time with
different frequencies. The LFM signal is used as the local oscillator signal for up-
converter units. Because of true time delays between the local oscillators of the up
converter units, the m*"* up-converter would have delayed version of LFMCW
signal, as that can be seen in Figure 3.8. Therefore, the related antenna would be
radiating at the center frequency that is different from others. The frequency diversity
among the elements of the array is brought into the calculations. The boxes signed
with U/C are up-converter units that utilize the delayed version of the LFMCW
signal as the local oscillator. These units also contain the power amplifiers to make
the proposed setup more realistic. Details and design of the up converters are not in
the scope of this study, indeed it is unnecessary for the implementation in the next
steps. This variation of the implementation is given here only to show the similarities
better.
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Figure 3.8. Proposed Feed Network of the CPM with Linear LFMCW-FDA

In the above figure, the CPM baseband signal is given as s(t). All the up-converter
units are fed by same baseband signal. Using the same signal reduce the cost of
employing the M number of Digital-to-Analog Converter (DAC) to single DAC.
Also that significantly decreases the burden on the processor and the complexity of

the phase codes.

M-1
- _\ 9m F j[wo t-tm)+B2 -tm)?] 3.9
Et(T', t) = o Sm(t' xw) fm(gf b, fm) e z .
m=0

"m

One may find the transmitted electric field by the proposed structure as in the Eg-
3.9. Assuming that all elements are identical, element pattern can be taken out of
the summation. Furthermore, the radial distance to far field observation point can be

found different for amplitude and phase terms as in the Eq-2.4. Also, the TTD for

m!" element is mt,. Propagation delay from each antenna is E—md cos 6.

Substituting these into the above equation, one may obtain the EQg-3.10. High
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J [ Wo (t—to)+% (t—to)z]

frequency term for the transmitted electric field is e which is
the delayed LFM chirp by t,.
L 1. i Ko 2
E/(r,t) = ;,’?(9’ (,‘b,f) e’ [Wo (t=to)+5- (t—to) ]
- . dcosf 3.10
z a’TVyl Sm(t, xw) e_]m (td— C(C)S ) [WO + Uo (t—g)]
m=0

Omnidirectional antennas will be considered as array element. Therefore, one could
omit the element pattern £(6, ¢, f) in the formulas. The baseband signal of
transmitted signal with omnidirectional antenna array that is rescaled by the observer

radial distance can be found as in the Eg-3.11.

< dcosf
§ —jm(tq—- [wo + pot']
TE¢ gasepana () = ay. su(t', x,) e ( c ) o™ o 3.11

m=0

Let w(t’) £ wy + uot' and s, (t) = s(t) for all m in this topology.

M-1
, 2T
. ! =
TEtL,fM_BB(t) — E a% s(t,xw) e—jmtd(w0+,u0t)ejm }\dcose 3.12

m=0
The total electric field multiplied by the distance on a point scatterer target or
observer due to the proposed CPM LFMCW-FDA, can be written as in Eqn-3.12.
M-1

, 2T
T.EgICIMO—BB(t) — z a‘lv'yl S(t; xw) pm (t; xs) ejdecose

m=0

3.13

It is the main aim to compare the resulting transmitted fields, which are obtained
from two different arrays. LFMCW-FDA and MIMO examples gives Eq-3.12 and
Eqg-3.13 respectively. One could even make equal them by having the following
equality. Providing such condition makes the LFMCW-FDA a special case of the
MIMO implementation.

73



b™ (t;x5) = e Jmta(Wotsot) 3.14

It is obvious that s(t, x,,) is contained by both equations. Phase differences due to

the uniform phase and amplitude fed linear array are formulized by

gJmFd cos6 depending of the electrical distance and the direction of the target. This
part is also equal in both equations. “ay,” values are the weighting factors of the
antenna array that can be used for suppress the side lobes on the radiation pattern.
The MIMO solution, of course, provides more general solution to beam steering.
However, the proposed LFMCW-FDA accomplishes the self-scanning property
during the pulse transmission. The MIMO implementation can be simplified to the
LFMCW-FDA implementation in order to show that the spatial modulation proposed
in this work has different proven advantages shown by [41].

fot'g(r) % [z:zlsn §(t—(n— 1)Tp)] dr— Ay =ty (wo + pot') 315

Internal term in exponential function in Eqn-3.8 and e~/™ta (Wo + ko t") that is a part
of Eqn-3.12 can be equalized to show the MIMO simplification to the LFMCW-
FDA. That calculation is given in Egn-3.15. On the right hand side of the equation,
there is a continuous function over time. The main aim of implementation of the
shaping filter, g(t), on the left hand side is to obtain the continuous phase change.
Therefore, this equation holds with the correct choices of the variables. Therefore,
A, = —taw, can be found by taking the retarded time as zero at the beginning of the
first chip and pulse. Then ¢, = t; 1, can be found, which yields continuous and
linear change in the resulting function. In other words, the constant rate of change of

the term in the exponential function is required to validate the equation.

3.3  Example and Simulation Results

In this part simulation results from both MIMO and LFMCW-FDA will be illustrated
and compared with each other. Array parameters of the LFMCW-FDA are selected
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as similar as possible in the MIMO example given in [41]. The main difference
between them is total frequency band occupied. Due to the nature of the LFMCW-
FDA, it is more than the MIMO. Whereas spatial modulation by the phase shift in
the MIMO is supplied, spatial modulation is created and increased by the frequency
bandwidth of the LFM pulse in the proposed array. These parameters are almost
same as the example in the previous chapter as well. Number of antenna element and
frequency bandwidth are different than M = 16 and Af = 15%, in order to have
higher similarity between the MIMO and the LFMCW-FDA.

Table 3.1 Array Parameters of LFMCW based linear FDA Transmitter

Parameter Value Parameters Value
0%, 1.5%,
M 30 Af
3%, 5%
Antenna Isotropic T 200m
Ac
fe 7.84GHz d >
T 1ms 0 € [0°,180°]
ty 0.51nsec ¢ 90°

Both radar utilizes the LFM pulse as the continuous phase modulation (CPM), which
is easy to implement than some other CPM types [48]. Because it does not require a
deployment of an arbitrary waveform generator (AWG), which may cost too much
especially for several number of transmitters [40]. Furthermore, the LFMCW

implementation costs even less than the MIMO with LFM.
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Figure 3.9. Beam Pattern vs Time in [41]

In the MIMO example, four different spatial modulations within a pulse are
considered. Three of these cases can be provided by the LFMCW-FDA as well. First
case is no spatial modulation and it can be implemented by using only constant
frequency single tone signal in the proposed array. The radiation pattern is constant
in this case. The first null beam width is used as the amount of the spatial modulation
in the second case. Therefore, case 1 scans 6 € [—3.8°,4+3.8°]. The beam width of
second nulls on both sides is used as the amount of the spatial modulation in the third
case. These two cases utilize the linear spatial modulation, that is also available with
the LFMCW-FDA. The fourth case uses the spatial modulation between the first
nulls as in the first case but it changes with sine function instead of linear
ramp function. This is yet not possible to implement with the proposed method.
As discussed before, this implementation is a special case for the spatially modulated

MIMO example. Instead of nonlinear spatial modulation, wider beam steering will
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be considered as fourth case with the LFMCW that uses 5% bandwidth. Variations
of the beam pattern with respect to time are illustrated in the Figure 3.9 and Figure
3.10 for the MIMO and the LFMCW-FDA respectively. As explained above, the
first 3 cases are same for both implementations. Furthermore, beam patterns are

different because of the different spatial modulations in the fourth case.
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(c) Af =3.5% (d) Af =5.0%
Figure 3.10. Beam Pattern vs Time with LFMCW-FDA
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Figure 3.11. Ambiguity Function Plots in [41]

For the sake of the fair comparison, both receivers were assumed to be same as the
one explained in [40]. It relies on the matched filters, that maximize the SNR in case
of the system contains stochastic noise [51]. Therefore, the received waveform due
to a target’s presence contains the information of both angular position and the radial
distance. Both can be resolved by the cross-correlating the signal with the
predetermined waveform that corresponds specific target location. There is an angle
delay ambiguity function defined in [40]. These functions are given in Figure 3.11
and Figure 3.12 for the MIMO and the LFMCW-FDA respectively. In these plots,
6 describes the real angular position, whereas £ represents the estimated AoA by
assuming that the time delay of arrival is estimated exactly. Consequently,
similarities exist also in these plots that shows the ability of the LFMCW-FDA one

more time.
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Figure 3.12. Calculated Ambiguity Function with different fractional bandwidth of
the LFMCW pulses

Cut of the peak normalized ambiguity functions is illustrated in the Figure 3.13 and
Figure 3.14 for the MIMO and the LFMCW-FDA respectively. These plots show the
estimations of the AoA when 6 is directed to boresight such that 8 = 0° for the
MIMO example or 8 = 90° for the LFMCW-FDA. Furthermore, the estimations of
the delay are assumed to be exactly correct. Therefore, one can see the effects of the
spatial modulation explicitly on the ambiguity function. These plots also confirm
that the first three cases result in same ambiguity function under aforementioned
conditions. Because of the different implementations in the fourth case ambiguity
functions are slightly different. The first side lobes around boresight are lower in the
MIMO, it may be an advantage. However, use of 5% fractional bandwidth in
LFMCW-FDA lowers the rest of the side lobes significantly. That may be counted
as a benefit of the proposed system.
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Figure 3.15. X shaped 5 target detection in [41]

Reconstructed radar images are given for both implementations in the Figure 3.15
and Figure 3.16. Radar image reconstruction method which the proposed LFMCW-
FDA uses, is explained in the previous section in detail. The image is comprising of
the frequency spectrum of the sliding windowed parts of the time domain received
signal. It is also possible to use cross-correlation method, which is equivalent to the
match filtering. However, frequency domain analysis obtained by FFT is chosen
here, because it puts less burden on the computations. Furthermore, this approach is
adequate for such operation that has been shown in the previous section. DF
performance with the MIMO changes with the type or amount of the spatial
modulation as in the above figure. The target at the boresight can be seen with no
spatial modulation case. However, it is not possible to distinguish the 4 other targets

around the main beam. In the Case 2, beam is steered +3.8° around the boresight,
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therefore, it gives better radar image that shows better the other 4 targets. Although,
resolution in range is not still enough to distinguish the separate targets, one could
realize that there are at least three different angular positions for possible targets.
When the spatial modulation is raised to cover second null positions of the static
radiation pattern case, range resolution is getting worse. The MIMO example utilizes
the constant frequency bandwidth. Range resolution of the LFMCW radars is directly
related to their frequency bandwidth [52]. On the other hand, the frequency
bandwidth of the field impinged on a single far field point decreases, when the beam
steers within larger angular space. Because, the radiation patterns are not constant,
the bandwidth of the signal reached to the point scatterers becomes more effective
on range resolution. Therefore, as the amount spatial modulation increases, the range
resolution gets worse. That can be observed in the results of the MIMO Case 2 and

Case 3 example as well.

Reconstructed Radar Image
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Figure 3.16. Five targets located on ranges R1=200m, R,=196m, R3=196m,
R4=204m, Rs=204m with angles 6:=90°, 6,=87°, 63=93°, 0,=87°, 65=93°
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Reconstructed radar image by FFTs is illustrated in the Figure 3.16. Some details of
this DF process are given in the following subsection. Heat map of the target
locations obtained by the LFMCW-FDA shows the five targets that can be
distinguished both in angular and radial locations. That is given only for one
fractional frequency bandwidth. Because of the structure of the LFMCW-FDA
method, frequency bandwidth that impinged on the target does not change, even if
the overall frequency bandwidth of the LFM pulse increases. The increase in the
occupied BW makes the scanned angular space larger. Therefore, the result does not
change significantly with the higher BW pulse. However, it can be controlled by the
physical structure, which is not easy to change. The useful comparison can be done
by deploying the LFMCW-FDA which is able to scan whole FOV with only single
LFM pulse. The proposed array with the parameters on the Table 3.1 can scan large
angular space by using 15% fractional BW. This value may cause misunderstandings
that it can improve the range resolution proportionally. However, the BW that is
transmitted to the custom angle does not change with BW of the LFM pulse. It uses
wider BW, whereas it can be implemented by only using single transmitter unit on
the PCBs easily.

3.3.1 DF with Linear TX Array with 30 antenna elements and

omnidirectional RX antenna

For the sake of the clarity, DF with the proposed array will be detailed in this part.
All the transmitted fields are calculated on each target location. Assuming the all
targets are identical with the same radar cross section (o), the overall scattered field
is calculated as described in the second chapter. The received voltage is calculated
by using the same receiver as in the Figure 2.6. Then the waveform of the baseband
signal is found as in the Figure 3.17. The sinc function weighted window, whose
duration is the half of the expected null-to-null time width, is sliding over the time
in order to check the presence of any target by taking FFT of the weighted samples.
Those FFT results reconstruct the radar image, that can show possible target
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locations. The Figure 3.18 and Figure 3.19 illustrate the FFT results which obtained
from different windows that can be seen on the Figure 3.17 with red and yellow
dashed lines. Red frame shows the window location for 8 = 90° and yellow frame
coincides with the reflections from 8 = 93°. The resulting waveform in frequency
domain is give in the next figures, by interchanging the frequency axis with the
corresponding ranges. FFT of the all received baseband signal would give the
frequency domain waveform with pale blue line in the both figures. As discussed in
the previous chapter, it is not possible to resolve the angular location with

omnidirectional receiver antenna without applying the FFT windows.
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Figure 3.17. Baseband Received Signal when five targets located
on ranges R1=200m, R>=196m, R3=196m, R4=204m, Rs=204m
with angles 6:=90°, 6,=87°, 83=93°, 04=87°, 05=93°
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Figure 3.18. Frequency (equivalent to the range) domain for the estimated AoA

(B =90°) in case of five targets located on X shape

Distance vs Voltage

05T (Window)
nn

087

DG

0.4

Normalized Voltage

02T

N

192 194 196 198 200 202 204 206 208
Distance(m)

Figure 3.19. Frequency (equivalent to the range) domain for the estimated AoA

(B = 939) in case of five targets located on X shape
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3.4 Conclusion and Discussion

In the Chapter 3, the background of the spatially modulated radar approach given by
[40], [41] was repeated for the sake of clarity. Therefore, similarities between this
MIMO implementation and the LFMCW-FDA could be revealed. In that study,
researchers have utilized 3 different types of the spatial modulation and one without
spatial modulation as a reference. Three of them could be implementable with
LFMCW-FDA as well. No spatial modulation is applied in the first case, that is
nothing but using continuous wave without LFM as feed signal for our proposal. In
the second case, spatial modulation was applied in order to steer the maximum
radiation direction from one first null to the first null on the other side. The scanned
space was doubled in the third case. Both spatial modulations were made of linear
sweep of the spatial modulation. Due to nature of the LFMCW-FDA, deploying the
chirp as radar signal brings forth same effect of the linear spatial modulation. The
amount of the beam steering can also be controlled by the occupied band width of
the LFM pulse. Therefore, first null-to-null linear spatial modulation was realized by
using 1.5% fractional bandwidth with the given 30 elements LFMCW based linear
FDA. The second null-to-null spatial modulation was accomplished by using 1.5%
fractional bandwidth. Nevertheless, the complex MIMO arrays present much more
flexibility than other types. Therefore, researchers made the use of the MIMO, while
implementing the fourth spatial modulation that was the null-to-null half-cycle
sinusoidal. It might not be possible to implement such modulation without changing
some parts of the hardware of the proposed setup. Even though it could be seen as a
drawback, the outstanding results obtained with the LFMCW based linear FDA has

been already shown by simulations.
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CHAPTER 4

LFMCW BASED PLANAR FDA RADAR

Advantages of the FDA radar are utilized by the LFMCW based FDA radars with
the linear arrays in [4], [11]. These works show the beneficial usages of the linear
LFMCW-FDA. Moreover, some superiorities are claimed and shown. By taking into
consideration the findings in the previous chapter, its performance in DF application
is comparable with the performance of the state of art radars. However, the target
localization with the linear array is accomplished within only two of the three
possible axis. In other words, it is able to decide the distance to the target and only
one of the angles in the spherical coordinates. The decidable angle depends on the
axis that the array located on. Consequently, it is just related to definition of the axes
around the array and the ability of the predecessors are limited due to the nature of

its structure.

The main motivation of this study is to contribute the LFMCW based FDA literature
in order to reveal its abilities and potential as much as possible. 3D scanning is
possible by using many conventional methods. This has been a gap in the LFMCW
based FDA until this study. In order to determine exact location of the target with
the LFMCW based FDA by utilizing 3D beam scanning, we have proposed a novel
method in [12] that utilizes a planar array. That method will be shown to scan whole
region of interest within only single LFM pulse duration, that can be properly
determined with other radar parameters. This fast self-scanning feature is standing
out because it makes possible to track targets with high SNR. Moreover, the feature
of being low cost gets more important as number of the antenna elements increases

in planar array implementation.

In this chapter, design steps and the critical points are explained starting from the
LFMCW based planar FDA transmitter. The derivation for the transmitted signal by
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the proposed array is given. The transmitted field that is observed at a far field point
have single peak points in time domain, that is important design parameter for this
study. Therefore, effects on the build-up timings are presented. Another useful
derivation is for the null-to-null time widths due to x and z axis related radar
parameters. These time widths can also be considered as the dwell time for the radar
application that will be given in the next subsections. Then, beam steering capability
of the transmitter will take place with a numerical example in order to show the
possible coverage diagrams. In case of the target presence in region of interest,
observed field at the origin that is reflected will be investigated with the
aforementioned steps for the transmitted signal. The reflected signal is evaluated
with simulation results. Finally, the proposed transmitter and the PA receiver will
form the radar. This realistic radar will be evaluated by the simulations whose
coverage diagram is roughly 6~ 38° — 143° and ¢ ~30° —» 134°. The
outperforming results of a canonical example are given that show the promising

performance in tracking the targets with high RCS.
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Figure 4.1. Proposed planar array with the far field target located at P

The rough sketch of the planar array can be shown on Figure 4.1 that illustrates the

planar LFMCW-FDA, which consists of M by N identical antenna elements along x
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and z axis. The inter-element spacing along x-axis is uniform and d, and it is also
uniform and defined by s along z-axis. A single RF source feeds all the antennas with
different time delays. The time delays can be realized by transmission lines or using
different the oscillators whose phases are locked. It is assumed that each antenna is
fed by same LFM chirp with different time delays. The time delay of the RF signal
at the mn®" antenna element is defined as t,,,,,. That helps to derive electric fields at
a far field point. However, the realization of the proposed array will be discussed in

the further sections.

4.1  Transmitter signal of the planar LFMCW-FDA

Each transmitting elements of the classical FDA generally radiates single tone
continuous wave signals whose frequencies are constant and different from each
other. In other words, transmitting antennas have frequency diversity and their
frequencies do not change. The LFMCW-FDA has been proposed by [5]. The
frequency difference between consecutive elements stayed constant, whereas the
frequencies of all elements are increasing linearly with time. It may also be a

decreasing for a negative slope of frequency change.

Figure 4.2. Frequency vs time graphs of the proposed waveforms with positive and

negative slope
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(b)
Figure 4.3. Time domain signals during the pulses that have a positive (a) and a

negative (b) slope

Rough sketches of the time domain signals for both positive and negative slope
pulses can be seen on the Figure 4.3. One can define a unit rectangular pulse, in order
to express the LFMCW pulse mathematically. Let P(t) be the unit rectangular pulse,
which equals to 1 when time is between 0 and 7. And it gives zero otherwise.

1 0<t<rt
— 4 - - 41
P(®) {O, t<0 or <t

The instantaneous frequency of the LFWCW signal can be written as in Eqn-4.2,
where p is radian slope of the LFMCW pulse. Itis equal to 2wy, where us = Af /T

Then the phase of it can be written as in Eqn-4.3.

wiem () = wo + ut 4.2

ﬁtz

CDLFM(t) =ej[W0 t+2 ] 4.3
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4.2 Derivation of Transmitted Field by the Planar LFMCW-FDA

Derivation of the total field that is transmitted by the planar array gives transmitter
radiation pattern of the proposed radar. The voltage applied on any TX antenna can
be written as in the following equation, where t; ,,,, is the total true time delay. This
delay is defined as the latency of the signal shown in Eqn-4.3 to the mnt" antenna

element.

Vn(t) = @ P (1) &0l tamn=tp)* (tamn=tp)) 44

Transmitted electric field by a single element can be written as in Eqn-4.5. The
distance between the transmitter antenna element and the observation point,
P(R,,9,,¢,) , eventuates in the propagation delay, which can be shown by t, =
R /c. The distance from the mn*" antenna element to the point P is R,,,, and c is
the velocity of light in free space. The vector radiation pattern is shown by
Emn (80, o, fmn)- The pattern is dependent on the elements and the instantaneous

frequency, f;,., at which the corresponding element radiates.

- ; o B )2
Epn(r,6) = 2= P(thun, ©) Eun (B0, o, frun) 010012 otz 45

The dependence of the single antenna radiation pattern on the frequency will be
omitted for further derivation. Also, it is assumed that each antenna element has same
radiation pattern. These two assumption yield the simplification of the vector

radiation pattern as in the following equation.

Emn (00, Do, finn) = €(6o, do) 4.6

The distance between the mnt" antenna to P(R,,9,, ¢,) can be written as in the
Eqn-4.7. The location of the antenna is expressed by r;,,,, , whereas R, is the position
of the observer.
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Ryn = Ry — r;nn 4.7

The inter-element spacing between consecutive elements are d and s along x-axis
and z-axis respectively and they are assumed to be constant. Then, one can rewrite

the terms in the Eqn-4.7 in terms of the unit vectors of @,, @,, and @g.
Tmn = md Gy + ns @, 4.8

R, = R, Qg 4.9

ay = sinf,cosp, Ag + cos b, cos P, Ug — sin ¢ Ay
a, =sinf,sing, A + cos O, sind, Ay + cos p, Ay 4.10
a, = cosbf, dg —sin b, Ay

The propagation delay of a signal, t, is dependent on the position of transmitter
antenna and was defined as t,, = Ry, /c. Then, R, can be written for delay terms
as in the Eqn-4.11, when the classical far-field approximations are employed. The
dependence on the m and n terms must be considered in the calculations for delay
terms. On the other hand, one can ignore these terms for a far-field observation point

for amplitude terms, the Eg-4.12 holds.

R, =|Rydpr —mda,+ nsa,| =

4.11

Ry —mdsinf, cos ¢y — nscosf,
Ry = Ry 4.12
U, = sinf, cos ¢, 4.13

u, = cosf,
In order to determine the total delay of the signal that is transmitted by the mnt"
element, a feed network must also be defined. For more general solution, linearly
increasing true time delays along each axis were assumed and proposed in this work.

In other words, the time delay in the path that lays between the LFMCW source and
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the mn'" transmitter is increasing linearly with both m and n values. The constant
rate of change in the TTDs are Ty, and T}, along x-axis and z axis respectively.
tamn = mTy +nTy, 4.14

Then, the total time delay can be found as in the Eqn-4.15. By substituting that value
into the Eqn-4.5, one may get the following equation for the total delay of the electric
field at the far field point due to the single TX antenna.

(Ry —mdu, — nsuy,) 415

teamn = MTy + 0Ty, + c

By rearranging the equation with respect to m and n values, the following equation
would be useful for the further derivations. Also, the term of R,/c is equal for every
antenna within the array. Therefore, one can define a retarded time at the observation
pointast’ =t — Ry/c. Then total time delay in terms of the retarded time would be

as the following formula.

du su
t,td,mn = m(Tlx - c x) + n(le - CZ ) 4.16
E(@ ¢ ) M-1N-1
E.(rt) = ‘;’0 0 _OZ) {P(t’ =t tamn T) i

. du su du su 2
el{wo(t’—m(sz—T")mmz—Tz +5 (¢ -m@Tu-SgH-nr,-g2) } ]

The total electric field transmitted from the planar array can be written as in the Eqgn-
4.17. However, it is not easy to have an interpretation of the resulting electric field
expression intuitively, due to the complexity of it. One could make use of it by
simplifying it with approximations, in order to exploit it as easily as possible. Firstly,
duration of the pulse function could be selected as 1 msec. When the longest aperture
delay ,which could also be called as aperture filling time, Tfr;;; = T, (M — 1) +
T;,(N — 1), and is around a few tens of nanoseconds, is compared with the duration

of the pulse, it can be neglected for the argument of the pulse function.

93



P(t' =t sammT) = P(t',7) 418

The second part of the phase term in the Eqn-4.17 still has complex terms that hinder
the simplified solution. To manipulate the phasor term, it is useful to define new

variable which make representations easier.

du, d

Vox = fO (Tlx - c ) = fOTlx _A_ux
0 419

S u, S

Vozr = fo(Ti; ——— ) = foTi, — 5 u,
c Ao
, Vox Voz 2 ) ’ 2Vox ’ ZVOZ 2 Vgx VoxVoz 2 ng

(t m 7, n fo) t mt 7, nt 7, +m f02 + 2mn f02 +n f02 4.20

By making use of the Eqn-4.19 and 4.20, one can manipulate the Eqn-4.17, in order
to obtain exponential function separated into different parts with respect to their
dependencies on m and n terms. This dependency can be classified into three groups.
First group has relation with neither m nor n. The second group is linearly dependent
on either m or n. Components of the third and the last group are function of one of
the following terms, m?, n? or mn. The phase terms in the third group, which are
not linear function of m and n, may be ignored in the calculations, since they are

bounded by the value of m x 1073,

Ve, 2mA vZ A d\*
Ho, ox fm2ﬁ<n(M—1)2—f<Tlx+—> <mx1073
27 f; 27 T ¢

&~
VoxVoz Af d S -3
P 2m - (M= DIV - D) (Tlx +?) (T +2) <mx10

2 2

K, Vor , Af s 3
—n‘—<nN-1)*— (T, +—) < 10
2n foz ( ) . (lz c) TX

umn

421

Therefore, their contribution to the phase of the inside of the summation will be
negligible. Exponential components could be taken as one, for further simplified

demonstrations as in the Eq-4.22.
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2 2
B,V S Af d
exp {]Emz %} = exp {]nM27 (T,x +?> } =1

exp {ju mn ”"’C”"Z} = exp{jon 2L - v - 1) (1 +5) (i + D)} =1

f02 C 422
Ve . Af 52
exp {] Enz %} = exp {]n(N - 1) - (T,Z + ;) } =1

M-1 a N-1
E,(r,t) = A'(t) Z a,, e M @otut (T i=5%) z b, I @otktNTi=25) 4.23

m=0 n=0

where
At) = —5(9; Po) p(t)ell@ot 5 ¢} 4.24
0

After having the simplified form, the summations can be written independently and,
uniform excitation over array is assumed. Therefore, they can be illustrated as the

known digital sinc functions.

- (Myx . (Ny,
. vx SIN | —= ) v, Sin|(—=%
E(r,t) = ()M V2 ¥ N7 (—);) 4.25
sin (—x) sin (_Z)
2 2
where
t' ¢
Vx(t) = —2mvox | =+ 1); v.(t) = —2mv,, [ —+1 4.26
Ty Ty

Vox and v,, Were given in the Eqn-4.19. Tr = f,/u¢. EXponential phasor terms can

also be taken into A(t) = 4'(t") @M% pIN-DF During the investigation of the

overall transmitted field, a meaningful focus must be on the magnitude of the fields
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which is a function of the retarded time. The magnitude of the field is dependent on
both parameters along x and z axis, i.e. Ty, Tyz, d, 5, 6y and ¢,. It eases the handling
with the expressions, that dividing the equation into two parts. These two functions

give their maximum values, when y, (t,,) = 2mp and y,(t,,) = 2mq and p,q € Z.

sin (Vz_x) , sin (];—Z)

FM: FN:

4.3  Time of maximum field occurred at a point (Ry, 8¢, )

Occurrence of a peak field strength is an essential term for beam scanning in radars.
In other words, the beam steering is that the change in direction of the maximum
radiation in phased arrays. One of the biggest differences in FDA fields is that the
location of the maximum field strength is also dependent on the time and the distance
in addition the direction. In order to determine the time of it, the built-up time (BUT)
is defined for both parts, which were given by Eqn-4.27. The built-up times of the

signals, which are t,, and t,,, can be calculated separately for Fy; and Fy by

applying v, (to,) = 2mp and y,(t,,) = 2mq Where p,q € Z.

th =T, (_—p—1)>0 Dot =T, (—_q_1>>0 4.28
Vox VOZ
The BUTs must be greater than zero, because a physical system must be casual.
Furthermore, it must be smaller than the summation of the Ty;; and 7, because the
step pulse is non-zero only within this duration. Therefore, p and g can take values
from the limited set of numbers. That sets are defined by the limitations on the Eq-
4.29 , where ppin = CE{—v,, (1 + 1)} and pax = CE{—v,,}.Similar set of ¢

values is bounded by gnin = CE{—v,, (1 +n)}and qpax = CE{—V,,}.

—Vox > P > —Vox 1+ 77) ;0 Voz > Q> Vo, 1+ TI) 4.29
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4.4  Null-to-Null Time Widths, T,,,,, and T,

Null-to-Null duration of the transmitted field in another radar parameter, which can
also be considered as a pulse duration. In this part distance between the first nulls
around the maxima is considered. Because the radar signal impinged of the target
outside of this time duration is significantly low. A general formula to be used in the
further investigations is given in this section. Time domain signal contains
multiplication of the terms Fy and Fy. Since both sinc functions have own null to
null time widths, minimum of them will be the overall T, value of the planar
LFMCW-FDA because of the multiplication. With the aforementioned fact that one
of the TTD must be much larger than the other one, in order to have raster scan in
the transmitter’s radiation pattern, one of the T, values is much less than the other
ones. The envelope of the high frequency waveform has maxima, when y, (ty,) =
2mp and y,(ty,) = 2mq and p,q € Z. The functions in the Eq-4.27 have first nulls

around t,, and t,,, the following equations can be solved for the smallest T,,,, values.

- T
My tox + =5
2X T =21 Mv,, 7 +1|=2nptn, peZ 4.30
t'=tor ¥4 f
_T
N t + nnz
Yz = 2 Nvy, | ——2—+1]|=2nqtm qeZ 4.81
2 t,=t02$TnnZ Tf

Then, one can find the T,,,, and T,,, as in the following form, where Ty = f, /i,

duy,

Vox = fo (sz - T), and v,, = f, (le _ Suz)

c

. 2Ty

nnx =
M v«

2T,
and Tnnz = W
0Z

4.32
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45  Beam steering capability of the proposed transmitter

Radiation pattern of the LFMCW-FDA transmitter changes automatically with the
time within the pulse duration of =, which differs it from the phased arrays. Although,
there are more conditions on the radiation pattern for a radar transmitter, the direction
of the maximum radiation is an essential term to be considered in this part of this
work. The proposed transmitter has the radiation pattern whose peak direction is able

to scan the space partially with the properly selected parameters.

The built-up-times (BUT) for x and z related parts of the equation should be
investigated for finding the 8, and ¢, values with respect to the time. The BUTs
must be same for x and z, in order to have overall maximum value on the radiation
pattern. Therefore, equalizing them would end up with discovering the relation
between 6, and ¢, angles. Indeed, one can obtain how other radar parameters
contribute this relation, by making tg, equal to tg, as in the following equation,
where v,,and v,,were given as in Eg-4.19. v,, is independent from ¢,, whereas

VoIS function of both 6, and ¢, angles.

7 (2-1) =1 (- 1) 433

VOX VOZ

In order to exploit the relation between angles to decide the exact direction of the

maximum radiation angle, one can solve the following equations for every 6, value.

d sinf, cos ¢ p
%) =y, 4.34

Vox = fo <Tlx - q

Using all possible p and g values which are bounded by the Eg-4.29, one can solve
the Eg-4.35, in order to get real valued ¢, with respect to 6, values. With the proper
choice of the parameters, one can have effective coverage for beam scanning of this
type of the transmitter.
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Table 4.1 Array Parameters of an Example Planar Transmitter

Parameter Value Parameters Value
M 4 Af 20%
N 8 r 200m
fe 10GHz d ﬁ
2
T 1ms S }i
2
Ty 4.0 nsec 0 € [0%,180°]
T, 0.4 nsec ¢ € [0°,180°]

180

160

140 ; i

120

Angle
o0
=

401

201

] 200 400 G600 800 1000
t', us

Figure 4.4. 8,and ¢, variation of the maximum direction of the array factor over ©

99



foTu —Bv
COS%:M 4.35

T sin 8,

Envelop of the Time Domain Waveforms

n = 1311.?” #=115 n =10 .9” =90 @, =T8T (| #,=67.5 n = 5&
0.9r {f..ﬂ= a0 {f..ﬂ= a0 ;ﬁﬂ= a0 %= a0 :ﬁﬂ= a0 :ﬁﬂ= a0 {d,.ﬂ= O

0ar

0.7r

06t |

057

Mormalized Transmitted Voltage

Figure 4.5. The envelopes of the time domain signals at different observation angle
6,y, when ¢, = 90°

4.6  Transmitted Fields in Frequency Domain

Radiation pattern of the LFMCW-FDA transmitter changes automatically with the
time within the pulse duration of 7. At the same time, the frequencies of the
transmitter elements are changing, as in the frequency scanning arrays (FSA).
However, main difference between the FSAs and the LFMCW-FDA s that, each
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element is excited by the signal whose instantaneous frequencies are distant, unlike
the FSAs. Therefore, the bandwidth of the transmitted signal comprised of the
summation of these diverse frequencies due to the TTDs.

4.7  Observed Field at the Origin that is reflected back from a point target

Radars try to detect signals reflected from the target that is needed to be observed for
different types of applications. The reflected signal from a point target is vital for a
radar investigation. In this subsection, the received signal will be formulized for the
point target as a general solution.

(N—-1)s L p

. R A
N mr: =7.7" P(Ry, 90, @)

Figure 4.6. Proposed planar array with the far field point target, o, located at P

471 In Time Domain

Transmitted electric field must be shown firstly. Then one can continue to derivation
of an incident electric field on the point target due to the transmitter. The incident
electric field which is transmitted by the mnt* antenna element can be written as

Eqg-4.36. The time delays can be shown as t; and t,, for feeding delay of the
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corresponding element and propagation delay of the field which can be observed as

R /c in free space, where c is the velocity of light in free space.

1 _ (o (t=tg—t)+E (t=tg—t,)?
Efun(r,8) = == P(thun, ©) & (B0, G, fonn) /ot tr 112 (ot 436

mn

Each incident electric fields components would be scattered with scaling of the

complex value of W back to the origin, where the radar is positioned. On
the way back, all components propagate along same way from the point target to
receiver antenna, therefore it would be resulted in constant propagation time delay.
One can write the received electric field at the origin, which is transmitted from mn®"

element and scattered from the point target as following equation.

o 1
E, R,t=/——Pt’,
mn( 0 ) 4-7TR§R y (mn T) 437

(B B, fun) o (E i omn=tp0) 5 (= Eamn—tpn=tyo)
Summation of the received field results in the total reflected field at the origin. It has
already been shown that R,,,, equals to R, in amplitude related terms for the target
located in far-field. In order to find the received voltage by the receiver antenna, one
can scale the total electric field because of the effective area of the antenna.
Furthermore, vector electric field pattern can be written as single variable by
assuming the patterns be same for each antenna element. Due to the aperture delays
are much less than the duration of the unit pulse, 7, we can assume that P(t;,,, T) IS
same every element. The received voltage can be obtained as in the Eq-4.38, by
adding all common terms into the value, A, that also includes the all proportional
values related with the conversion of the total electric field to the received voltage

such as antenna efficiency, etc.

o (Rot) = A |22 L pie ) €0, 00)
mn 0 471. Rmn Ro 4 0’ 0 438

. 2
el(wo (t_tdmn_tpmn_tpo)"'% (t_tdmn_tpmn_tpo) )
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For the sake of the simplicity in illustration of the equation, let the constant time

delays be subtracted from time in order to be demonstrated as the retarded time, t'.

e Aeffo- 1 =
V(R t) = A RZ P(t,t) £(60, o)
0

4n
4.39
M-1N-1 5
Z ej(wo(t_tdmn_tpmn_tpo)‘l'% (t_tdmn_tpmn_tpo) )
m=0 n=0
t—tamn — tpmn — tpo = t'— tamn — tpmn
4.40

a . s
where tgmn = mTy + nTy, and typm, = m—sin 6, cos ¢, + n-cos 0,

One can repeat the same steps as given in the equations from 4.7 to 4.27, in order to
obtain the simplified voltage formula that is reflected back to an isotropic antenna.

Then the simplified form of the formula could be written as in the Eq-4.41, after

imposing the phasor terms /™% and ¢/ ™=1% into the complex scaler value of
A(th.
N [Aero 1 S (szx) sin (Nzyz) 441
v (Ro D) = AC) i R_g sin (ﬁ) sin (ﬁ) |
2 2
where

t’
Y<(t") = —2m v,y <— + 1)
Ty

, t' 4.42
v,(t) = 2nv,,[—-+1
Ty

(1)) = 1E(0, po)| P(DN20 5 7} OI-DE (I0N-DY
Vox and v,, were given in the Eqn-4.19. Ty = f,/ur. During the investigation of the
total received voltage, a meaningful focus must be on the magnitude of the fields
which is a function of the retarded time. The magnitude of the field is dependent on
both parameters along x and z axis, i.e. T}, T;,, d, s, 8y and ¢,. It eases the handling

with the expressions, that dividing the equation into two parts. These two functions
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give their maximum values, when y, (to,) = 2mp and y,(t,,) = 2nq andp,q € Z,
as that was shown for the total transmitted electric field. Then, one can distinguish
the difference in the effects of the radar parameters on the received field. Both Fy,
and Fy have maximum values on t,, and t,, times respectively, that can be called
as build up time (BUT). The time of the maximum signal can be found by applying

same steps as done in Section-4.3 in the Eg-4.44.

Fv = ﬁ . Fn = sin (%) 4.43
el el
tox = Tr (%—1)>0 ; to, =T (;—OZ—1>>O 4.44

By making BUTSs equal, one can find maximum of the reflected signal in time
domain. The location of the maxima is also dependent on the radial distance of the

point scatterer.

4.7.2 In Frequency Domain

Frequency of the received field is essential and has the information about the
properties of the target such as its location, its radial speed, etc. However, how to
approach the signal in frequency domain would be related to how one processes the
incoming signal. In this part, the approach that will be utilized is discussed. An
omnidirectional antenna is considered as a receiver. The received echo is mixed with
the local oscillator (LO) which is LFM signal. This process can also be called as
dechirping. Then, the base band part of the resulting signal is same as the classical
FMCW signal, that can be obtained by using low-pass filter. Moreover, the base band
signal has an FDA envelope. There would be shift in frequency, which is Doppler

effect, if the target is not stationary along radial axis in the echo signal. T, is the
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time offset for the Doppler frequency wg, = 2 wfy, = 1 Ty,. This effect is also
considered in the received voltage equation as the EQq-4.57. In this equation,
weightings for transmitter antenna elements along x and z axes are taken into

consideration.

A _
o R t) =4 |27 1 bt 1) 860 o)
mn UL Q, . Rmn Ro ’ 0,0 4.45

. u 2
a.. b el((’)o(t_tdmn_tpmn_tp0+Tdo)+§ (t_tdmn_tpmn_tpo"‘Tdo) )
m Un

The overall received voltage can be presented as in the EQ-4.46. After same
manipulations as in the previous section and assuming that only the base band part
can pass through the low-pass filter (LPF), one can get the baseband signal shown in
the Eg-4.47.

Aerro 1 _
V*(Ro,t) = A |~ —5 P(t,7) £(60, $o)
o

o 4.46
M-1N-1
Z Ay by ej("L’o(t_tdmn_tpmn_':po"‘Tdo)"'‘2—l (t—tdmn—tpmn—tp0+Tdo)2)
m=0n=0
M-1 N-1
V() =V, () z a,, e/ z b, eInVE(E) 4.47
m=0 n=0

Resulting voltage can be written as above form. V,(¢) = V, e/¥(*)p(¢’, ), where
V, is the complex amplitude that also contains the amplitude and the phase of the
radar transmit and receive functions and propagation paths along both direction. The
retarded time ,t' =t —T,, =t —2R,/c , is defined by subtracting the total
propagation delay from the time, where T,,, = 2t,,,. The delay of the received echo

also defines the effective beat frequency with the Doppler frequency. Beat frequency
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due to the radial location of the target can be represented as  wp, = u Ty =
U 2R, /c. Furthermore, overall effective beat frequency w;, = wp, + w4, and
Wgo = 2 Tfgo = 2Wo;4/c is the Doppler frequency for the target whose velocity is
vy4 > 0 along radial axis. Positive velocity means that the target is going away for
this case. The beat frequency would be w;, = —wy, + wg4, for the same target with
the LFM pulse whose slope is negative. Fourier transform of the V*(t') is on the

following equations. For negative slope chirp, one must interchange ¥,,,, with
(1 +m) ¥

M-1 N-1 _ in(@1/2)
_ i o T\ sin(wt
Vt(w) =1V, am by e jam (lpm"+ 4T ) _ 4.48
w t/2 .
m=0 n=0

where;
Vo U e~ J0Tpo 4.49
W= w—w,+ Wmnf 4.50
Yon =mv,, +nv,, 4.51

The spectral components (SC’s) are wy, = 2 TV /Tr and wy, = 2 mv,,/T;. It has
been presented in previous sections, that one of the TTD’s T, or T;, must be much
larger than other one, in order to have raster scan. Consequently, the one with longer
delay lines has much larger spectral components. The amount of the frequency step
between consecutive elements along that axis is coherently much larger than the one
with shorter delay line. Therefore, max(wy,, ws,) > min(wy,, wy,) is valid for a
proper implementation of the planar LFMCW-FDA. The center frequency of the SC,
due to the mnt™ element, is @, = FWpo + Wgo — Wmny - All the SC’s are shifted
by the beat frequency, w, = twy, + w4, the independent spectral contribution of

the FDAiS Wy . The orthogonal SC’s can be obtained, when K, = Af T, or K, =

AfT,, are integers. The center frequency of the SC’s would occur at the 2% null of
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the adjacent SC, if and only if, the corresponding X value is integer. The frequency

bandwidth (FBW), wgy, = 21 f5y, Can be written as in the following equation.

21
wpw = (M — Dwpy + (N — Dy, + -

4.52

_max((M — DK, (N — 1)XK,) + 2
B t/(2m)

Some parameters and specifications of the reflected wave in frequency domain were
given in this part of the work. These parameters will be used in next sections to
exploit the advantages of the planar LFMCW-FDA.

4.7.3 Transmitted Pulse Waveforms

Until this section, a single chirped with positive slope has been considered as
transmitter waveform. In order to form a radar, more than one LFM pulse must be
used. In the Figure 4.7, periodic coherent pulses can be seen. This sketch illustrates
the time dependent frequency of the LFM signal. Frequency sweeps can be
accomplished with the use of the linearly increasing or decreasing over single LFM
pulse period, which is 7 in this figure. Time axis for these multiple chirps is called
as slow time, whereas time within a single chirp is called as fast time. After each
sweep either with positive or negative slope, a silent time gap with the time duration,
T,, in which transmitter is off, is assumed. With the presence of these gaps between
the pulses, the radar application can distinguish whether the reflection from a target
is coming due to the previous pulse. If these gaps were not used, the ambiguity would
arise during the beginning of every change in the frequency sweep slope. Therefore,

the duration of the positive and negative pulse pair is T,, which can be found as

2(t+Ty) .
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T, =2(t+T,)

Slow time

Figure 4.7. Periodic Coherent + slope N_ radar pulses

4.7.4 Properties of the reflected signal for multiple Chirps

The accuracy of the measurement depends on the signal-to-noise ratio (SNR), which
is defined by dividing the energy of the FDA signal by noise energy (E,/n,). By
using noise temperature, T, and the Boltzmann’s coefficient, k, the noise spectrum
density can be defined, n, = kT;. When uniform weights are used in the FDA
LFMCW transmitter, energy of the waveform is approximately E, = M2N?V21 /XK,
where X is the max of X, and K, depending on the selection of the TTDs. In order
to recover E,, averaging the results from coherent pulses would be an effective way.
With the assumption of the Swerling 1 (SW 1) targets, chirps can be considered as
coherent. The second Fourier transform gives the phase variation that is related to
the velocity of the target. This procedure is nothing but the 2D F7" for FM/CW radar
signal proposed and used by Khan and Power in [53]. The number of N_ coherent
pulses are used to be averaged for recovering E,. The second FT is taken along the
N_ coherent pulses. The Doppler filters are formed in this Fourier domain, to utilize
the ‘velocity matched filters’ defined in [53]. Frequency of the reflected signal is
given in previous subsection. However, the phase of the dechirped waveform is not
constant for a non-stationary target. The general form of the phase of the nt"* pulse

is given in the Eq-4.53.
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Yo [+ (e = DT =wpp_t'+an_+P; , where 0<t'<7 53
The beat frequency of the nt"* pulse, w,,,_, is given in below formula. When the
target is not stationary, the beat frequency changes from pulse to pulse, due to

changing radial location of the target. Awj,, = pu(n_- — 1) v,y T/c.

Wpn = Wpo T Wgo + ATy, 4.54
Ay = —Awpa[2R, /c+ (n— 1) vy T/ ] 4.55
P, =n_—1Dwgo 4.56

At this point, one can also test above formula by substituting v;, and wg4, With
zero, in order to check if the stationary target has phase variation, when multiple

chirps are utilized. Finally, w,, = w,, for all pulses when the target is not moving.

4.7.5 Example and Simulation Results

In this subsection, a numerical example which is illustrating the aforementioned
parameters and specifications of the reflected signal is given. To give the numerical
example, the LFMCW-FDA parameters on the Table 4.1 are considered. The
envelope of the normalized time domain waveforms for different point scatterers are
given in the Figure 4.9. The locations of the scatterers can also be seen on the Figure
4.8.
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Figure 4.8. Two point scatterers with different azimuth locations
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Figure 4.9. The envelope of reflected signal in time domain from two point

scatterers with different azimuth locations
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4.8 A Radar Example with Phased Array Receiver

Radars try to locate the target by determining angle and the distance of it with respect
to its own local coordinates. In this chapter, the LFMCW based FDA transmitter was
explained until here. The beam of it steers in the space with the aforementioned
coverage of the space. Building a radar by utilizing such transmitter will be discussed
with realistic scenarios. This example was proposed in [12], it will be explained with

more details.

48.1 Transmitter LFMCW-FDA and its Radiation Pattern

Employing an LFMCW pulse is a well-known method to determine the distance of
the target. It has many benefits and advantages. The most outstanding advantage of
LFM utilizing radar is that, it can inherently determine the distance of the target, that
IS not even moving, more easily than others. Moreover, one can sequentially use this
type of pulse with an increasing and a decreasing frequency over time. With the help
of two different slope usage, velocity of the target can also be found by the LFM
radar. Furthermore, it can also be determined, whether the target is receding or
approaching the radar. Details of the implementation of the LFM radar will not be
focused within this study. However, the proposed radar has also same abilities
inherently, as it exploits the LFMCW pulse in order to effectuate the frequency
diversity in different antenna elements. Therefore, these decision making processes
can also be applied with the LFMCW-FDA radar.

The angle of the target is another unknown, which a radar must resolve. Because of
the self-scanning behavior of the LFMCW-FDA transmitter and that the maximum
radiation direction changes with time and distance, handling with this type of radar
requires Space-Time Adaptive Processing (STAP). In order to build a radar, a phased
array receiver can be used. Therefore, angle of arrival estimation can be done by
changing the direction of the receiver’s beam. In other words, the angle can be

resolved by the classical phased array receiver.

111



Table 4.2 Array Parameters of an Example Planar Radar with phased array receiver

Parameter Value Parameter Value
M 8 Af 2999.7
N 5 r 1km
Ao
fo 15.15GHz d >
T 1ms S ﬁ
2
Ty 0.2436nsec 0 € [0°%,180°]
T, 2.04 nsec ¢ € [0°,180°]

Coverage of the transmitter was shown before. However, this will be shown with a
canonical example here. The parameters of the LFMCW FDA are tabulated on the
Table 4.2. The scan of the transmitter is like raster scan. Therefore, numbers of
elements along x and z axis are chosen as 8 and 5 respectively. That is required in
order not to have large side lobes in time domain signal due to the scan of adjacent
scan paths. In other words, the beam widths of the main lobe must be appropriate
when it is considered with main radiation direction, in order not to redundantly
transmit signal into one direction twice. The change of the main beam direction
within the LFM pulse duration can be seen on the Figure 4.10. The points on the
figure show the main beam directions, that was considered as reference direction to
show the full coverage of the transmitter. One must consider those points as couples,

that define the direction with known 6, and ¢, values.
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Figure 4.10. The general coverage diagram of the transmitter of the planar radar
example
The selected 6, values are in {48°,66°,82°,98°,114°,132° }. These values are
selected not to have a gap in the region of interest. The build-up time for Fy, which
was given in the Eg-4.43, should be found first for these selected 6, values. At this
point, the procedure that is explained in the section 4.3 Time of maximum field
occurred at a point (R, 8, o) is applied to determine the maximum timings. The
valid p and q values are in sets of {—4 } and {—31,—-32,—33,—34,—35,—36 }
respectively. The corresponding BUTSs, t},, found by the Eg-4.28, are 26.8us,
190.6us, 354.4us, 518.1us, 681.9us, and 845.7us only for single theta angle 6, =
82°. Time domain waveforms can be seen on the Figure 4.11, when elevation angle
is constant but the azimuth angles are different for each waveform. With the selected
0, = 82° value, ¢, are in {57.7°,70.4°,82.7°,95.5°,109.3%,125.6°}. The
following six waveforms are observed at different six locations defined by 6, and
¢, values. Time axis of the waveform shows the retarded time, which is defined by

subtracting the propagation duration from the time of the LFM pulse.
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1 Envelope of the Time Domain Waveforms
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Figure 4.11. The normalized time waveforms of the fields transmitted by the
LFMCW-FDA Radar

Related waveforms and corresponding peak time and azimuth angles were given for
single angle. Moreover, one can generalize these waveforms for each elevation angle
in given set. Then, envelope of the impinged signal on the 36 pre-determined
observation points are shown as in the Figure 4.12. On the figure, one can also find
the location of the observation point with elevation and azimuth angles. Times of the
maximum location can be found as 25.8us, 45.9us, 65.8us, 127.8us, 147.7us,
168.1us, 189.5us, 210.3us, 230.8us, 289.6us, 310.1us, 331.2us, 353.3us, 374.7us,
395.8us, 451.4us, 472.5us, 494.2us, 517us, 539.1us, 560.9us, 613.2us, 635us,
657.3us, 680.8us, 703.5us, 725.9us, 775.1us, 797.4us, 820.4us, 844.5us, 867.9us,
891us, 936.9us, 959.9us and, 983.5us in time order within the single positive LFM

sweep.
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Figure 4.12. The normalized time waveforms of the fields, which are transmitted
by the planar LFMCW-FDA Radar, observed at 36 selected points

Revisit of the main beam to one pre-determined elevation angle takes place at
different ¢, value. For the sake of gapless scanning, the half power beam widths
must intersect each other’s HPBW on azimuth plane at least. For example, one can
investigate the locations of half power beam widths of the main lobe when it is
directed to angle pairs of 6, = 82°, ¢, = 109.3° and 6, = 82°, ¢, = 95.5°.
HPBWs are given in the Eq-4.57 for both moments. One can simply calculate the
locations of -3dB points, by assuming the main lobe is symmetrical around the peak
location. Then, the following Eg-4.57 holds for this example. Therefore, gapless

scan is accomplished in this region.

HPBW,zimuth | ¢ = 109.3° = 16.5°, HPBW,zimuth | ¢o = 95.5° = 14.5° 4.57
90 = 820 90 - 820
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16.5° 14,50
= 101.25° < 102.75° = 95.59 + 4.58

109.3° —

All of the instantaneous one plane radiation patterns for all 36 pre-determined
directions are shown in from Figure 4.13 to Figure 4.18 with different 8, values.
Each pattern line shows the instantaneous pattern at the corresponding time that can
be shown on the figure as the name of the legend. As the maximum radiation
direction is moving away from broadside direction, half power beam widths are
getting larger. Especially, when both the azimuth and the elevation angles are not
close to broadside, shapes of patterns are getting poorer. That unwanted behavior can
notably be seen in the Figure 4.13 and Figure 4.18. However, that would rapidly
diminish, if the array was composed of the directional antenna elements instead of
omnidirectional elements. Because of the assumption of that omnidirectional
elements are deployed in the LFMCW-FDA, these radiation patterns are also
equivalent to array factors. When we consider the 8, = 48°, the peaks occur at the
angles ¢, € {30.8°,55.1%,74.59,93.2°,113.5,139.8°} . Moreover, for 6, =
66°, the peaks take place at ¢, € {48.2%, 64.4°, 79.4°, 94.6°, 111.1°, 131.1°}.
Therefore, -3dB coverage from 37° to 145°on azimuth plane is accomplished for
aforementioned 8,. Whereas ¢, is between 45° and 142° for 6, = 82, for 6, =
989, ¢, Is between 30° and 122°. These total radiation patterns for single 6,
which can be considered as overall summation of the all radiation patterns in the
single figure, are not symmetrical around broadside.
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Azimuth Radiation Pattern when 4 =48°
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Figure 4.13. The normalized instantaneous azimuth radiation patterns at given time
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Figure 4.14. The normalized instantaneous azimuth radiation patterns at given time

when 6, = 66°
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Azimuth Radiation Pattern when 80=82°
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Figure 4.15. The normalized instantaneous azimuth radiation patterns at given time

when 6, = 82°

Azimuth Radiation Pattern when 6'0 =08°
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Figure 4.16. The normalized instantaneous azimuth radiation patterns at given time

when 6, = 98°
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Azimuth Radiation Pattern when 00 =114°
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Figure 4.17. The normalized instantaneous azimuth radiation patterns at given time
when 6, = 114°

Azimuth Radiation Pattern when 00 =132°
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Figure 4.18. The normalized instantaneous azimuth radiation patterns at given time
when 6, = 132°
One is tilted to higher ¢, in the meanwhile other is tilted more to lower values.

However, this is not a big problem for a realistic radar example, because overall
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radiation patterns would have lower beam widths in the presence of the directive

antennas.
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Figure 4.19. The normalized time waveforms of the fields, which are transmitted
by the planar LFMCW-FDA Radar, observed at 36 selected points with the

directional elements

Side lobe level has also vital role on the performance of the radar application.
Excitation weights of the antenna elements in the array are directly related to the far-
field radiation pattern, eventually to the side lobe level. Therefore, Taylor tapering
weights a,,, in M along x-axis was chosen, in order to have SLL,, < —20dB, and
n,, = 3. Along z-axis, any tapering was not applied, so that b,, = 1 for all n values.
The reason for not using tapering along z-axis, unlike along x-axis, is that beam
steering on elevation plane is continuous with almost constant ¢ angle. So, handling
with side lobe interference gets easier. On the other hand, the complexity in dealing
with the side lobe on the azimuth plane is much harder. One can also apply the
aperture tapering along both axes to get lower side lobes, however, tapering only
along one axis is used in this study. In order to calculate tapering coefficients,
taylorwin(M, i, SLL,,) function in MATLAB® was utilized. The calculated
weighting coefficients are 0.7145, 0.8774, 1.1165, 1.2916, 1.2916, 1.1165, 0.8774
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and 0.7145, for this radar example with M = 8. The resulting transmitted electric
field pattern would be different than the uniformly excited array’s field pattern. In
the Figure 4.12Figure 4.12. The normalized time waveforms of the fields, which are
transmitted by the planar LFMCW-FDA Radar, observed at 36 selected points would
change with tapering. Peak field strengths are getting smaller, when the tapering is
applied, because of the decrease in the effective antenna aperture. With the
aforementioned weighting coefficients, 2.22 dB peak power level reduction with
respect to uniformly excited array can be estimated. Moreover, half power beam
width increases, whereas side lobe levels are getting smaller.

4.8.2 Phased Array Receiver

A planar phased array is deployed to capture the reflected signal from a target in this
numerical example. For a radar application, detecting the angle of the target with
respect to local coordinates and the distance to the reference point are main steps.
Using the phased array as the receiver makes easily possible to resolve the angle-of-
arrival of the reflected signal. Building the planar LFMCW-FDA is a novel and
complicated process. Therefore, in order to perceive the possible advantages of the
LFMCW-FDA, the phased array receiver will be utilized at the first step. Design of
this receiver is not on the scope of this work. However, same number of antenna
elements are used for the receiver PA. In the RX modules, incoming signal is mixed
with the LO for the down-conversion. Down converted pulses are processed by using
the digital beam forming (DBF) algorithms with the signal processing based on
2D FT. As in the case of the transmitter, same 36 RX beams are needed to cover the
aforementioned 2D angular space in the previous sub-section. That can be achieved
with DBF algorithms. By resolving the angular location of the target using this type
of PA receiver, the radial position and the velocity of the target can be decided by
using the information in the frequency domain, because the base band signal is

nothing but the one in the classical FMCW with an FDA envelope.
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4.8.3 Range Resolution

The Fourier Transform of the reflected signal is given in the Eq-4.48 as a general
formula. The spectral components (SC’s) are gy = 2TV, / T and wy, =
21 v,, / Tr. In this example, wg, > wg,, due to Ty, > T, is chosen. There is an
approximate spectral orthogonality, in contrary the fact that & values are not integer
such that K, = 0.731and X, = 6.119. Frequency bandwidth wgy, = 2mfgy IS
given in the following equation. The frequency bandwidth is a limiting parameter for
the range resolution. Because, frequency spectrums of two targets on the same
angular location must be resolved. Therefore, frequency bands must be adjacent to
each other at least, that defines the range resolution of the radar which is AR,. Step

difference in the beat frequency is equal to fgy, .

2 (N — 1)K, +2

Af 2R Af 2(R + AR,)
foo(R) =—— and fp,(R+AR,) = ——— 22 4.60
vt c T c
_fgwte (N-DcT, ¢ 4.61

AR, =

2Af 2 Af

In this case, fgyw = 31.2kHz therefore, AR, = 1.573 m. The range resolution
obtained in time domain is much larger than this one. Without processing signal in
FD, the range resolution can be found by using the null to null pulse duration of the
signal that impinged on the target. Therefore, that would be about ten kilometers for
this example. Consequently, there is no benefit to use only time domain signal in
order to detect location of two or more targets whose angular positions are within
the main beam. The time for the signal propagates to target and reflected back to
receiver is 2R/c. For two targets are located on the points R, +R,; and

R, + R,, Where R, = 2km , R,; =0 and R,, = 1.56m. The beat frequency is

_ _2999.7(MHz) 2 x 2000 (m)
around fb = Hr Tpo T (msec) 3x108(m/s)

= 40MHz. To ease the illustration of
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the IF spectrum, T, ,, true time delay, which is the same duration due to double way
propagation of the signal, is applied on the LO for the receiver. Therefore, the beat

frequencies can be seen around DC in the Figure 4.20.
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Figure 4.20. Fourier Transform spectrum for + slope and 6, = 85° ; ¢, = 83.1°
with two stationary point scatterers
When the target is not a stationary one, the Doppler effect would shift the beat
frequency proportional to radial component of its velocity. For this part, the target
which is coming toward the radar with the velocity of v,, = —25.73m/s, so
fao = 2.6 kHz. In order to distinguish its velocity and location precisely, we must
utilize at least a pair of chirps with a positive and a negative slope frequency change.
R, = 2km and T,, = 13.3 us are assumed. The resulting f,} = 37.7 kHz and
fro = —37.7 kHz for the positive and the negative slope respectively. The overall

spectrum is given in the Figure 4.21.
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Figure 4.21. Fourier Transform spectrum for both + slope and 6, = 85°

¢o = 83.1°with a point scatterer with v,; = —25.73 m/s

484 Realization of the Radar

This radar example can be realized by using wideband patch antennas. One example
pattern when the maximum radiation is steered to 6, = 85°and ¢, = 83.1°. The
approximate size is 8cm by 5 cm for RX/TX array. The resulting antenna gain is
G, = 21.3dB. 5 rows along z-axis are fed by 5 phase locked DDS to have T, =
2.04 ns , whereas TTDs are utilized for 8 elements placed along x-axis to obtain
Ty, = 0.2436 ns. The maximum time delay over aperture, Tf;;; = 8.2ns. Multiple
pulses are used as explained in 4.7.3. The silent duration between consecutive pulses,
T, = 250us, whereas T = 1000us. Therefore, duration of the + pulse pair, T, =
2500us. Here, we choose number of the coherent pulse pairs, N_ = 8. These 8 pulse
pairs form a burst, and then 24 non-coherent bursts are used in radar. The radar range
equation gives the SNR in the presence of the noise as in the Eq-4.62. Energy of the

transmitted waveform, E,; = 2 P;t where 2 P, = 10W. The energy ratio, ry; =

124



28.68 . Transmitter loss is L, = 2dB and the atmospheric loss is L, = 0.096 dB.
The radial distance to the target is assumed to be R, = 2km and the noise energy to
be k T, = 9.16 x 10718 mJ. The RCS of the target is considered o, = 0.1 m? and
its radial length L,, = 1m with the aforementioned velocity, v, = —25.72 m/s.
This velocity is chosen due to maximize the improvement due to velocity matched
Doppler filters. The SNR improvement factor has its maximum value, Iy = 8.533,
with the optimum values of v, and T,,. The Doppler frequency is 2.6 kHz. In order
to have lower beat frequency after dechirping, time delay for LO in RX side is T} =
13.276 us. Then, f,, = 200kHz. According to Nyquist theory, the sampling
frequency for IF signal must be equal to or greater than 2f;,. By using T, = 0, we
can lower the requirement on the sampling frequency, however, it can cause aliasing
in frequency domain in case there is a target which is closer than the expected range.
Nevertheless, presence of the single target and the LO time delay in RX side are

considered for lowering the sampling frequency requirement.

SNR = Eo . Gj Os )\(2) LeLg _ Dy- Ly 4.62
g kT (41)° R; Iy_- G; - Gaw

Probability of the detection P, and the probability of the false alarm P, can be used

In(Pra)
In(Pp)

process, the target should remain within same range resolution portion. The total

to express the detectability factor D, = — 1. During coherent integration

longitudinal distance occupied by the target is determined by not only the radial
extent of it, which is 1 m, but also the distance travelled during the coherent
integration time, CTI™P4 =22.26ms, so that AR, = L, + |v,,| CTITPA.
Decorrelation time T.., = 100ms is calculated as in [54]. For 24 bursts being

utilized, the frame time FRTFPA = 24 « CTIFPA = 534.3 ms can be found. This

FDA
means that the target can be decorrelated n., = % = 5 times. After using 24

ctg

bursts, one detection is tried. That process will be called cumulative detection step
(CDS). As one repeats the CDS nfP4 times, the cumulative probability of the false

alarm P, and detection P, will be higher than Py and Pr, as given in the Eg-4.63.

125



FDA
Pl =1-(1-P)" i3

nFDA

PRl =1-(1-Pr)”

The probability of the detection and false alarm can be obtained by using Eq-4.62 as
P, = 0.8346 for Pr, = 0.5 x 107°. Then by repeating the CDS by n{P4 = 2 times,
one can show that P74 = 0.9727 and Pif = 107° from the Eq-4.63. SNR™P4 =
16.8 dB in FDA frame time. General diagrams for frequency vs time within a chirp
were given on the Figure 4.22 and Figure 4.23 for positive and negative slopes in
LFM pulse respectively. In both figures, only one target was considered. FDA
modulated reflected waveforms for both pulses were also on the figures. The vertical
axis for reflected signal is amplitude instead of the angular frequency. They are given
on the same figure in order to show the relation between frequency bandwidth of the
signal that is reflected back from the target and the instantaneous frequency of the
transmitted chirp. The times of the maximum of sinc like reflected signal are not
equal for positive and negative slope pulses. Moreover, RF signal’s frequency
differs. The total frequency bandwidth impinged on the target can be calculated by
using time bandwidth (TBW), as in the figures. 4 dB energy equivalent TBW is
T,z /2 for this example which has an envelope like sinc function. Then, Af,ppas =
| /‘fl Tonz/2 = 989MHz. Due to the target’s radial extent, the decorrelation
frequency is f. = c/(2L;y) = 150MHz for the SW | target, which is greater than
the frequency bandwidth. Therefore, there is no intra-pulse modulation in FD. The
total detection duration would be T[FPA = nfPA x FRTFPA = 2 x534.3ms =

1068 ms in this application.
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Figure 4.22. Frequency of RF signal and IF waveform for a particular target for

positive slope
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Figure 4.23. Frequency of RF signal and IF waveform for a particular target for

negative slope
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4.8.5 Comparison between the LFMCW FDA Radar and an equivalent
LFMCW PA

In this section the comparison between the proposed planar radar and an equivalent
phased array radar which uses LFMCW. For fair comparison, parameters of the PA
equivalent are determined first. Antenna arrays are composed of same number of
elements for both TX and RX and same type of antennas. In order to have similar
amount of frequency bandwidth occupied by LFMCW-FDA for a point target,
AfP4 =95.296 MHz is chosen. Number of the + slope coherent LFM pulse pair
used in PA remains same, N_ = N4 = 8. However, number of non-coherent bursts
is decreased, n?4 = 2. For comparison only one CDS is used in both radars, ng =
n, = 1. The number of the frequency agility steps between two consecutive bursts
is NP4 = 2. Then, GP* = 2.7dB and GI# = 6.35 dB are obtained. Whereas the
LFMCW FDA scans the all of the interested space within single pulse due to the
self-scanning nature, same space must be scanned by changing PA’s phase shifters.
36 beam position were selected for scanning the same space, as FDA does.
Therefore, energy ration rg, vanishes in the Egq-4.62 for PA, because all of the pulse
energy is transmitted to intended angular location. That yields P; = 0.9708 and

Prq = 107°. However, it requires more time to visit all 36 beam locations. The total
frame time for a single beam location is FRT?4 = WFT?4 = 44,53 ms, so overall
scan time or revisit time with PA is T4 = 36 x WFT?4 = 1603 ms with SNR"4 =
23.65 dB which is higher than FDA whose SNRFP4 = 16.8 dB. But the revisit time
in FDA is TFP4 = 534.3 ms.

For this particular scenario, the displacement of the target during the detection would
be 13.75m and 41.35m for the proposed LFMCW FDA and PA radars
respectively. Although, SNR is lower in LFMCW FDA, faster detection would be

one of advantages of it especially for tracking targets which have high RCS.
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EfPA = Egin NEPA nEPA nlPA =384 F,;, 4.64

EF4 = E,;, NP4 nPA nP4 Ny =576 E,;,

Energy-time product of both cases could also be compared. Output power of the
chirp will be assumed constant for both radars. Because duration of the pulse is also
constant, number of pulse used in both cases could be compared in order to energy-
time product comparison. Energy transmitted to space for a positive and negative
pulse pair is same for both which is called as E,;,, = E,;. Total energy calculations
for both applications are given below. Whereas 384 pulse pairs are used in FDA, 576
pulse pairs are transmitted in PA. Therefore, the energy needed in FDA is less than
in the PA equivalent. This is another advantage for the LFMCW FDA radar. This is
valid for this example, generalization of this conclusion may be invalid for other

FDA and PA comparisons.

4.8.6 Conclusion and Discussion

In this chapter, design steps and the critical points of the proposed LFMCW based
planar array was presented in detail. Starting from the derivation of the transmitted
field for a far-field observer was done in order to obtain the received field
representation that reflects from the target. Both transmitted and received fields were
illustrated for the examples with the chosen radar parameters. Coverage diagrams
and radiation pattern for different cases revealed the abilities of the proposed
transmitter to be used in the radar applications with the raster scanning beam
formations. In order to progress step by step in this research topic, the PA receiver
was deployed that makes easier the DF processes as well. Also, it is preferable in
order to increase the receiver antenna gain which is vital for this example. Because,
dwell time gets smaller, as the LFMCW-FDA scans the whole space very fast within
only a millisecond for the given example. That causes the decrease in the received

energy which should be compensated by antenna gains. This weak point was
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overcome by applying non-coherent bursts that are composed of the periodic
coherent positive and negative slope pulse pairs. The performance of the radar
examples is compared under certain circumstances with the given target properties.
The fast scanning feature makes the proposed LFMCW based planar FDA
preeminent against the equivalent PA radar in target tracking applications, because
the target’s displacement is less during the detection process. The need for less
energy-time product in the proposed radar, which is delivered to the radars, is another
advantage. Although, it cannot be generalized to all of the FDA/PA comparisons,
this advantage was observed and presented in this study. The utilization of the
proposed array by observing and presenting some superiorities with given simulation
results have been shown, in order to make the LFMCW based FDA concept more
complete.

There are still open points in planar FDA concept that can be worked on. A proper
receiver method should be studied, for the sake of the wholeness of the concept.
Deploying a linear PA instead of the planar one as the receiver would be good
starting point. It would decrease the cost and complexity of the receiver. One could
decide the one angle by using this linear array. The other angle and distance to the
target could be decided by using the procedure given in the previous chapter.
Designing a FDA as receiver that is eligible to work with FDA transmitter would be
even better research topic. Implementation of this array and obtaining real
measurement result are always concept-proving studies. Advantages of the FDA in
multipath environment and the target RCS characteristic have been shown by
measurements conducted by Dr. Cetintepe, when the linear array was used. Behavior
of the planar FDA could be investigated as well, whereas the target RCS

characteristic will be investigated in the next chapter.
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CHAPTER 5

TARGET RCS CHARACTERISTIC IN PLANAR
LFMCW-FDA RADAR

In the previous section, a novel method is proposed and analyzed. The proposed
planar LFMCW based FDA radar is also evaluated by presenting a realistic radar
with a SW | type target. Some superiorities are illustrated in terms of target
displacement during tracking and energy radiated by the radar. It is also one of the
advantage of it, that total time to detect a thread is shorter with the LFMCW-FDA,
as the revisit time is shorter in the proposed scenario. Therefore, that limits the time
which the target can realizes the radar operating around and may also take

countermeasure.

Although, the concept of LFMCW based FDA is rather novel topic, it has been
already shown that it is a fruitful research area. Some hidden advantages have been
revealed by [3], [4], [5], [11]. In 2014, Dr. Cetintepe and Prof. Dr. Demir showed
that the classical FDA and the LFMCW based FDA outperforms its equivalent
phased array rival in terms of the target RCS characteristic and “multipath
characteristic over ground plane” in [2], and [1]. These works were deployed a linear
antenna array for both the classical FDA and LFMCW-FDA. Designing a planar
LFMCW FDA or classical FDA is different process and there are a lot of differences
between their precursor and themselves. In this section, the target’s radar cross-
section (RCS) characteristic will be investigated by using the planar LFMCW-FDA

transmitter presented in the previous section.

The organization of this section is as follows. Firstly, a brief description of the RCS
and its history in the literature are given. Then, the approach focused on in this work
will be introduced with a general solution. This general solution will be narrowed

down to realistic canonical examples. This results will be compared with the
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equivalent PA radar. Finally, results and performance will be evaluated and this

section will be concluded.

5.1 Radar Cross-Section (RCS)

The term radar cross-section (RCS) is an important measure of how much reflective
surface would be equivalent to the target for radar application. However, it does not
have to be strictly related to the signal reflected back from the target. There are
different approaches to RCS which may depend on the radar applications. Some
radars try to detect the backscattered energy from the target only, it is called as
monostatic radar. In this one, the transmitter and the receiver are collocated. The
second one may be defined as that the direction of the reflection or scattering is same
as the incidence direction. That one is called as forward-scatter RCS. The final one
contains the all of the cases that are not enclosed by the aforementioned two. The bi-
static RCS is a useful measure that may be used for the radar whose transmitter and

receiver are not collocated. [55]

RCS is measure of ratio between incident power density and reradiated power
density by the target towards receiver. Although, the scattered field may be radiated
in any direction, only part of reradiated power toward the receiver position is
interested. Backscattered field does not vary much with respect to the angle that EM
field is incident from, when the target has a simple shape, i.e. a point scatterer or
homogenously fabricated sphere. However, most targets have more complex shape
and structure than these simple ones. When there is no symmetry along every line
that can be drawn from volumetric center to outward direction, RCS is a function of
the frequency as well as the angle that power incidents on the target. RCS, o, can be
written as in the Eq-5.1 , [56]. Dependency on incidence and scattering angles can
also be shown in the equation. Since, monostatic radar is considered in this study,

incidence and scattering angles are same.
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Supposing a radar transmits energy towards a scatterer, incident power density is

PGy
4mR2 "’

05(0s, §s, 01, 1) = lim 4R?

where P; is transmitted power from the radar. G, is gain of the transmitter.

PG, O 5.2
P = : A
" 4mR2?2 4mR2 "¢

5.2  Reflected power from a point scatterer

RCS fluctuation can cause that target may be invisible to the radar from certain angle
of arrival, since the received power, that is proportional to the reflected power in the
Eg-5.2, may not reach the target detection threshold. How much the target RCS
fluctuates, also depends on the type of the radar itself. Since different spectral
components are used at the same time in radars based on the frequency diverse arrays
(FDASs), they may have less fluctuation in RCS with respect to the incidence angle.
For linear antenna array, this advantage has been shown in [3] both theoretically and
experimentally. This behavior will be investigated in this study for a planar LFMCW
based FDA radar. The planar array given in the previous section is utilized as
transmitter. However, an omnidirectional receiver is assumed to be used, as the
reflected average power is considered to examine the target RCS characteristic. At
the beginning, the received power will be given in the presence of the point scatterer
whose backscatter RCS is constant for any angle. Moreover, it will be assumed that

it is constant all over the frequency spectrum deployed.
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Figure 5.1. Planar LFMCW FDA transmitter with a point scatterer at the far-field
point, P(rs, 95, @)

The planar TX array is illustrated on the Figure 5.1. Each point represents a transmit
antenna, whose vector radiation pattern, f.(6,¢|f.), can be assumed as
omnidirectional or directional pattern. Pattern of the practical antenna is frequency
dependent, however, the element pattern is assumed to constant over frequency band
in this example. Each element is excited by the voltage given in the below equation
which is the LFMCW chirp. As it was given as previous sections, every antenna
element has its own latency on the same chirp. The true time delay (TTD) for the
mnt" element is given as T,,,, = mTy, + nT},, where Ty, > Ty, or T, > T,, for the

proper function of the proposed radar.

. 2 5.3
Vi) = P(6) e/Wot+5 7]

134



—-1N-1

M
— 1 ] )
Et(r, t) = ﬂ(a, ¢) |fC) Z P(t — tmn )_el[wo(t—tmn)+%(t_tmn) ] 5.4
m

pr 0 mns

=

S
1l

where
( Af )
= ZHF : the radian slope
Af .
Wy = 21 (fc - 7) :start angular frequency of the LFMCW signal

P(t) :unit rectangular pulse over time in [0, T]
£-(0,9lf,) :thevector pattern of antenna elements

Tmn | r¢ —a,md —d, ns | 55

c

The total transmitted electric field can be written by taking summation along x and
z axes as in the Eq-5.4. The distance between mnt* element and the point scatterer is
Tmns- 1he total time delay of the electric field that incident on the scatterer, which
transmitted from mn'" element, is given as t,,,,. This delay contains the total TTD of
the excitation and the time that the field propagates towards the scatterer. The incident
power would be reradiated by the target RCS, o. Therefore, the scattered power density
per unit solid angle can be found by scaling reflected power by 1/4mR?. Since electric
field density is proportional to the square root of the power, one can multiply the incident
electric field with \/a/(4wR?) to find the reradiated electric field. The reflected field
would induce voltage of a receiver antenna that is located at the origin proportional to
the square root of its effective aperture, A.¢r. The voltage due to reflection from the
point scatterer located P(r, 6, ¢s) is given in the Eq-5.6. The term 1/4m is also

included into A in this equation.

Vpys(Ts, 1) = A Vo Aeff Z Z P(t — timns) 56

M-1N-1
m=0

=0

S

1 ej[Wo(t_tmns)'*'%(t_tmns)z]

Tmns TS
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Total delay of the signal transmitted from mn®* element and reflected back to the
origin is t,,,s in the EQ-5.7. The two way propagation path in free space that it takes
IS Thns + 15, Where T, is the total TTD of the excitation on the corresponding antenna

element.

Tmns T 75 5.7
tons = Tmn + ———

5.3  General representation of the reflected power from a group of point

scatterers

The target RCS is dependent on the material, surface shape and the size of it.
Practically, targets are much more complex than the point scatterer. Therefore, it is
essential to expatiate upon this work for realistic example by considering multiple
point scatterers instead of a single one as the target. In other words, RCS fluctuation
is expected to be more significant, then a comparison with phased array radar can be
done. This example may not represent all possible types of the targets, however, this
is still a reliable and adequate starting point for comparison. The group is located on
a sphere around the far field point P.(r;, 6., ¢.) and radius of &r;. With such a shape
it is possible that the overall reflection can vary with respect to look angle. In this
subsection, the received voltage is formulized in presence of only a single point

scatterer on the aforementioned sphere surface as in the Eq-5.8 by using the Eqg-5.6.

V(T t) = A \/OTI Aeff Z Z P(t = tmn) 5.8

M-1N-1
m=0 n=0

3

1 e j[Wo(t_tmni) +%(t_tmni)2]

Tmni Ti
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Figure 5.2. Planar LFMCW FDA transmitter with a group point scatterers around
the far-field point, P(rg, 95, @)

rmni+ri
bant = Ton + c 59
|r, — 1y +0r;| | 1.+ 0r
= mT,, +nT), + — "C"' — + ”C -

The total delay of the signal that is transmitted from mnt" element and reflected back
from the it scatterer at the origin is t,,,,;. Vector representation could be helpful for
further calculation at this point, and 1y,,,; = | ¢ — T + 01|, Where

T'mn = Mmda, + ns a,. With the definition of the u, and u, given in the Eg-5.10, one
can write 7y,,; and ; as in the Eg- 5.11 & 5.12 respectively. Since, 1, > | — mdu, —
nsu, + a,. - 8r; |, small part can be ignored for amplitude terms for far field targets. By
applying similar approach to the Eg-5.13, r; can be taken as r,, for amplitude terms. That
cannot be applied for phase terms.

5.10

A

U, =4, ay =sinf.cos¢, , u,= 4 - a, =cosb,
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7. — mdu, — nsu, + a,. - Or; ,  forphase terms 5.11

Tmni ¥ {T‘C ,  for amplitude terms

_ {rc + 4, Or; ,  forphase terms 5.12
A0 ,  for amplitude terms
Substituting the r,,,,; and r; values given in the Eq-5.11 & 5.12 into the Eg-5.9, one can

get the general formula for the time delay as in the following equation.

2r, du su 24, 6r; 5.13
tmni = mTy, + nT, + Tc—m Cx—nTZ+ %

On the surface of the sphere, K number of scatterers are assumed to be located with
their corresponding local angular positions. This local coordinate system whose
origin is center point, P., of the far field sphere, will be explained when it is needed

in the next subsection.

Time representation in the equations, t, has a time reference of the transmitter. For
the sake of the simplicity, it is better to use retarded time which is delayed by the
propagation of the wave in two ways. The time that the filed is transmitted and
scattered back to the receiver, 21, /c. This delay is obvious in the Eq-5.13. By letting
this delay combine with the time, they form the retarded time t' £ t — 2r./c.
Moreover, t),.; = tmni — 21./c shall be defined. The overall summation of the

received voltage can be written as in the Eg-5.14. Due to aperture delays are much

less than the unit rectangular pulse duration, T, P(t' - t'mm-) can be simplified to
() = P(t = tmi)
K-1N-1M-1

v—rx(zri: t) =A /Aeff P(t, - tmnl 514

=0 0 m=0
lg: . 2
ie][WO(t,_trlnni)"'%(tl_tr’nni) ]
2
e

2

S
Il
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The phasor term in the above equation could be derived further in order to have a
generalized formula for the total received voltage. By substituting Eq-5.13 into the

Eq-5.14, the phasor becomes as in the Eqg-5.15.

l i K 1 i l K 12
wo(t" — tni) +E(t - tmni)z = (WOt +Et )

du du ayc " OT;
—(wgy + ut") [m (Tlx - Tx) +n (le - Z) +2— - - ] - g
2 2 A 2
U du du ayc " OT;
#h e (1= %) e (1 - 5) e (2 .
du du ayc - or; (T, du, T, du
o1 ). ) 3 2 S T
c c c n nc m mc
2 2 A 2
moHu 2( _dux) 2( _duz> (arc-dri> 5.16
—1000 =~ Zlm Tlx c +n TlZ " + 4 —C .

du du .. 6r; (T du T, du
L [ [ R e O ]

The part of the phasor that given in the Eq-5.16 can be omitted, since they are small
enough. With the aforementioned assumptions and the derivation one can obtain the
final form of the generalized formula for total received voltage from a group of
scatterers as in the following equations. Furthermore, it is possible to write all three

summations separately.

A i 1 K2
Uy (XT3 8) = r_2 \/fo P(t’)ef(wot +5t )
c

érc-Sri

K-1
-7 Y
i=0

=

z ejmyx ejn]/z

=0 0

M-1 ~1 5.17
m

S
Il

where
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, du 5.18
Yx = (WO +ut ) (Tlx - Tx)

) du 5.19
Yz = (WO + ut ) (le - Z)

5.4  Canonical example with dumbbell type scatterers

RSC characterization is expanded by giving a canonical example. RCS fluctuation
with respect to the angle of the arrival of the field will be illustrated in this part of
the work. Two point scatterers are considered as a target and build a bit more
complex RCS. They are separated by the distance, [. The midpoint between them is
assumed to be an origin of the local coordinate system, that can be seen on the Figure
5.3. Since, P. is a generally defined point which may differ the location of the target,
the local coordinate system must be defined with respect to global coordinate system
shown on the figure. One can define that system however that is possible. In this
study, definition of the selected conversion is as follows. y, axis of the local
coordinates is always in same direction with the unit vector in outward radial
direction in global system at the center point of the scatterers, a,... Other axes are
defined in accordance with the y, axis and right hand rules. Unit vectors of the local
coordinate system, (éxs, ays, ézs) are given here in terms of global ones
(—é¢c, are) —éoc) at the given mid-point respectively. RCS of the point scatterers

are o, and g, both are assumed to be equal to o for further calculations. Vectors
éry and érq are given in the Eg-5.20, magnitude of them is é and their directions are

opposite to each other. They can be written in terms of local coordinates as given in

the equation.
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Figure 5.3. Planar LFMCW FDA transmitter with a pair of point scatterers around
the far-field point, P(r., 9., @.)

l
8rg = —8r1 =3 (sinBscos ¢ 4y + sinfgsinp_a,s + cos B 4,;) 5.20

In general formulation, there is the term “4,.. - 67;”. Since, the local coordinates are
derived from the global coordinates and &, = 4,,. Therefore, the dot product can be
found as in the Eg-5.21. And K = 2, because there are only two point scatterers on

the sphere with radius /2.

l
Are * 819 = —ayc " 811 = 5 sin bg sin ¢ 5.21

By substituting the RCS values and Eq-5.21 into the general formula that is given in
the Eg-5.17, one obtains the EQ-5.22. The effect of the rotating around the center

point can be seen on the equation.
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A o J(wot' +5¢7%)
U (XT3, ) = 7 JAers P(t")e 2" Wo
c
5.22
-1 N-1
n

S

(e_jYS _.|_ e+jys) elex Z ejn)/Z
0

o

3
i

where,

l
Vs = (wo + put") —sin 6 sin s 5.23

54.1 Average Received Power

The total received voltage has been found in the previous section. However, it is
important to determine the average power received from the reflected field in order
to characterize the target RCS. The power is directly proportional to the absolute
square of the voltage. By integrating received voltage over the pulse duration, 7, and
then taking time average, one finds the average received power as in the Eg-5.24.
The term, received power, is being used here, because this study focuses on a
monostatic radar example. Average received power implies the average of the power
reflected from the scatterer, which impinged on the receiver antenna on the origin.
Therefore, efficiency and gain of the antenna, and gain of the receiver will be
assumed to be constant over the operational frequency bandwidth. Only first
reflection is considered as the reflected power in this study. Secondary reflection
from a point scatterer that occurs due to the scattered field from the other one, is not

in the scope of this work.
1 , 1 .
Pavg = Z_jlvrx(zrif t)l dt = _jvrx(zri' t) * er(Zri, t)dt 524
oTJ; ZoT ), -

By substituting the received voltage expression into the Eq-5.24, one would get the
form as in the Eq-5.25. The part "e /s + e*/¥s" that came to effect due to the

dumbbell scatterer, is real valued and equal to " 2 cos ¥, " with Euler’s formula.
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Pavg = %AzlclAeffittJ;P(tl) (e + e*ivs)’
M-1 M-1 N-1 N-1 525
el j(m~ m’)sz 2 e](n n')yz dt
m=0m'=0 n=0n'=

After interchanging the order of the summations and the time integral, multiplication

of complex numbers will give the following form.

1 1 M-1 M—-1 N-1 N—
Pavg = A2|0'|Aeff 4fP(t ) Z Z (m m )t (n- n)yz)
m=0m’=0n=0n 5.26
+ej((m—m’)yx+(n—n’)yz+2ys) e~ (( ’)yx+(n n )yz+2y5)) dt’

vo = (m—m) (T = =22) 4 (0 =) (1, - °22)

du , su 2lsin B sin
~ )4 ) (T - )+ T 5y

, du , su 2lsin B sin ¢
vy = =(m =) (Toe ==%) = (=) (T, = 22) - e = -

v; = (m—m') (Tlx

Then, one can define following 3 variables v,, v;,and v,, in order to ease the
representation. Also, interchanging the orders of time integral and summations can

be applied. Substituting those variables into above equation, £, can be written as:

1 1 M-1 M- -1 N-1
Pusg = 24710l Ay Z Z PN RLGRCERE
=0 =0 n=0n"=0 1t efo,1] 5.28

+ e~ vi(wotnt") 4 givi(wo+nt’ )) dt’

Integral of the unit rectangular pulse, P(t"), with e~/#t" term can be calculated as

the sinc function. Finally, average power can be written as in the Eg-5.29. Because
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of the fact that v; = —v,, resultant exponential terms combined together to form the
term cos(w,v,) in this equation. Although, further simplifications in average power
calculation are possible, nevertheless, it will be found with computational methods
by using MATLAB®O.

2 . sin(mAfv,)
5.29

5.4.2 Average Received Power with PA

Target RCS characterization of the LFMCW-FDA will be evaluated and compared
with the equivalent PA example in terms of the RCS fluctuation with respect to the
incidence angle of the radar signal. Therefore, average received power of the
reflected signal is needed also for the phased array radar. Same number of antenna
and positions for antennas in transmitter are utilized in the equivalent example for
fair comparison. The illustration of the PA and a far-field target would be same as
the one in Figure 5.1. Because the focus is the RSC fluctuation here, it is appropriate
to use a single omnidirectional receiver antenna as in the LFMCW-FDA. The
transmitted electric field with MxN antennas along x and z axes respectively can be
written as in the Eg-5.30. Phase differences between each consecutive elements
along x and z axes are A®, and Ad, respectively. The inter-element displacements
are assumed to be same as the LFMCW example.

-1N-1

RGO = 0.9 1f) ) D PE—tm)

=0 0

=2

5.30

S
I

i ej[wct'+m(kcdux—Ad>x)+n(kcsuZ—ACDZ)]

rmn
One could also find the reflected field as it was done before. The field scattered back
Os

with .
4mR2

The reflected field would excite voltage on the receiver terminal. This
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voltage conversion can be shown by effective antenna aperture. Same efficiency
values are also assumed here. All these effects are buried into A again in the

formulas. Therefore, one can write the received voltage as in the Eq-5.31.

M-1N-1

a o
vPA(r,t) = AT / Aosy z Z MR jwet! +mkedig—Ad) +n(kesu,~AP,)] 5.31

T,
m=0 n=0 mn

These summations can be calculated as digital sinc functions for uniform excitation
i.e. aymn =1 for all m and n. In order to implement the effect of multiple point

reflector another summation must be included. The received voltage due to a single

. ﬁrc ‘87‘i
. . . VJOi —j21 2 . .
scatterer can be included by using this form == e """ 2c  as in the previous

AT

section. Therefore, the total received power can be found as in the EQg-5.32.

Furthermore, average power can be found as in the Eq-5.33, by applying P,,,, = |Z_|2

The digital sinc functions have their maximum values for PA, because maximum
power radiation direction is tilted to the center point of the scatterers by using the

corresponding phases.

S —jam 2dre OTi
vPA(r,t) = A /Aeff MNZ Joie e
i=0

(M (N 8.32
sin (7 (k. du, — Ad?x)) sin <7 (k.su, — ACDZ)>

M sin (% (k,du, — A(Dx)> N sin (% (k,su, — A(DZ)>
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K-1K-1

avg = A |G|AeffM2N2 Z z _]ZT[BLL,
i=0i'=

|[ sin ( (k.du, — Adbx)) ]| |[ sin ( (k.su, — Adbz)) ]| 5.33
I [ | I
lM sin( (k.du, — Adbx))J [N sm( (kesu, — Adbz)>J
General form of 3;;+ is as following formula.
_ Zarc : (Sri - 8ri') 5.34

Bii' - A

For the Dumbbell target couple, all possible values for §3;; are given as in the Eg-
5.35. After substituting this into the Eg-5.33, final F,,, with PA can be shown as in
the Eg-5.36 with the fact that maximum radiation direction is on the center point of

the scatterers.

Boo' = B11 =0
L. .
Borr = —Bio’ = ZA—SLnHSSLn(pS

Cc

5.35

Constant and Fluctuating

Isin(6,) sin(cl)s))) 5.36
Ac

2
Py = A%|0]Aes M2N? — (1 + cos (4
C

Average received power by PA is given in the Eg-5.36. With the fact that cosine

function can be between 1 and -1, so that maximum of the average power is B,,,; =
A? |0|AeffM2N2 It is obvious in the formula that this value is fluctuating between

its maximum and zero with respect to the incidence angle.
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54.3 Comparison of the Average Received Power

One of the advantage of the LFMCW-FDA is its self-scanning behavior that makes
possible to steer the beam corresponding angle with respect to the time within a
chirp. It radiates its power to whole region of interest within single LFM pulse, which
can be a huge section of the space depending on the design parameters.
Consequently, the more space the LFMCW-FDA scans, the lower average power
incidents on a single far-field point in the region of interest. Assuming constant
average transmitted power, gain of the antenna array and duration of the chirp, as the
scanned space increases, the duration that beam is tilted to the far field point
decreases. Therefore, the average received power would be lower as a result of the
faster scan with larger scanned space. On the other hand, the PA’s average received
power does not change for the same far-field point. Because, the usage of the PA is
radically different from the other. The maximum radiation direction does not change
within a pulse duration in the PA case. The beam is directed to the aforementioned

point by using phase shifter throughout the pulse duration.

Scanned space in LFMCW-FDA is determined by the design of the transmitter as it
was given in the previous section of this study. Once the transmitter was built, the
scanned angles can be controlled by the chirp properties. With the higher bandwidth
deployed for the chirp, enclosed space gets larger. Therefore, one could find the

relation between the average received power and the chirp bandwidth.

Value of the P,,,, is fluctuating between zero and A%|o|A,rfM*N*> %with respect to

the incidence angle for the phased array radar. Because the expression has DC term
and also cosine function as AC term. However, direct interpretation is not possible
for the LFMCW-FDA case given in the Eq-5.29 yet. The DC and AC terms are used
for the constant and fluctuating part of the received power with respect to incidence
angle respectively. First, we need to define one equality that helps the determination
of the DC part of the average received power by the LFMCW-FDA. The part that is
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not related to incidence angle in the Eg-5.29 can be calculated as the DC part by

) s sin(mAfvg)
Iettlng a(m—ml)(n—n’) = e ]WCVO (T\)OO),

M-1 M—-1 N-1 N-1

z Z z Am-mH(n-nr) =
M-1

m=0m'=0n=0 n"=0

5.37

3
=]

- N-1
(M — |m|)(N — [n])amq
M=—(M—-1) A=—(N—1)

M-1 N-1

2 _ch<
Pa[:,% = A2|O'|Aeffr—4 z Z e
¢ m=—(M-1) Ai=—(N-1)

/ sin (nAf (rYl (T - dgx) +71 (T, - %)))\ 5.38

(M — [m)(N - 7)) | 7 |
TAf (m (1 - 52) + 71 (70, - %)) /

=]
N
s
=
|
°|
=
N—
+
Si
N
o
N
|
1%
~|g
N
N—
v

M-1 N-1
DC 2 2 _ _
PRG = Aloldry— > Y (M—|mD( - [7l)
¢ m=—(M-1) Ai=—(N-1)

Sin(T[Af (mpm + ﬁqn))
mAf (mpm + ngm)

5.39

Prerequisite of that the beam is directed to the center of the point scatterers is having
w; (Tlx — %) = prr and w; (le - %) = qm where p,q € Z, and w; is instantaneous

center frequency. By substituting this into the Eg-5.38, one can obtain simpler form of the
DC part of the average received power as in the Eq-5.39. As it can be interpreted from the

formula, DC part is getting lower when the occupied frequency bandwidth is increased. That
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is the effect of the larger scanned space, which is explained above. On the other hand, this
value is constant and given in the Eq-5.40 for the equivalent PA, because of the fixed

maximum radiation direction.

2 5.40
PaDng = Az |O'|AeffM2N2 T‘_4'

c

Table 5.1 Array Parameters of an Example Planar Radar for RCS characterization

Parameter Value Parameters Value
0%, 0.25%,
M 8 Af
0.5%, 1%
N 5 I 1.4m
A
fe 16.65GHz d >
T 1ms S ﬁ
2
T, 0.243 nsec T, 2.04 nsec
0 93.9° @ 83.57°
0, 90° bs € [0°,180°]

54.4 Simulation and Results with the Dumbbell Target

Average power received in the presence of the planar LFMCW-FDA and PA
transmitters have been calculated and compared. However, simulations in MATLAB
would make deeper investigation possible. Also it makes easier to compare the
results with plots of the average power fluctuations with respect to incidence angle
with different bandwidths of the chirp. For the sake of the full coverage of the all
aspects in the proposed planar LFMCW-FDA, same structure given in the previous

section will be considered in the simulations, whose parameters are given on the
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Table 5.1. For this transmitter, four different bandwidths values will be considered.
As the zero bandwidth among the simulation scenarios, and that means beam is
directed to the corresponding angle, a meaningful location for the center of the
Dumbbell target would be determined by null bandwidth case. This angle is found
as 8 = 93.9% and ¢ = 83.57°. This example can be applied any point enclosed by
the scan of the transmitter, but for the sake of continuum, the center frequency is

assumed to be constant for each scenario as it is in the previous sections.
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Figure 5.4. The general coverage diagram of the transmitter of the planar radar

example corresponding piecewise frame of LFM signal

Because all space is covered by this transmitter, during the most of the pulse
duration, the maximum radiation is not directed to angle of the aforementioned target
location. For RSC investigations, it is more adequate to investigate effect of the
bandwidth by considering the fact that dwell time is limited by bandwidth of the
chirp. On the Figure 5.4, the main beam radiation direction with respect to time is

given. There is only one far field point, which is considered to be the target location.
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This point belongs to the small portion of the scan as illustrated on the figure.
Corresponding bandwidth is only about 16% of the total bandwidth of the chirp.
Therefore, there is no impact of the chirp bandwidth on the received average power
graph anymore, when the chirp bandwidth exceeds this value. This affect is
investigated by using the chirp with different bandwidths in this section. Different
fractional bandwidths, such as 0%, 0.25%, 0.5%, and 1%, are considered for the
given radar example. For the center frequency, f, = 16.65GHz, the fractional
bandwidths coincide with 0 Hz, 41.625MHz, 83.25MHz, and 166.5MHz
respectively. Corresponding angular section that is steered and scanned by the
maximum radiation direction changes as well as the average received power. These
angular sections, that the radar visit, are defined as (8,,¢,) €
([114°,74.38°],[85.48°,80.95°]) for 1% fractional bandwidth. These values have
been chosen particularly on account of the fact that the group of point scatterers
located at the point, (6, ¢) = (93.99,83.57°), is within scanned region. Indeed, it is
on the middle of the scanned region, as the center frequency is selected on purpose.
Received power fluctuation is given in the Figure 5.5 with different bandwidth
deployments. It can be seen on the Figure 5.5-a, the power fluctuation is nothing but
we have with PA example, when the bandwidth is zero. As the bandwidth is
increased, radar starts to scan around the target. That property is illustrated as a
remarkable feature of the LFMCW in previous section that contains the evaluation
of radar scan like the fixational eye movement and this characteristic has been shown
as an advantage to target detection. The increasing bandwidth ends up with
significantly less fluctuation, especially higher values of ¢, than 30°. This may be
an outstanding advantage of the proposed radar in terms of the target RCS
characteristic. This substantiates the previous findings for linear LFMCW-FDA
radar study in [3] and [1]. As might have been expected, the simulation results show
that mean value of the average received power vs the incidence angle graph is getting
lower. That might be claimed as a drawback. However, the radar scans all region of

interest within only one pulse duration. The degradation in SNR value can be
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Figure 5.5. Average Received Power reflected from Dumbbell targets
w.r.t the incidence angle
compensated by applying procedure described as in the previous section with a
realistic radar example. By applying multiple coherent positive and negative pulse
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pairs which form non-coherent bursts, the probability of detection can be increased

while probability of the false alarm still low.

55  Canonical Example with the 4 and 6 Targets on a rod

As the target’s shape gets more complex, overall reflected power would be expected
to fluctuate more. Therefore, same investigation as with the Dumbbell target is
repeated with higher number of scatterers that are located on the rod that is illustrated
on the Figure 5.6. The calculation steps are not different than the ones for the
Dumbbell Target example. Therefore, the same procedure can be applied to find the
average received power reflected from a group of 4 scatterers placed along a rod.
Displacement between consecutive point scatterers is assumed to be constant and
equal to [, so that |81y| = 3|61y | = 3|81,| = |613] = 31/2. Then, “4,. - 8r;” values
can be found as in the Eq-5.41, that are in terms of the aspect angles, (6, ¢5) and [.

Z A
(N—-1)s

ns
J
_____ 0
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d/ "~ /md
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Figure 5.6. Planar LFMCW FDA transmitter with a group of 4 point scatterers on a
rod around the far-field point, P(r., 9., ¢.)
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Then, one can define following variables vq, v4,v,, and v3 as in the Eg-5.43, in
order to ease the representation. Also, interchanging the orders of time integral and
summations would make easier to handle the equation. Applying same steps and

substituting those variables into the Eg-5.42, the P,,, can be written as in the

vg
following form as in the Eq-5.44. The resulting average received power reflected
from a rod like scatterer group can be seen on the Figure 5.7 with respect to the
incidence angle ¢,. Because, one could observe the maximum fluctuation by rotating
this angle while 65, = 90°, or vice-versa. The Figure 5.7-(a) shows the RCS
fluctuation with respect to aspect angle of the PA competitor which is equivalent to
the LFMCW-FDA with zero bandwidth. As it is in the previous example, there are

many nulls in the RCS plot that causes miss of the target for the corresponding aspect
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Figure 5.7. Average Received Power reflected from a group of 4 point scatterers

w.r.t the incidence angle
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angles. As the fractional bandwidth is increased to 0.25%, 0.50%, and 1.00%,
simulation results can be seen on the Figure 5.7 (b), (c), and (d) respectively. Similar
effects are also observable in this example too. With the increased bandwidths, not
only less nulls but also smoother fluctuation characteristics are obtained. Because of
the increased the field-of-view by the wider bandwidth usage, aspect angle-averaged

received power is decreasing in this canonical example as well.

sin(nAfv2)>
ey = 5.44

— |+ 4
Ay >+ cos(wcv2)< TAfv,

+2 cos(wv3) <%)>

5.6 Conclusion and Discussion

In this chapter, advantage of using the LFMCW based planar FDA in terms of target
RCS characteristics was revealed and discussed. The path has been taken as follows.

Firstly, the proposed array was considered as transmitter. After finding transmitted

voltage expression was found by assuming the single omnidirectional antenna whose
effective aperture, A.sf, is assumed to be constant within the chirp’s frequency
band. This voltage expression is used for finding average power. These steps were
repeated in case of presence of the multiple scatterers around a far field point. This
generalized average power expression was used for determining the average power
reflected from different target combinations. In order to show the target RCS
characteristic, two point scatterers which are separated by the distance [ were

considered instead of single point scatterer. According to simulation results, average
(41_[ Isin(By) sin(q)s))

C

received power is fluctuating with the term 1 + cos that is equal
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to zero many times as the incidence angle changes. Having zero average power for
certain incidence angles is unwanted behavior of any radar. That may cause
undetectable threading target in air surveillance applications. On the other hand, less
nulls are observed on simulations obtained with the LFMCW based planar array.
Furthermore, the wider frequency bandwidth utilized, the less fluctuations takes
place in the average received power vs incidence angle plots. One can consider that
the incidence angle is stochastic. Therefore, the probability of having null on the
receiver antenna terminal would be much less, when the LFMCW-FDA is utilized.
This Dumbbell type target assumption is extended to the group of four scatterers
placed along an imaginary rod. Inter-element displacement of the four scatterers is
assumed to be [ and uniform for this example. The target RCS characteristic of the
LFMCW-FDA is better that the PA equivalent like the previous target combination.
Albeit, the average received power drops to zero with the FDA radar, there are much
less visit to zero in the resultant power vs incidence angle graphs than the case with
the PA radar. However, the DC part of the average received power is less in the FDA.
It is because of the scanned sector is increasing with the increasing bandwidth of the
LFM chirp. On the other hand, only constant region defined by the main beam is
scanned during one pulse duration. The decrease in the received energy is because
of the larger scanned space and distributed energy towards those directions. That is
nothing but a trade-off. It has been also shown by [40], [41] that there is an advantage
to have spatial modulation within a single pulse duration for resolving multiple
targets with the MIMO radar utilizing LFM pulse. Our findings in the target RCS
characteristics with naturally spatial modulated LFMCW-FDA are consistent with

the previous researches also.

5.6.1 Future Work

Including also multiple reflection paths between the point scatterers could be a good
study object that makes the simulation condition closer to real life situation. Building

the setup and validating the concept by taking measurements are always considered
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as milestone in the literature. Also, this investigation could be enlarged to the
classical planar FDA that proposed by [34], [37]. Although example with group of
multiple scatterers is adequate start point for the RCS characteristic comparison, that
could be extended to a realistic target model.
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CHAPTER 6

CONCLUSION

The concept of FDA has been investigated by many researchers for the last two
decades. In this study, a relatively novel LFMCW based FDA concept is investigated
in order to discover its benefits more. Reliability of this concept has been proved by
the previous studies with both analytical and experimental findings. This study tries
to fill the different gaps in the LFMCW based FDA literature, and accomplishes to

show them with simulation.

In the Chapter 2, an LFMCW based linear FDA is deployed to form a radar with an
omnidirectional receiver antenna. Main motivation of this chapter is to define
realistic direction finding (DF) method by using the aforementioned radar setup.
Therefore, it is possible to evaluate its the range resolution and the angle resolution.
Derivation of the transmitted field is given here as a background for next steps.
Properties of the transmitted field are illustrated, which is vital for defining the DF
procedure. Resulting transmitted field has an envelope like sinc function whose null-
to-null time duration can be considered as dwell time for the radar. In order to resolve
two target that lie along same angle, one could not use time domain signal. Because,
the range resolution could be in the range of kilometers for time domain detection.
Therefore, frequency domain processing is essential for this radar, that shows
outstanding performance. However, time domain processing is useful for angle
resolution. In this study, a sliding window frame of the time domain signal is taken
as input for fast Fourier transform (FFT). Window width is equal to half of the sinc
function’s null-to-null time and sinc like envelope is considered as weighting
coefficient for FFT process. Because of the need for the space time adaptive
processing (STAP) in FDA applications, one further processing to recover the
location of the target is applied. Simulation results, which are in line with the

expectations in DF application, are obtained with 16 element linear array.
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An impressive state of art MIMO example is chosen for comparison. That study
claimed and showed with simulations that there is an advantage to use spatially
modulation to improve both range and angle resolution, [41]. The similarities
between the LFMCW based FDA and the MIMO rival are illustrated. It is seen that
the LFMCW based FDA has the feature of the spatial modulation due to its nature,
that makes its angle and range resolutions better. Even though, there is more
flexibility to choose type of spatial modulation with the MIMO radar,
accomplishments in resolving targets are observed with the LFMCW based FDA.

Another novel development contributed by this study is building a planar array that
exploits the advantages of the LFMCW-FDA concept. There are studies of
LFMCW-FDA implementation with only linear arrays, that can accomplish 2D
scanning. In this study, the planar FDA is proposed with design steps and essential
steps. The transmitted field formulations are derived for the given array structure.
Raster scan is possible by using much larger true time delay (TTD) along one axes
of the array plane. Each parameter must be determined very carefully to obtain
proper radiation pattern that scans the region of interest without revisiting any
direction within single LFM pulse. Resulting radiation pattern is changing with
respect to time, distance and angle, therefore, STAP is needed. The envelope of the
transmitted field in time domain is multiplication of two sinc functions that can be
arranged separately. With the fact that TTDs along one axis is much grated than the
other, one of the sinc function’s null-to-null time is much less than other one. Half
of the smaller null-to-null time one can be considered as dwell time. The dwell time
is also direction dependent because the velocity of the change of radiation direction
is angle dependent as well. All details are presented in the Chapter 4 with the
radiation pattern and the waveforms in time domain, that shows the coverage
diagram of the proposed array. The given example covers 6~ 38° — 143° and
¢ ~ 30° - 134° with 8 X 5 elements along x and z axis respectively. A radar is
formed by using this transmitter with the PA receiver that makes angle of arrival
estimation (AoA) possible. Because of the short dwell time, high receiver antenna
gain is preferred. Also, in order to increase cumulative probability of detection and
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decrease the cumulative probability of false alarm, 24 non-coherent bursts that are
comprised of 8 coherent positive and negative slope pulse pairs are used.
Furthermore, LFM pulse with positive and negative slope make possible to
determine the velocity of the target. Reasonable performance of the radar is shown
by analytical calculations. These results are compared with the equivalent PA
competitor under certain circumstances. Less target displacement is observed during
the detection made by the LFMCW based planar radar. That may be outstanding
advantage for the air surveillance radars when targets with high RCS are expected.
Although it can be generalized to all FDA/PA comparisons, it is observed that the
LFMCW-FDA needs less energy to accomplish same duty as the PA radar.

In the Chapter 5, the RCS characteristic of the novel planar array is investigated.
Starting from the transmitted field, scattered fields are calculated. The
omnidirectional receiver antenna captures the reflected fields by the single far field
point scatterer. To reveal the RCS characteristic, a bit more complex target shape is
constructed. A group of scatterers on a surface of an imaginary sphere comprises the
target for the generalized formulations. It is shown that LFMCW-FDA using single
tone signal is equivalent to the PA concept particularly for the target RCS
characteristic. A dumbbell target is assumed for the further analysis, that are
separated by 1.4 m. Change in the average received power with respect to incidence
angle is illustrated with different fractional bandwidths which are 0%, 0.25%, 0.5%,
and 1%. These bandwidths are selected to visit only around the target not the whole
region defined in the previous chapter. Therefore, main beam scans only small
portion like the spatial modulation desired with MIMO array in Chapter 2. Received
average power changes with respect to incidence angle plots show the decreasing
number of nulls as the LFMCW FDA utilizes wider bandwidth. That is an advantage,
which may significantly decrease the probability of miss of target for certain angles.
Moreover, smoother RCS fluctuation is desired for the radar applications, that is also
observed with the proposed radar. Then, four identical point scatterers placed along
an imaginary rod is considered in order to bring more complexity to target. Similar

superiorities are observed for this canonical example as well.
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The LFMCW based FDA concept has already been shown as reliable and low-cost
approach with comparable performance as the conventional radars. This study
focuses on its different aspects to claim and prove that it benefits in DF and 2D
angular scanning applications with smoother RCS fluctuation. This relatively novel
concept can be investigated more to be among the state of art concepts. Firstly,
implementation of DF application would present more solid findings for the
literature. A receiver design for planar FDA array is another open point. A linear PA
receiver, which finds one AoA by digital beamforming techniques, could be
deployed with the DF algorithms explained in Chapter 2 that can estimate the other
AO0A. Therefore, burden of receiver planar PA would decrease. Primary reflections
form point targets are taken into account in the RCS derivations. Although that is
adequate for comparison, more realistic target shapes that include secondary
reflections as well would be another future work object. Also, this investigation

could be enlarged to the classical planar FDA that proposed by [34], [37].
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