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Abstract

A navy ship must be able to accurately detect closely spaced surface targets in a
cluttered environment for collision avoidance as well as to combedtthsuch as

fast attack craft orsubmarine periscopes. Detecting surface targets becomes
increasingly difficult when there are multiple threats inbound from different bearings
or when a higher sea state is present. Current technology used in mangprauies

the world for surface target detection is an active phased array radar or a navigation
radar.MIMO radar differs from current technology by using orthogonal waveforms

on transmission which allows it to form a virtual array and conduct beamforming on
reception.These differences introduce many advantages, but also some critical
design considerations.

This thesisevaluatesthe performance of a naval radar irclattered
environment ging both a conventional phased array radar and a Miatiar. A
Simulink-based simulation model as well as a prototype MIMO radar system were
designed and developed to measure returns from surface thigjatsthese models,
MIMO beamforming theory is validated and compared with a phased array radar
The effects of Doppleinduced by moving targetsn a MIMO radarover a longer
coherent processing intervéd also examined highlighting the importance of
selecting the operating frequency of the radar and the necessary design
considerations that must be considered for dieiget targetvith radial velocity A
MIMO radar can search an entire area in only a few simultaneous orthogonal pulses
and can providéhe same or better level of accurdlesn a phased array radeinile
providing a greaterefresh rateThe experimentalrad simulation results show that
a MIMO radarcan augment or replace a phased array radar in detecting surface
targets on the ocean.



Résumeé

Un navire de la marine doit étre en mesure de détecter avec précision des cibles de
surface rapprochées dans unissmwnement encombré pour éviter les collisions et
lutter contre les menaces telles que les engins d'attaque rapide ou les périscopes sous
marins. La détection des cibles de surface devient plus difficile quand il y a plusieurs
menaces entrantes provenaatifférents paliers ou quand la mer est trop agitée. La
technologie actuelle utilisée dans de nombreuses marines au monde pour la détection
de cibles de surface est le radar a balayage électronique actif ou le radar de navigation
a rotation mécanique. lradar MIMO différe de la technologie actuelle en utilisant
des formes d'ondes orthogonales en transmission qui lui permettent de former un
réseau virtuel a formation de faisceaux en réception. Ces différences présentent de
nombreux avantages, mais auss densidérations de conception critiques.
Cette th se per met do®valuer l es perf or me
environnement encombré a l'aide a la fois d'un radar conventionnel a balayage
électronique et d'un radar MIMOUn modele de simulation basérda logiciel
Simulink ainsi qgudun bon dobéessai exp®ri ment a
acquérir des cibles de surface marine. En utilisant ces modéles, la théorie de la
formation de faisceau MIMO est validée et comparée a un radar a balayage
électrmi que. La d®tection ddédune cible mobile et
également examinés, soulignant limportance de sélectionner la fréquence de
fonctionnement du radar et les considérations de conception nécessaires pour
détecter une cible a vigee radiale. Un radar MIMO peut rechercher une zone entiére
en transmettant seulement quelques impulsions orthogonales simultanées et peut
fournir un niveau de précision et taux de rafraichissement meilleur qu'un radar a
balayage électronique. Les résidtakpérimentaux et de simulation montrent qu'un
radar MIMO peut augmenter ou remplacer un radar a balayage électronique pour
détecter des cibles de surface sur I'océan.
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Introduction

1.1 Background

MIMO concepts were first introduced in communications to alleviate channel fading
and have recently received a lot of interestifoproving radar. The concept of
implementing multiple signals for a radar were first conceived in the 1990s with
systems such as RIAS which was a French prototype VHF radar that used orthogonal
waveforms to detect targets at loragnge[1].

A modern naval radar must detect and track multiple surface targets in both
littoral and open ocean environments so that it can provide early warning against
targets and poritize weapon systems against the greatest threats. Threats such as
submarine periscopes, fast attack craft or wave gliders have a smaltnaskar
section and become increasingly difficult to detect when there is significant sea
clutter. With a small bat swarming attack in littoral waters, every second earlier that
a ship can detect and maintain its radar picture provides precious battle space and
reaction time to fight.

The first step in detecting a targdtan unknown locatiois searching an
area Rotating or electronically scanning radars perform this function by sweeping
an areavith a narrow bearand are only searching a defined sector for a short period
of time. If the target is in an atmospheric or multipath duting this timethe target
canbe missed. A MIMO adaris capable okearching an entire aredth a wide
transmit beam pattern after a few orthogonal pulses and performs its beamforming
on reception. Howevewyith a wider transmit beam, there is less directivity for a
MIMO radarwhichresults inlessenergybeing reflected off targe@milar toa low
probability of intercept (LPI) radar. If the search area is large, such as a dedicated
9(r sector for a phased array panel on the side of a 8fép,a MIMO radatis
superior in detectio time and picture refresh ratkk.also leads to having more
cumulative radar returns of target wer time through independent transmit and
receive channels, minimizing the effects of atmospheric or multipath[&Llls



1.2 Problem Statement

Although MIMO radar offers advantages over a traditional radar, it alesemts
significant drawbacks. Firsthhecausehe MIMO radarradiatesa target with less
gain during a transmission, it requires a longer coherent processing interval (CPI) to
maintain the samsignal to noise ratio (SNRJs a phased array rada}. During a
CPI of the MIMO radar, a morg target will induce a Doppler return, which, if
unaccounted for, can significantly degrade the performance of the MIMO radar
performing coherent integratiorhe characteristics and changes in a target have a
more profound effect on the probability ofadection in avMIMO radar system than
it does for a phased array rat@cause a MIMO radar requires a longer CPI.
Secondly becausea MIMO radar uses orthogonal waveforms, it leads to
increased signal processing complexity and required operdddndditional
matched filters, the formation of a virtual array andeptial crosscorrelation
between orthogonal signals all lead to increapsutessingrequirements For
moving targetsDopplercompensatiois required for a MIMO radar to maintain the
equivalent SNR of a phased array rauzause a MIMO radar requirescoherently
integrate the returrsver its longer CPI.

1.3 Thesis Statement

This thesis explores the limitations and advantages of a MIMO radar and determines
that it can be used by a navy ship to detect surface talkjed© radar is better than

a phased aay radar for detecting multiple slow moving surface naval targets in a
cluttered sea environment. Simulated and empirical radar return measurements from
stationary and slow moving targets from an active phased array and a MIMO radar
will be analyzed and eopared.

1.4 Methodology

The aim of this thesis is not to determine if a MIMO radar could replace a traditional
phased array, but rather investigate how it could complement an existing radar suite
onboard a naval ship. Consequenthe simulations and experimtal platform are
designed for use with a colocated antenna to determine if MIMO radar processing
could be used with an existing phased array on a naval ship. Using the existing



infrastructure on a ship is critical from a cost and implementation perspeativ
significant upper deck refits are rare. Surface targets were chosen as the primary
target of interest for two reasons. Firstly, ocean surface targets move at considerably
lower speeds, 205 m/s, than air targets, 50 m/s and above. As mentioned, MIMO
requires a longer CPI tachieve the same SNR from a targeta phased array. Fast
moving and high accelerating targets such as missiles or aircraft introduce
limitations on integration time¢$5], which could prevent detection. Secondly,
exanmning surface targets minimizes the variables of the targets and limits the
maximum detectable range of the radar to the radar horizon.

The first steprequired to test the thesis statement isciteate aradar
simulation modethat comparea MIMO radarwith aphased array radamder a
variety of scenario8MATLAB and Simulink are used to simulate both radars. Both
use traditional radar signal processing techniques to improve detection, such as
integration and sensitivity time control (STQ)he modelsalo generateantenna
patterns, receiver losses, and environmental effects to closely mimic a real radar
system.Varioussimulatiors are conducted tevaluate the performance tbfe two
developed models and to compare them thidory.

The seconghase of thi thesiss to design and builddIMO radar platform
that can leverage the radar simulationwo design options are explorettie first
one is based osoftware defined radios (SDR) and tbecond one is based an
Performance Network Analyzer (PNA). In addition, auniform linear arrayis
designed and built from microstrip patch antennas for use with the experimental
platform.

Finally, the last portion of this thesis conducts experiments in the controlled
environment of an anechoic chamber to valida¢estxperimental radar platform and
to demonstrate its ability to detect and distinguish multiple targets.

1.5 Thesis Organization

Chapter2 provides a higtevel overview of a MIMO radatt presents the definition
of a MIMO radar system angrovidesa theoréical comparison between a MIMO
radar and a phased array radar. Specifically, it discusses beam patterns, orthogonal
waveforms, SNR, and differences in coherent processing intervals (CPI).

Chapter 3 describes threquirements andesign of the Simulinkased
simulations for the MIMO and phased array radddstails are provided for



environmental and antenna simulation as well as each signal processing method used
by the radar systems. Similarities and differences between the two radar systems are
highlighted throughouthis chapter. Results from various scenarios are presented
where comparisons are drawn between the two radar systems. The scenarios are used
to validate the design of the simulations against theory and conclusions are drawn
on theperformanceof a MIMO radar system being used to detect ocean surface
targets.

Chapter 4presents the experimental MIMO radar platfaamwell as the
designof a microstrip patch uniform linear array (ULAfeveral radar design
options were explored and are discussBtatic measurements are taken in the
anechoic chamber to validate design and MIMO radar theory.

Chapter 5 concludes the thesisldiscusses areas of future research for the
use of MIMO radar in detecting slow moving targets.



Literature Survey

2.1 Multiple-Input Multiple-OutputRadar Definition

There is a broad range of definitions forNMD radarwhich leads to a wide variety

of methodsfor construdbn andimplemenation [3]. Generally, MIMO radar is
implemented through either spatial diversity in antennas or through colocated
antennas usg orthogonal independently transmitted wavefoffjs As this thesis

is examining the potential use of a MIMO radar for detecting surface targets from a
naval ship, only the colocated antermmfigurationwill be examined. A generic
MIMO radar deggn is illustrated in Figure 2.[3] where there ar® independent
orthogonatransmitters antll receivers. Each receiver would hawenatched filters

to correspond to th distinct transmitted waveforms. Havirlg independent
transmitters andN receivers producelIN paths forthe return fran thek™ target
which in turn creates a virtual array with a larger effective aperture in comparison to
a phased array. The generic received signal for the system illustrated inZlgsre

as follows[3,6]:

w £ — Q i &€ 0 ¢ (2.1)

whereUis the complex amplitude of tHé' return signaffrom a targetocated at
angle—, sy are the baseband samples offfietransmitted signalt ~— is the

total phase delay between th# transmitting element, thi" target, and the"
receiver] is the carrier frequencyn] is the time indexandw, is additive white
Gaussian noiselThe noise vectorwi[n], is zeremeancomplex Gaussian with a
covariance matriR,=#lm. It is important to note in2(1) that MIMO radar takes

the sum of returns from all targets whereas a phased array radar will only have a
return from its directed beam. So long as MIM&nhdistinguish theeceived paths
independentlysingorthogonal signals and matched filters, then it is able to achieve
a ubiquitous mode where it is able to search an entire area in only a few short pulses
instead of having to scan a beam through the same s&mparatig and
distinguishing thendependent transmit and receive paths is the most critical step in



designing a MIMO radar as these signals are used to form the virtual array, will

define the tweway antenna pattern, and contains the information necessary to
conduct beamforming on reception.

target 2

target 1

Yn(t)

S,(t) Sult)

[AC ]
ADC

o ] s~
= Z 3 ., 3.
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2= 2=
== ==
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L1 ] .
55 Z 5 to MIMO processing

and digital beam forming
M orthogonal waveforms

Figure 2.1 Generic MIMO radar with two tagis[3]

2.2 Orthogonal Waveforms

Orthogonal signals allow for simultaneous transmission from all elements without
the requirement of beamforming on transmission, but rather on reception. If the
correlation of two transmittedignals § equal to zero, then they are considered
orthogonal defined by (2.2)In other words, they do not share common energy and
are considered independent of one anotfethogonality prevents constructive

interference among the transmitting elements anavalfor independent transmit
paths.

[ Of 0 {0 0Q0 T (2.2)



where s(t) and p(t) are two time varying signals. MIMO radanay achieve
orthogonality in different ways, such adgdliversifying the frequency of each
individual transmitting elment, transmitting different polarizatigner phase
encoding each transmitted signal differerf®}. For slow moving or stationary
targets, such as sea surface targets, orthogonality can also be achieved by
transmitting the same waveform, but at different time intervals to avoid any
interference. Separating the signals in time also eliminates any potential cross
correlation of signals through targetr @nvironmental interaction$7]. The
disadvatage of using time division multiplexing (TDM) is that it will takktimes
longer, whereM is the number of transmitting elements, to survey a scene in
comparison to simultaneously transmitted orthogonal waveform

The coherence matriR, for aM-elementuniform lineararray is defined as

[6]:

p 1

VE V€ T a %

f I p
whereqn]=[si[n], ..., s»[N]] is the transmittedIx1 baseband signal vector from the
M-element ULA] is the complex correlation between sigriadsdj, and™ is the
Hermitian operationThe phases of the diagon#tiecoherenttomponent of (2.3)
control thetwo-way MIMO beam patten on receptionThe phase of this component
can be manipulated througheceive beaforming techniquesuch as phasghift
beamformerson receive tcelectronicallysteer the MIMO radar beam patteim
different directions For orthogonalt r a n s mi sjk i 7000 therefore { tie
coherence matrib®, resuts in an identity matrix: R =J. For a fully coherent radar
system such as an active phased array, there is only one coherent transmitted signal
s, across all elements, whicbsults inR equalingone[6].

For MIMO radar, the orthogonal signals earsimultaneously and
independently transmitted with directivity based orthe element pattern of the
antennatypically 12Q or wider [4]. Transmitting with a wide beamwidtireates a
large volume search amdsults in the entire area of interest being scanned at once
which in turn increases the dwell time on a tara®e well as improving Doppler
resolution[6]. Converselyto search the same volume, a phased array radar is
required to scan its main beam by steering it in azimuth and elevation causing it to

! (2.3)

~
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take longer to search the same sector. The signifcanco f MI MO radar 6s



improvement in volume search time over the phased array radar will depend on the
-depthd analysissancc i at e d

phased

arrayos

scan rate
summary oftcommon MIMOorthogoral waveforms can be found [i], which is
summarized in Table 2.Where LFMCW:is the timestaggered linear frequency
modulation continuous wave waveform, FDMA is frequency division multiple
access, DDMA is Dppler division multiple access, and CDMA is code division
multiple access.

Table 2.1 Summary of MIMO waeforms[7]

For which

Wav What w t What w id e
aveforms hat we ge hat we paid for applications
TDMA - Good orthogonality | e Loss of transmit Low power radar
Altel'ua‘n't e Low range / Doppler power for shqrt-mnge
transmitting . - detection
sidelobe
TDMA - Good orthogonality | e Limited Doppler Low-frequency
it;ff(ﬂ‘:d Low range / Doppler unambiguity radar
R sidelobe range
Fast-time Good orthogonality | e High range Ground-based
FDMA sidelobe radar with many

transmitters

Slow-time

Good orthogonality

e High range /

All if high range /

Good orthogonality

Low range / Doppler

sidelobe

e Limited Doppler
unambiguity
range

FDMA Doppler sidelobe Doppler sidelobe
can be accepted
DDMA Low-frequency

radar

Slow-time

Good orthogonality

e Limited Doppler

Low-frequency

Low range sidelobe

e High computation
load

Had_amm‘(l Low range / Doppler unambiguity rada_ll‘ for slow
Coding . = range moving target
sidelobe ) detection
® Sensifive to fast-
moving target
Fast-time Approximate e High range All, if high range
CDMA orthogonality sidelobe sidelobe can be
Low Doppler accepted
sidelobe
Slow-time Approximate e High Doppler AllL iflligh
CDMA orthogonality sidelobe Doppler sidelobe

can be accepted

Circulating
LFM

Good orthogonality

Ultra low range /
Doppler sidelobe

® Loss of range
resolution

All if N,-times
larger bandwidth
can be fransmitted

bea



TDM MIMO was selected as the orthogonal waveform to be implemented
in this thesis for its good orthogonality between transmittiegnents, the simplicity
to form a virtual arrayand to reduce the number of matched filters requored
reception. Furthermore, using TDM MIMO allows the use of the same waveform
across all transmitting elements, allowing for a more direct comparison betveeen t
MIMO and phased array radars as thenedgisk of cross correlation between the
transmitting waveforms. Conversely, the disadvantage of using TDM is that it will
take M times longer to form a virtual array, where M is the number of transmitting
elementsTwo specific waveforms were selected e with TDM MIMO for this
thesis: ZadoffChu [8] and Steppefrequency waveform§]. The ZadoffChu
waveform was selected for the simulation work covered in Chapter 3 so that pulse
compression could be achieved aSteppedrrequency waveformare used in
Chapter 4because othe restrictions of the platform selected to construct an
experimental MIMO radar.

2.2.1 Zadoff-Chu Waveform

Zadoff-Chuis a periodigphased encodeskquence that telerant to Dopplef8] and

is used in radar fopulse compression to improve the range resolution of a
rectangular pulse. Consider a ZadGfiu phasedencoded transmittesignal, sn =
expjdm),  w h gigdefinedas[8]:

%o Eih p h 0AOAIT (2.4)

%o F, in pnh 01 AA (2.5)

c4

whereP is the number of chips,is theindex sequence and is any intetfat isa
prime number that iglivisible into P, and1 Op OP. The phase of the tramitted
signal changes with respectgpandP will define the pulse compression ratio of a
rectangular pulse such that ttmpressed Rayleiglange resolutiofequivalent to
a4 dBbeamwidth),] Y will be defined a$10]:

y @f (2.6)
cU

1



wherec is the speed of light artlis the pulse width of the transmitted waveform.
(2.6) shows an improvement &fin range resolution over a traditional rectangular
pulse.The unambiguous range, , of a ZadoffChu waveform, (2.7), is defined
by the pulse repetition interval (PRI) of the raflid]. When using ZadofChu
waveforms with TDM MIMO, the PRI of the raddefines thevait time to alternate
between different transmitting elements.

d)o ‘Y "O (2.7)
C

Figure 22 illustrates an example of how the phase of a transmitted signal
changes for a Zadoefthu sequence of lengtBz11.

T
o S5e-05 0.0001 0.00015
Time (ms)

Figure 2.2 Phase of Zadof€Chu sequence, length P=11
2.2.2 SteppeedFrequencyContinuous Wave

The steppedrequency waveformachieves high range resolution by generating
synthetic Doppler frequerasby cycling through adnd of transmission frequencies
[9]. Radar returns are received and initially proceseethe frequency domain
beforean Inverse Fadtourier transform (IFFT)s used for range calculations and
beamforming. TheRayleigh range resolution3i , for a steppedrequency
waveform is defind as[9]:

@

c03Q (2.8)

3

for N frequency steps a#'Q (Hz). Therefore, the total sweep bandwidth of the
steppedrequency waveform i8 = 03'Q As an IFFT isrequiredto determine
range the maximm range that can be measured before ambiguities eNgiriges

10



the range resolutiomi . Therefore, the unambiguous range , of a
steppedrequency waveform is defined B§:

)

2.9
0 (2.9)

3
Figure 23 [11] illustrates the expected retuof a radar signal in the
frequencyand timedomairs of a steppedrequencycontinuous wavevaveform
where tle total sweepluration and the duration for a single frequen@y. are
shown When using steppddequency continuous wave waveforms with aM D
MIMO radar, the sweep duratiaiefines the wait time to alternate between different
transmitting elements.

a)
2 Lrkar L (N-D) A frequency
¥ B 7
b)
Sweop duration
Next Sweep
L Lraf Ut 2 V Lt (N-1) of time

Figure 2.3 Frequency and time response of a Stegpeduency waveforrfil1]

2.3 Antenna Architecture and Virtual Array

A significant advantage of a colocated antenna MIMO radar over a traditional phased
array is the creation da virtual array using the far field approximation. When a
MIMO radar transmit independent orthogonaignals,and receives echo returns

with N receivers with uniform weighting, a total ®N channels is processed
creating avirtual array ofup toMN receive element§5]. The configuration of the
virtual array itself is dependent upon the relative spacing of the transmit and receive
elements to one another and is defined as the spatial convolution between the
transmit and receive elemerfy. For example, the location of the virtual array
elements for a urdirm linear array with elements along thexs is defined ad 2]:
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wherexn and x, are the physical locations of tié" transmit element and th#’
receive element.

There are two noteworthy improvements that a virtual array proyales
Firstly, it extendsthe array aperture beyond the physical number of elements by
leveraging the multiple transmit/receive path$1IMO to create a virtual arrgy].
This does not improve theio-way radiation patternesolution of the MIMO radar
over a phased array, but it does allow for different beamforming techrigses
applied o receptiorsuch as spae@me adaptive processing (STABachreceived
channel is orthogonal and indepenidefrone anothemwhich allows for each channel
to be processed separately whereas a phased array radar receives only a single
coherent signal and must process the received data togxhendly, a virtual array
could be used to fill the gaps in a spaaggy maintaining the same resolution but
with fewer elements. Implementing a sparse array would not only have a cost saving
from fewer elements, but it would also have the added benefit of reducing mutual
coupling between antennas and eliminating grdtbgs.

Figure 24 [13] illustrates an exanhg of how a virtual array is formagsing
(2.10. The physical individual transmit and receive antennas and their associated
locations are on the top two rows whereas the virtual array is on the bottom. The
spatial distance between the transmit and recaivennas will define the location
of the virtual array elements. In this example, there are 3 transmit elements and 5
receive elements resulting in a virtual array of 15 elements. For instance, the first
five virtual array elements are formed from thetibaonvolution of the transmitter
located at position 0 and the 5 receivers. The second and last third of the virtual array
elements are formed from the spatial convolution of the 5 receivers with the
transmitters located at positions 5 andr&8pectiely.

It is also important to highlight that the tweay antenna pattern of a full
MIMO virtual array is comparable to that of a phased array with the same number
of elementsin a uniform linear arrayl4]. The antenngattern depends on two
factors: the element factdé(— and the array factoA(—- E(— is dependent on the
radiation pattern of the individual antennas that make up the uniform linear array
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Figure 2.4 An example of a virtual array struce13]

whereasA(—} is a summation of the vector contributions of all elemehtsiform
linear array withN elemens has a normalizesheway power array factor of:

(2.11)

whered is the uniform spacing between the elementis,the operating wavelength
and—is the angle away from the broadside of the array. Having the uniform linear

array act as a phased array redultbe transmitadiation powerlO  —, andthe
receiveradiation powerO  —, being equajl4]:
Op — Oy — O0—0 — (2.12)

Therefore, the twavay radiation pattern for a phased array is defined as:

0O — Oy 0y — O—0 — (213
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For a MIMO radarwith the same number dfl elements, the transmit
radiation pattern is only dependant on the element facte#, Bf the individual
antennas. No constructive interference or beamforming takes place as the transmitted
signals are orthogonal to one another. However, on receive the effective array is the
spatial convolution of th&l element linear array5o, on recgtion, a MIMO radar
will account for an array factor ofo in addition to the element factor.
Therefore, the twavay radiation pattern for a MIMO radar is the same as a phased
array radar and is given py4]:

0— b (2.14)

0 . .

"0; —Ok
Figure 2.914] depicts experima&al results comparing the saft@element
uniform linear array with a phagarray and MIMO radar. Figure 2ifplies that a
MIMO radar will achieve the same level of resolution and gaira phased array
radar after beam forming and integration on receptideo, note that there is

flexibility in the MIMO antenna pattern depending on how many elements are

Angle in degrees
Figure 2.5 Phased array and MIM@dar beam patterfior a 10elementinear array[14]
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actively transmitting or receivingAs a colocated MIMO radar performs
beamformingon receive, it can manipulate the received data to perform different
beam patterns by adjusting which elements to process, effectively changing the
spatial convolutiorof (2.10) and changing the twavay radiation pattern.

2.4 Signal to Noise Ratio

A MIMO rada transmits with a gain based on the element fa&@#s, which is
typically a wide beamwidth allowing the radar to search a greater instantaneous area
compared to a phased array. The trafidor MIMO having a greater instantaneous
search area is that less energy will return from targets compared teed @veay

with a transmission pattern based on both the array and element@etar, —.

Having less power directed towards the target could have a negative effect on the
SNR of the target and the ability for a MIMO radar to detect it.

SNR or ¢utter-to-noise ratio (CNRgan only be improved by a MIMO radar
if sufficient integration can be achieved. The SNR of a MIMO radar is only
comparable withihat ofa phased array radar if the pulses are integrated over,a CPI
usually resulting in signifiaatly longer processing timgl5]. DRDC provides an
analysis of hotMIMO radaraffects SNR in3] andis summarized in Tabl2.2. In
Table2.2, single input single output (SISO) is considered as the conventional analog
beamforming phased array. SISO is used as the basis for comparison of various radar
configurations after digital beamforming (DBF) where tl receive signals are
summed and after MIMO processjnghere M orthogonal transmit signals are
matched filtered and combineRB. is the peak power that is applied to the single
output channel whil&; andG; are the associated transmit and receive aatgains.
da and de are the azimuth and elevation beamwidths and the bandwidth of the
receiver,B, is inversely proportional to the pulse width The dwell time on the
target, T is defined as haffower beam crossectional area divided by the scan
rate wheeas the number of beantd, is given by the total search area divided by
the halfpower beam crossectional area.

Multiple input single output (MISO) refers to a phased array \With
orthogonal transmit channels that share the same frequency band viitljlea s
receiver. Due to subdividing the transmission iMt@hannels, the peak powdét,
is also lowered by a factor df. The MIMO architecture used in the analysis Was
orthogonal transmit and receive colocated antennas. The three MIMO variations
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were transmission at the same frequency with orthogonal signals achieved through
phase coding, adjacent frequency band for achieving orthogonality with a single
receiver per channel, and lastly adjacent frequency bands butiwébeives per
channel.

As seen in TablR.2, afterintegrating radar returndl times overatime,
MTel MIMO has the same integrated SNR as a conventional phased array radar.
It is important to note that the final SNR is not from a single pulse, but from
integation. The coherently integrated SNR is defined as [3]:

Yo'Y ——"Y (2.15)

wherelii s t h eradaranosy sectioiRCS, a-is the wavelength, represents
lossesksisBo | t z ma n n 6Fss the noisesfiguaehis system temperature and
Pavgis the averaggansmittedoower. The analysis completed in TaBl2 was done
using free space propagation and without considering multiffattte Accounting

for these effectarould improve the SNR for the MIMO radar architectures compared
to a phased array.

2.5 Doppler andCoherent Processing Interval

As a MIMO radar requirea CPI ofMT®®! to maintain the same SNR as a phased
array radartargets moving with a high radial velty causing a Doppler shift in the
radarreturn could be in different range cellsr radar returns couldestructively
interferein the integration process for a given CPherefore, a target with a high
velocity couldimpedea MIMOr ad ar 6 s tadbtheltargetyThe facus dfdhis
thesis is on slow moving or stationary surface targstsencountering this
phenomenoris less likely but a discussionis still warrantedas detectingand
compensating fomoving targets is a weakness MiMO radar andremains a
significant research area

Coherentintegration attempts to minimize the effect of the environmental
noise and amplify weak signalby averagingcomplex returns over a specific
interval. As background white Gaussian noise is zero mean, by awgthgiradar
returns over an interval, the average voltage of the noise returns will approach zero
while the returns from targets will add up constructively to increase the voltage of
the return signalf the target return signals are summed cohgrever M samples,
the SNR will increase by a factof M [10]. Figure 2.6[10] illustrates an example
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of L range bins, where the fourth range bin is coherently integrated over a KPI of
returns.

L-1
2
&
ST
¥
O\/
ST

0 M-1

Pulse Number or Slow Time
Figure2.6 Coherent integration of M returns on the fourth range[8gll

The coherent integratiormprovement factoof M on SNRis under ideal
conditions for a stationary target and is not practical. A moving target will induce a
Doppler shift on the return signiay [16]:

q v (2.16)

wherefy is the shift in the received frequeneyjs the radial velocity of the target,
and_ is the operating wavelength of the transmitted radar pAshift in the
received frequency will induce a change in the raxkiphase. As coherent
integration accounts for both magnitude and phase of the return signal, a changing
phase over an integration period could induce negative effects. The output from a
coherent integrator ¥ pulses is defined as:

w 0Q (2.17)
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wheres is theconstanteturn phase of the signal from the target for a givawvel
distance T is the PRI of the radagnd A is the amplitude of the return. Without
compensating fofq, the Doppler component of (2.17will degrade the coherent
integrator. The significance of the degradation will depentthemotal phase change
caused by the Doppler speed of the target for a given number of integrations over a
CPI. Therefore, e relationship betweegt* "® "Ywill determinethe total phase
change caused by the moving target. Consider a target apingachadar at a
constant speed whetlget radar performsl=20 integrations ovea constant PRIT.
Figure 2.7 illustrates the normalized response of the coherent intdgoatd2.17)
for two complete 2 cyclesof Doppler shift The total Doppler phasehange
¢“ "® "Ywill determine the efficiency of the coherent integrafe 20 integrations
are used in this exampleigure 2.7 willrepeat itself for every 20 cycles®f . Note
that if Ais assumed to be constant, then (2.1F¢¢ognized as the foint DFT d

a window function of duration MT. As sucf,is expected to be a sinc function,
which it is.

-10 - A

-15 .

-20 - a

-25

-30

Normalized Power(dB)

-35 ]

-40

45|

.50 I I I I
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Total Doppler Phase (27 Radians)
Figure 2.7 Coherent integratioafficiency for a moving target

The 4dB lossefficiency point in kgure 2.7 is approximately 0.5, which is
equivalent taa total Doppler phase change“obver a given CRIStipulating that
the total Doppler shift of the received signal over a CPI must be less thha
following relationship can be stated:
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Qb Y ¢ (2.18)

Therelationshipof (2.18 is the limiting factor for the number of integjans
that can take place for a given CPI for a radar that doesanggctfor Doppler.
Rearranging (2.18) with (2.16the following equation must be satisfied for a
coherent integratarithout Dopplercorrection

; VYO (2.19)
TU

where PRF = 1/T. Consider two ships approaching each other directlgheit
maximum speed of30 knots, or a relative radial speedetween themof
approximately 30n/s.One ship is using an-handMIMO radar with an operating
frequency of 1.5 GHz and a PRF of 15zwhile the other ship is using anband
MIMO radar withan operating frequency of 9 GHz with the same PRF. If both ships
are trying to detect each othegingcoherentntegration applying (2.19, the Sband
radar will be able to integratd=25 pulses vnile the Xband radar will only able to
integrateM=4. Again, this assumes that no Doppler filtering or compensation is
being appliedto the radars. This analysdemonstrateshat a loweroperating
frequencyMIMO radarwill coherently integrate at a greatefficiency and is better
suited fordetecting movingurfacetargets.

As mentioned, compensating for Doppler and moving targets is an active
researchareafor MIMO radar DRDC [5,17] provides an in depth analysis with
experimental results on comparing the probability of detectionmbwdng target
for MIMO radar and a conventional beam steering radar. They contiadsidwer
moving targets are detected furtherramge from orthogonal waveforms while
higher radial velocity targetare detected further in rangesing sector search
directed beamsuch as a phased arrd@yey also determimthat for a larger number
of orthogonal MIMO elements, although this provides greater flexibility for the
MIMO radarin beamforming it drastically degrades the probability of detecting
high-velocity targets. Somenethods to compensate for velocity and acceleration for
MIMO radar include time domain approach®], various methods using the
Fourier transfornfl8,19] and frequency domain approackg).
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2.6 Target Detection and Estimation

MIMO radar allows the use of adaptive localization and detection techniques directly
which is an advantage ave phased array rad§2l]. Thesetechniquesuse
algorithms based on statistics mostly from Gaussian distributions to improve
resolution and interference rejection capability, but at a cost of a higher
computational load due to the independent orthogonal signals and the beam forming
that is completed on recepti¢4].

There are a wide variety of alginms for MIMO radar target detection and
estimation. The main parameters that are estimated are direction of arrival and target
location and velocity. The most common estimation method used for direction of
arrival for MIMO is the Estimation of Signal Rameters via Rotational Invariance
techniques (ESPRIT)22]. Other forms of estimation include Multiple Signal
Classification (MUSIC) [23], paralel factor analysisRARAFAC) [24] and Capon
[25]. For target detction and clutter rejection, the generalized likelihood ratio test
(GLRT) [6] is often used while Cramé&tao bound (CRBJ)21] is used to evaluate
the accuracy of the MIMO estimators to localize targets.[3] also presents an
excellent literature review for various papers discussing target detection and
estimation tekniques.Target detection and estimation in MIMO radar remains an
active area ofesearch.

Phaseshift narrowband beamforming and a emleraging constarfalse
alarm rate (CFAR) detectioare well-stablished processing techniques for radar
target localiation and detection Thesetechniquesare usedin this thesis with a
MIMO radarfor thar ease oimplementatiorand toallow for equal comparison to
a phased array radar

2.6.1 Cell-Averaging CFARDetector

A radar detector such as ealleraging CFARIeterming whetheror nota target is
presentAn echo return from a radar will either contain returns from a target plus
some interfering noise or just interference such as receiver noise or sedIMjiter
Interferencecancausea radarto miss detecting realtargetor cansometimedead

to the creation ofalse targetsThe probability of either of these occurring depends
onthe SNR, which is the ratio of thheturn signaktrengthand the variance of the
noise levelTherefore, the SNR will define the probability of a target being above
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specific thresholdor probability of detectionPp, as well aghe probability of the
noisecreating a false alarabovethat same threshql@ga.
Selecting the proper detection threshold is done through random process

modeling and statistical analysigsing a MIMO radar andrmplifying (2.1) so that
the sum of the return signbm a farget is expressed asindthe sum of thevhite
Gaussian noiseomponent isexpressedisw, then a single target detector must
decidebetween twdypotheses:

O Dw 0 (2.20)

ODw & 0
whereHp is background white Gaussian nqitdee null hypothesiandH is a target
return plus noiseThe received radar signals are consdeGaussianrandom
processestherefore,two probability density functions (PDFs) che defined as
py(y|Ho) andpy(y[|H1). For any radar measurement, the GLRT decision rulean be
applied[26]:

h &0

n O
where"Y is a detection threshold defined for a giv&n. Figure 2.g10] illustrates
an example of botRPDFsfrom (2.20 depicting the areas associated with different
probabilities. The distance separating the means of the two PDFs is related to the
SNR. Increasing the SNR will further separate the two$?iwering the overlap
betweerthem thus increasingdand lowering Pa. Another method to increase the
SNR is to lower the variance of the noisetlais will alsoreduce the amount of
overlap between the two PDFs.

It can be shown thgR.21) can be redced toform asquare lawdetector

"y (2.21)

[10]:
s n Y (2.22)

and that since the magnitude of the noise fdloav Rayleigh distribution, the
detection threshold, must satisfy the following equation:

Y o, 110 (2.23)
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where, is thevariance of thenoise.Generally,a cellaveraging CFAR detector
will use(2.21)to set the thresholidr individual resolution cells of the radar will

do this bymeasuringhe returns of neighbouring cells to determjneand apply it
to (2.21) with a usedefined Ra. Guardcells are commonly used around the cell
under test so that if a target is geat it does not artificially increase.
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Figure 2.8 Gaussian probability density functions of noise and get§9]

2.6.2 PhaseShift Beamforming

A phaseshift beamformer is inefficient computationally in determining the bearing
of a target when compared to a higisolution technique such as MUSIC or ESPRIT
[22,23]. For instanceESPRITcandeterminghe angle of arrival of targets and scan
an entire search arég translatinghe received signals to form matchipgirsand
then rankthem by finding the eigenvalues tietermine the angle of arrival.
Conversely, since a MIMO radar performs beamforming on recaipbaseshift
beamformer must appkteeringweightsto the received signal for each elemignt
the virtual arrayand electrically scan the area of inter@$te larger the scan area,
the greater number of computations required for a plaiebeamformer. Having
said that, even though there are more computations, because a MIMO radar
completes beamforming on receive, these calculations can be perforpeedlii
instead of sequentiallfhus minimizing the required time to scan an aRzaallel
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processing of angleis not possible ira phased arrayadaras beamforming is
performed on transmission.

To electrically steea beam, the pattern of thigtual aray must be scanned
to an anglel, by applying incremental offsets in phase to each element so that the
phasdliffers as followq16]:

¢ e (2.24)

where d is the sepration between the elements,is the wavelength of the
transmitted signabndn rangedrom 1 toN with N equalling the numbeaf elements
in the array A phased array radar will apply thefs#ts from (2.2)to individual
elements on transmissiand then again on receptiahile a MIMO radar will apply
the offsets to the elementd a virtual arrayon receptiononly. A MIMO radar
completes beamforming after coherent integration, therefere can be
applied to (2.1Y so that the output of the individugtual receive elements for a
phaseshift beamformer equals:

GOE 50 (2.25)

Theoneway normalized power array factor for a uniiolinear arrayfrom
(2.11) become$16]:

(2.26)
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SoftwareSimulationsand Results

This chapter presents the design and results obt&ioedthe softwaresimulated
phased arragnd MIMO radarsystems. Sgion 3.1outlines the radar requirements
for the radar simulations. Section 3d&scribes the MATLAB andSimulink
toolboxes requiretbr the simulationsind providesn overview oftommonaspects
required in both radar systenssich aghetarges andthe environmentSection 3.3
presentshe desigrof the simulateghhased arrasadarwhereasSection 3.4lescribes

the simulation of the MIMO radar Section 3.5rovidesresults of the simulated
systemsandcompares the performancetbe two radar systenat detecting ocean
surface targetd-inally, Section 3.6 summarizes this chapter and the conclusions
drawn throughout it.

3.1 Simulation Requirements

The main objective of simulating the MIMO and phased array radars is to provide a
direct comparison between thawer a variety of scenariosh& simulatios of the

two radar systesmust allow forfair comparison between thedlthoughsome of

the processing techniques or transmission methods will need to differ between the
two radar systems to account for the @iéint radar types, the simulations must be
able to provide the same scenarios and environments.

The scenario will includeat leasffive targets, both stationary and moving,
eachwith variableRCSdepending on the aspect anglehs target. The propagatio
path of the radar signals must account for-imay direct path loss as well as basic
weather effects @l as temperatureatmospheric pressureand moisture.The
simulations must alsimcludesea clutter based on a specified sea state.

Different antennaypes, such as dipoles and horns and their associated
radiation patterns must be included. Individual antenna paths must be prswided
that MIMO channels can be formed. Furthermore, a maximusiodntennas will
be used to creatthe ULA. A limit of six antennas was selectédsed on the
experimental setup. Such a number can alsvide a radiatiorpattern with a
reasonablenain beanwhile limiting thesimulation run time.
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The radar simulations are required to be flexible in that radar settings such
as pwer, frequencypulse width PW), waveform type, antenna spacing, etc. can be
changed easily. The simulations must be able to simulate apeatrequencies
betweenL and X band. Transmitting waveforms should be selectaivid will
include arectangulamwaveform as well as a waveform using pulse compression
Amplifiersmust beprovidedin the simulatiorand will includenoise figursand loss
factors.

There are many signal processing techniques that carsdsbn a radar
system.Theradar simulations ostprovide:beanforming, snsitivity time control
(STC), coherent integration, aral constant falsalarm rate CFAR) detector.
Although aMIMO radar system can also includpace time adaptive processing
(STAP) techniques such as MUS[E3] or ESPRIT [22], these techniques are not
consideredo allow forfair comparisorbetween the two radar§he MIMO radar
will use TDM waveforms to achieve ortgonality between RF channedsd be
capable of selecting whidnansmit/receive patht® processLastly, the processed
radar returns must be saved in a forthat allows them to bplotted for analysis.
The specific radar settings that will be used famparing the radar simulatioase
covered in Section 3.5.

3.2 Simulink Implementation

Beyond the base software progradATLAB and Simulinkprovide products called
toolboxes that deliver functions or blocks that are streamlined to make working in a
particularresearch area faster and eadiée toolboxes required from MATLAB

run the simulationsare the Phased Array System toolbox and the DSP System
toolbox. The Phased #ay toobox provides MATLAB functions and Simulink
blockcodes commonly used in radsud antenngavhereashe DSP System toolbox
providesconvenientsignal processing function®ther Simulink toolboxesused
include the Antenna toolbothat provided additional antenna patterasd the
Instrument Control toolbox for the hardware integmatioat is discussed in Chapter

4. Details regarding the toolboxes canfbendin [29].

The phased array and MIMO radar simulations use a common framework
and differ only when requiredFigure 3.1 depicts high-level schematic of the
Simulink-based radar simulatienThe transmitter block simulates the transmitting
waveform and amplifies the signal prior to transmission througksfreee. The Tx
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and Rx arrays are ULAs consisting of six antenna elements daeh.(OS Channel
simulates the environment and tway free space propagation loss for the radar
signals from the Tx and Rx arrays to the targets. Sea clutter can also be simulated as
part of the environment and thus it interfaces with the LOS channel bibek.
receivers amplify the receide radar signal before matched filtering and
beamforming. The signal processibpck uses functionto improve the SNR of
targetssuchas STC and coherent integration

Theradar systemwere simulatedising Simulink andMATLAB R2016b.
A MATLAB function controlsand manipulateall the settings for the simulated
radarswi t h t he u s eassghinfuntAonh Lo Aediesa base workspace
called ParamRadar Simulink performs the simulatiothrougha modelusing the
variables from theParamRadarworkspaceand outputs the processed radar data
back to MATLAB in the form of workspaces for subsequent analysis.dashed
line components in Figure 3.1 are comnfeaturesbetween the simulated phased
array and MIMO radar systemBhe component®f Figure 3.1and the differences
required to implement them for the two systems will be discussed in the next several
subsections.

1 Sea Clutter !
L & — — |
- - T T "j__"
Transmitters —»' > :—»: LOS L»'_T_ar_ e_ts_'
MATLAB ' Array | | Channel "1 _219%%%,
I_ | | S PR |
- I_ T I
Signal Matched _ 1 Rx
.|+ Filtersand |«{ Receiversje—
Processing torm I Array |
Beamforming . Environment

Figure 3.1 Genericschematic of a Simulinkased radar simulation

3.2.1 LOS Channel EnvironmentSimulation

The environment isimulated through MA L A B 6 s-of-8ighn(eOS) Channel
block from the Phased Array toolhdihe block performs onay propagation loss
calculationsfrom the transmitting antens&o multiple targes and then from the
targes backto the receiing antenna. The LOS Channel blocksisea freespace
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propagatiodossof 4’ R?, whereRis the rangseparatingheantenna andhetargets
andmodels propagation time, Doppler shift as well as weathe[283sThe LOS
channel blocks angrovidedCartesian location and veldginformation of all targets
and antennas every PRI so ttie LOS channel block caerform its calculatiog
Target simulation and velocity updates are covered in Section 3.2.2.

As the phased array radaeamformsits signalsusing a single directed
beam only two LOS channel blocks are requiredsimulatethe twoway LOS
channel propagation delayas depicted irfrigure 3.2. The targets and sea clutter
blocksare assigne8werling mode[10] RCS values wheredlie Tx and Rx arrays
simulatethe antenna gains and beam patteofishe transmit and receive arrays,
respectively For a monostaticadat the Tx and Rx arrayare placeat the same
locationwith the sameéV elements.

M element N Tx LOS | Targets | Rx LOS -, M element
Tx Array Channel g Channel Rx Array

Sea Clutter

Figure 3.2 Phased array simulated environment

The MIMO radar simulation uses TDM to achieve orthogonality between
transmitting waveformsBecausdhe MIMO radar is transmitting one element at a
time, but receiving on all elemerdgisnultaneosly, the channel pathnd propagation
effectsto each target and then back to each reggightenna must be individually
mapped. Therefore, additional LaG®annel blocks are required to simulate the
MIMO radar environmentwhich is depicted inFigure 3.3 Only one Tx LOS
channel block is requirefibr the simulationdecausehe blockis updated with a
new transmitting element location every PRI, effectiveblating a switch
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Figure 3.3 MIMO radarsimulatedenvironment

3.2.2 Target Simulation

Targets arsimulated by defining their respective RGSat a location in Cartesian
coordinates relative to the radar with an associated velocity vdatwing the
simulation, target locations and their respective aspect anglesradaare updated
based on their velocity vectat a refresh rate equabt t he r aubiagr 6s PRF
Si mu | Platf@rd Block fran the Phased rhay toolbox The Doppler shift
induced on the return radar echo for moving targetstismatically calculatelased
on the relative radial velocity of the target to the radpeef, pogion, and aspect
angles of targets ameterministic; howeverthe RCS of a target is notRCS is
defined as measure of the reflective strength of a targeistie ratio of the power
scattered to the incident powemn a targetfrom a specified anglg10].
Mathematically, RCS is defined as follows:

., I EdY z 2 3.1)

where'O s the scattered electric field a@d is the incident electric field at the

target. RCScan beconsidered aeffectiveareaof a hypothetical isotropic radiator

at the targetobés | ocation thaheradaf30]l d produce
The RCS of a target is not static and will fluctuate depending on a variety of factors

such as aspect angle, operating frequency, polarizaiwh,target materiallo
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model and accourfor these fluctuations, two different methodse used in the
simulation.

A commonand widelyacceptednethodto model RCS fluctuations are the
four Swerling model$10].S mu |l i n k 0 s fronathegPmdedAlraly tatbkx
cansimulate all fouofthemodelsasnd only requires an input of t
RCS TheSwerlingmodels followeitheran exponential or fouht degreechi-square
PDF with the main differences between the four models being the degrees of
freedom used in the PDF, how quickly the RCS of a target fluctuates, and if the target
movement causes decorrelatidiable 3.1]10] summarizes the four Swerling cases
and when to use them. For simplicias the primary target of interest is a boat on
the oceana Swerlingl model was selectedbr the simulationsinrwhi ch a t ar get 0s
RCSfluctuateson a scarto-scan basis following an exponential -sijuare PDF
[31].

Table 3.1 Swerling ModeE[9]

Probability Density Decorrelation

Function of RCS Scan-to-Scan Pulse-to-Pulse
Exponential Case 1 Case 2
Chi-square, degree 4 Case 3 Case 4

The second method mpl emented to simulate a target
Backscatter Target block from tlihasedArray toolbox.The Backscatter Target
block allows the import of three dimensional RCS backscattering measurements for
specific targets. The relative aspect angle in elevation and azimuth of the target to
the radars required to simulate the response using this method. These angles are fed
into the block based on the tar@ggbosition and velocity vector. Furthermasignilar
to the Target block, the Backscatter Target block can apply Swerling models to the
backscattring matrix. This method of target simulation was not used in the
simulation analysis of the two radar systems, but was included for future
consideratiorof performance measurements agaspscific targets.

3.2.3 Sea Clutter Simulation

As the primary targdbr detectionis a boat on the ocean, there is a requirement for
the simulation to include sea clutter models. The Naval Research Laboratory,
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Washingston, DC published an excellent report on var@uprical sea clutter

models in[32]. The report examines and comgmthe modelwith arecommeded

approach of their own throughseries of MATLAB coded functions. The models

predict the nor mal i ze dforagideaseadtatebasedors ect i on ( N
the operating frequency, graze angle and polarization with some models also

requiring wind direction. The relationship betagn the NRCS and the radar clutter

Cross s B definedas followfl6]:

A (3.2)

3

whereA is the effedive area for a given beamwidB,) viewing the ocean surface at
a rangeR, with a grazing agle * , defined a$16]:

SOy (3.3)
TOBI

The phased array radar simulation has aatadj beamwdth defined by
(2.12 whereaghe MIMO radais radiatingbeamwidthis defined by theslement
pattern of the antenn&(—, where—is the angle away from the broadside of the
array To simulate sea cluttgthe proposed method frof82] was used to calculate
K for all simulated ranges and angles. The results of the calculatiofs feere
then normally distributed to create a matrix of sea clutter RCS Vialuegery range
bin at all scan angle3he sea clutter RCS positions are then uniformly dideibu
in height based on the sea state of the simulafiea.stat&vaveheights are defined
and outlined in Table 3[33].

The simulatios considesea clutér as targets with an associated RGRg
Simulink6és Ta pgfarms the same ¢alculatiohsias @aanormal target
with a Swerling modetescribed in the previous ssbction Implementing sea
clutter greatly increases the simulation time tluéhe numberof radar returns and
the associatedransmit/receive paths that are required to be computed in the LOS
Channel blocks.
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Table 3.2 World Meteorological Organizatin 6 s ¢ o d ate[33]f o

Wave Height (meters) Characteristics
0 0 Calm (glassy)
1 0to 0.1 Calm (rippled)
2 01t005 Smooth (wavelets)
3 05t01.25 Slight
4 1251025 Moderate
5 25104 Rough
6 4t06 Very rough
7 6to9 High
8 9to 14 Very high
9 Over 14 Phenomenal

3.2.4 Antenna and Array Simulation

Antennasandarraar e si mul ated using Simuld.
blocks from the Phased Array toolboxThe Simulink blocks use MATLAB
expressiongrom theParamRadaworkspaceo define thgparametersf the ULA
or the antenna being simulated. ThMATLAB function used to create a UL
phased.ULAwhile the functions listed in Table.38[29] outline the available
antennas fosimulationusing the Rasd Array toolbox.Other antenna typesuch
as microstrip or feedhornsan be simulated using the Antenna toolbox; howéfver
the antenna patte is known,it can be imported to MATLAB andimulated using
the phased.CustomAntennaEleménictionfrom the PasedArray toolbox.

Table3.3Ant ennas available for Simulatio
phased.CosineAntennaElement Cosine antenna element
phased.CrossedDipolefdntennaElement | Crossed-dipole antenna element

phased.CustomAntennaElement Custom antenna element

phased.IsctropicAntennakElement Isotropic antenna element

phased.ShortDipolefAntennakElement Short-dipole antenna element
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When simulating antenna elements, MATLAB wgllovide a full three
dimensional radiation pattern that accounts for arstgrotarization and frequency.
An example of a radiation pattern for a shodrienteddipole antenna is found in
Figures3.4and 36 s i ng MApatterAfBnaton.

Directivity (dBi)

-90
Figure 3.4 E-Plane cut of a simulated short dipole ante

Normalized Power (dB)

A
o

-45

-50
Figure 3.5 Radiation pattern for a simulated short dipole ante
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Thedifference between the phased array and MIMO radar simulatiitims
respect to aennaplacements that the phased array will simulate a Uuaing
phased.ULAvhereaghe MIMO radar will simulate individual elements. The ULA
is formed from auniform distribution of one of the antennas selected fromeTald
whereas MIMO willmap individual elementdo specific locations and then use
(2.10) to form a virtual array fosubsequenprocessingFigure 3.6servesas an
example of applying (2.32o form a simulated onr&ay radiation pattern of a ULA
with six short z-oriented dipole antennasuniformly separated by half of a
wavelength A monostatic configuration of six transmitting and receiving elements
with half of a wavelength separationthe yaxisbetween each elementtsed for
all simulationsThe antennas and arrays are simulatetbuideal conditiongvhich
do not account for mutual coupling between elements.

Normalized Power (dB)

EIO

Figure 3.6 Radiation pattern for a simulated six element UL/

3.3 Phased Array Radar Simulation

This section will provide detaileegardingthe phased array radar simulatiamnly.
The transmitter and receiver components will be revievodldwed by a discussion
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on the application of signal processing techniques used to improve the SNR for target
detection and estimation.

3.3.1 Phased Array Transmitter

The phased array radwansmitterhas two main componenta waveform
generator and an amplifieThe purpose of thevaveform generatds to create one
of MATL AB 6mlsewavefarneslisted in Table 3.4sa baseband signal.
The shape of thevaveformis defined by the pulse width and the type of waveform
selected, which in turn will define thamplitude and phase informatiaf the
transmitting signal. As the transmitting signal is being simulated digitally, the output
of the waveform generator is discrete #imelnumber of samples taken over the PW
of the transmitting signas defined by thesampling frequency of the model. The
phased array radar simulation rundritervalsof PRI, so the outpubf waveform
generator willconsist ofan entire pulse train for thedar. The waveform of the
transmittingsignal of duration PWwill form the first portion of the outpubf the
waveform block, which will then be followed kay series of zeros twimulate the
listening tme of the receiveto account for a full PRIAIl of the waveforms from
Table 3.4 were simulateith a phased array simulation; howary as previously
mentioned, ghasecodedZadoff-Chupulse compressiopulsewas selected as the
primary waveform for further analysis

Table 3.4 Available pulse waveforms for simulation

Linear FM pulse waveform
Phase-coded pulse waveform

n | Rectangular pulse waveform

Stepped FM pulse waveform

Figure 3.7 is a higlevelSimulinkr e pr esent ati on of the phased
transmitter and gconnection tahe ULA consisting oP samples irtime (orrangé
for T simulated targetsThe phase&oded waveform generatgends its baseband
si gnal t dranSittetbldck, whichbamplifies the baseband signal based on
its peak power and associated transmitter.gétiie transmitter outputs two signals:
the amplified baseband signal and a transmitter status diggials sento the
receiver for coherence and synchronizatiThe power of thransmittedsignalis
split evenly among the number of elemesftthe ULA in the Narrowband Tx Array
block Finally, the Narrowband Tx Array will applphase steering weights
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following (2.24) to the individualsignals at each element prior to transmiss@n
electricaly steer the bearo a desiredazimuthande. Conversion fran baseband to

the operating frequency in the transmitter does not occur in Simulink as it would for
a real radar. Simulink uses the operating frequency to calculate signal path loss,
account for antenna gains, as well as any environmental or Dopples éfféhe

LOS Channel environmental blocks and then applies these effects to the baseband
signalprior to receptionAll processing is performed at baseband.

Transmitter Uniform Linear Array
[Px1]
Y » X [PxT]
Narrowband D
[Px1] Tx Array > 2
Phase-Coded »  Transmitter Steering Weights Ang To LOS Channel
Phase-Coded Waveform TR _@ Narrowband Transmit Array
To Receiver
Amplifier

Figure 3.7 Transmitter for pased array radar simulation

3.3.2 Phased Array Receiver

The r esenain funetiordis to receive the incoming signal and thenignipl
for subsequent processimgmplification is required to account for the travel loss of
the signal to and from the targét high-level overview of the receiver govided
in Figure 3.8consisting ofP samples in time (or range) férsimulated targts and
a 6element ULA The return echoes from the targets are received at theftdbA
a LOS channel blockandthe Narrowband Rappliesthe gain from theelement
patern from (2.12based on the relative angle of the target to the array. The received
signalfrom each antenna in the ULA is then amplified by the receiver preamp block
with a usesspecified gain. The receiver preamp will also simulate receiver noise
based on a us@efined loss factor, reference tempara and noise figure from
(2.15.

STCis used after the receiver preamp to attenuate received signals in closer
proximity of the radarBecause the return eclassis proportional to the inverse of
R* there is significaty lesspropagatiorioss for return echoes from targethutter
thatare closeo the radarlf STC is not implementedeturns fronnoise such as sea
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clutter will increase the number of false targets in close proximity to the [t&]ar
The STC implemented followtse R* attenuation curve depicted in Figure 3.9.

Uniform Linear Array
Receiver
PxT
Ll
[P x 6] Narrowband From LOS Channel
[P 6] X Rx Array
PX6 X Receiver
- 4[ x6] STC Preamp Ang
To Matched Filters TR [ .1
Ts Narrowband Receive Array
Receiver Preamp
Sensitivity Time Control
Figure 3.8 Receiver for phased array radar simulation
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Figure 3.9 STC attenuation of received radar signal

3.3.3 Phased Arrawignal Processing

Signal procesing of the radar return echo is required to detect and estimate the
location of a target. A higlevel overview of the processing used ia ffhased array
radar is depicted in Figure 3.t0nsisting ofP samples in time received from a 6
element ULA The phase shift beamformer, coherent pulse integrator and CFAR
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Px1 I _

Cell Averaging CFAR
Figure 3.10 Phased array signal processing scheme

detectorapplythe theory outlined in ChapterPhe matched filteis a Finitelmpulse
Response (FIR) operatidghat performs a cross correlation of the received signal
with the time reversed saes of the transmitted sign& maximizethe SNR
Specifically, the output of the matched filtgfp], shall equa[10]:

o ned p A (3.9

whered[p] is the sampledeceivedsignalconsisting of[p], the ideal return signal,
and any receiver noiger p=1to P whereP is the total number of sampl&dthough
windowing was not applied for analysis, the matched 8terulink block can apply
windowing functionssuch as Hamming or ChebysH@9]. In general, windowing
is a method to improvilne dynamic range of the radar &pplying a different shape
to the matched filteinstead of a rectangle. Changing the window typk lower the
side lobes of the sinc response of thatched filterthus increasing the ability to
detect signals with lower amplitudes. TH®wever comes at a cost of resolution
becausehe width of the maitobeis increased

As slow moving surface targets are being examined in this thedishe
number of coherentintegrations will be restrictedollowing (2.19, Doppler
processing was not included in the simulatifulesired,Doppler pocessing could
be implemented witlthe coherent integratoin Figure 3.10 For instance, a DFT
could be taken for each range @lticould be used asreplacement for theoherent
integrator by setting a threshold for a response in the frequency domain. A target
returnwith zero Doppler will appear as a DC signal while any target with a constant
velocity over the CPI will create a sinc response at its associatétld DFT is
superior to the coherent integratorthat it is not restricted b§2.19. The spacing,
or resolution of the DFT3'Q , is defined as follows:

5 .Y “O
0

3'Q (3.9
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wherePRFis constant over the CPI ahtis the number of integrations, or samples,
used in the DFTThis means that if a DFT is used for Doppler processing, then a
designer mustbalance between 3°Q , blind speeds, CPl and the maximum
unambiguous range of the radar.

Lastly, a matrix of the detection threshold values from the cell averaging
CFAR detector and the output of the coherent integrator are sent to MABKAB
workspacedgor plotting and analysisSection 35 provides an irdepth analysis and
comparison of both simulated radar systems for a variety of scenarios.

3.4 MIMO Radar Simulation

This section will provide higtevel design details of thRIIMO radar simulation

and will focus onthe differences between it and the phased array radar simulation.
The transmitter and receiver components will be reviefodldwed by a discussion

on theformation of the virtual array and tlsggnal processing techniques.

3.4.1 MIMO Radar Transmitter

Figure3.11 depicts a higlevel overview of the MIMO radar transmitssindtheir
interfaces to the radiating antennalemens consisting ofP samples in time folr
simulated targetdviany additionalconnectionsexistin the actual simulatignbut
they arenot $hrown forclarity. Given thatTDM with a ZadoffChu phaseencoded
waveform is beingised to achieve orthogonaligtransmit selector is usedswitch

to the active transmittevery PRI.The individual transmitter blocksachcontain a
waveform generatoand anamplifier similar to the phased array radar simulation.
Each transmitter is individually fed to Marrowband Tx Array block that is
simulating asingle radiating antenna elememhe combination of all Narrowband
Tx Array blocks form the same ULAoafiguration as the phased array simulation.
The output from the antennascouns for the element factoe(—, just like the
phased array simulatipandare sent through a series of LOS channel bldoks
simulating transmission through the environmédt note, if a specific antenna
element is not transmitting, th&x Selector ensures that tlmutput from the
associated transmittey set to zeroLastly, Ang1 through 6of Figure 3.11 provides
the relative azimuth and elevation angles of Thargets to each radiating element
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so that Simulink caaccount for the antenna gain from the element pattern ébr ea
transmission path.

Transmitters

Uniform Linear Array

X Narrowband

Ang Tx Array

[P x T]-‘

Transmit Element 1

TR Selector

Tx Selector

3.4.2 MIMO Radar Receiveand the Virtual Array

X Narrowband

Ang Tx Array

Transmit Element 2

X Narrowband

Ang Tx Array

\ 4

Transmit Element 3

X Narrowband

Ang Tx Array

A 4

=

Transmit Element 4

X Narrowband

Ang Tx Array

Y

Transmit Element 5

[Px1]
P Tx
Transmitter1 @
Ang1
> Tx
Transmitter2 @
Ang2
P Tx
Transmitter3 @
Ang3
P Tx
Transmitter4 @
Ang4
> Tx
Transmitter5 @
Ang5
P Tx
Transmitter6 @
Ang6

X Narrowband

Ang Tx Array

Y

Transmit Element 6

A 4

Figure 3.11 High-level design for a-@&lement MIMO radar transmitter

P05

To LOS Channel

Figure 3.12 depicts a higevel overview of the simulated MIMO receiver
consisting ofP samples in time foll simulated targetsSimilar to the transmitting
side of the MIMO radar simulatiorndividual Narrowband Rx Array blocks are
used to act as individual anteniagorm an arrayEach receive antenna is fed from
a series of LOS Channel blocks simulating the return fpath each targetvery
antenna is connectedaadedicated receivénat will amplify the signalollowed by
the same ST@rocessing used ithe phased array radar simulationattenuate the
signal based on range
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Figure 3.12 High-level design for a-&lement MIMO radar receiver

After thereceiver has amplified the signglseyaresent to the virtual array
block to associate a recad signal from aeal antenna to a virtual elemeifihe
virtual arrayof the MIMO radaiis formed in several steps. Firstlg, @DM is being
used to create orthogonality between transmitting wavefothase is no cross
correlation between transmiss@omamd the same waveform is being transmitted
across all transmitters at different tim@$ierefore, only a single matched filter is
required for each virtual elemenfor TDM. If simultaneouslyM transmitted
orthogonal waveforms weresed M matched filters wold be required

As there is no risk of cross correlation between transmitting waveforms by
using TDM, the received signals from individual elements can be mapped directly
to a virtual element following (2.30Since six elementre being used in the MIMO
radar simulation, the minimum CPI to create a virtual awiagn using TDMs 6 x
(PRI). Using a 6element ULAin a monostatic schemand using the spatial
convolution from (2.1] the received signalwill be mapped tovirtual elements
following the logt rules foundn Table 3.6The resulis an 11element virtual array
that will have an identical twway pattern as t h-elemprtased
array.The virtual array buffers the returns for six RRRervalsand then performs a
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summation of theeturns in slow time across each virtual element to form the virtual
array.Lastly, the MIMO radar is able ®electwhich transmitters and receivease

to be usediuring a simulation. Changing the number of transmittersadgjlistthe
minimum CPIto form the virtualarrayandchange tharray weightgound in Table
3.6effectively changing the beam pattekfiMO beam pattern analysis for different
configurations is provided iG@hapter 4

Table 3.5 Virtual Array logic for MMO radar simulation

Transmitting Element Receiving Elements

Tx 1 Rx1 Rx2 Rx3 Rx4 Rx5 Rx6

Tx 2 Rx1 Rx2 Rx3 Rx4 Rx5 Rx6

Tx 3 Rx1 Rx2 Rx3 Rx4 Rx5 Rx6

Tx 4 Rx1 Rx2 Rx3 Rx4 Rx5 Rx6

Tx5 Rx1 Rx2 Rx3 Rx4 Rx5 Rx6

TX 6 Rx1 Rx2 Rx3 Rx4 Rx5 Rx6
Virtual Array Weights | 1 2 3 4 5 6 5 4 3 2 1

3.4.3 MIMO Signal Processing

The MIMO radar signal processor uses the same processing techusgdasthe
phased array radar, but withnse notable differences. The hitgvel architecture of

the signal processing techniques used in the MIMO radar is depicted in Figure 3.13
consisting ofP samples in time an® scan angles using 11 virtual elements
Although this thesis did not explore highsolution beamforming techniques such

as MUSIC or ESPRIT, a Root MUSIC DOA Simulink blof9] is included in
Figure 3.13 to demonstrate where it could be implementtee simulationinstead

of using a éelemen ULA as a reference like the phased array ratierphase shift
beamformer blocln the MIMO simulationuses the virtual array with appropriate
element weights as a reference to perform beamforriimg virtual array can take

on anyuserdefined form usig up to six transmit and six receive elemenest
importantly as MIMO radar has enough data to scan an entire area once the virtual
array is formed, steering or scannaglifferent angles can be done in parahéth

a phase shift beamformer Simuliblock. However, forthe flexibility of changing
search areashe MIMO radar simulation uses an Unbuffer block to process the radar
returns at one scan angle at a time. After coherent integratiomsamgla celt
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averaging CFAR detector, the processed KdIkadar returns are sent to MATLAB
asworkspaces for plotting and analysis.

Fe—tang RootMUSIC L,

Root MUSIC DOA
[Px1]

Px11
Coherent = x e -
[Px1] sy 6Puse X = [P x S]Y Phase Shift From Virtual Array
Beamformer

MATLAB |« ‘J Integrator R Ang

—— Threshold X Unbuffer
[Px1] . Phase Shift Beamformer

Cell Averaging CFAR

A

Figure 3.13Basic MIMO signal processing scheme

3.5 Simulation Results

This section will reviewand comparenultiple scenariosising both the MIMO and
phased array radar simulations in an effort to determine which radar systtteris b
suited for target detectioReferences such §8,4,19,29]provide some excellent
theoretical comparisons between the two radar systems; however, no references were
found where full endo-end radar systems were simulated in scedzaged settings
focused on an applicatiohe simulations in this section will focus on the detection

of stationary orslow moving boats on the ocean in a variety of scenarios so
comparisondetween the two radar systewan be madelhere are many factors

that can beompared between the two radar systems suchrage resolution of the
transmitting waveform angul ar resol ution ofscahhe radar
rate,minimum SNR detection, and Doppler effectsdatection.These factors will

be discussedndcomparedver a series of scenarios.

3.5.1 Simulated Radar Settings

To maintain consistency acrogsenarios, it is important to keep as many
radar parameters as possible constalthough some of the parameters could be
adjusted to improve the detection capabilities of the rdkiarjs beyond the scope
of this thesisas adjusting various radar segs introduces too many metrics to
measure. Theadarsettingsfor the simulations areutlinedin Table 3.6and were
selected based on a naval sii§ing a radar tdetect surface targets. Any deviations
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from the radar settings in Table3or a specificscenario will be highlightegrior

to any discussiarmhe base of the ULA of the radar is the center of reference for all
experiments. The ULA is placed at a height of 5 mtsaill have the following
Cartesian coalinates during simulatiaof [0, O, 5] The radar platform can move
during the simulation based on a velocity vector, but remains stationary for all
simulations. The assumption being made is that an onboard Inertial Navigation
System (INS) combined with a Global Positioning System (GiRSyvhat is found
onboard a modernized HALIFAX class frigateuld be used by the radar system to
calibrate roll, pitch, and yaw movements as well as any accelerations measured along
thoseaxes Simulated targets will be placed or move with a velocity relatvine
position of the ULA. All targets are placed on the surface of the ocean at a height
based on the sea state or at zero if sea clutter is not being simulated.

Table 3.6 Simulation Radar Settings

Radar Sding Value
Radar Type Coherent 2D Pulsed
Operating Frequency 1.5GHz
Total peak transmitting power 100 W
Antenna Configuration 6-elementULA <k H & LJ OA
Antenna type Microstrip patch (See Section 4.3
Simulation Sample Rate 120 MHz
Sector SearcfAz only) + 40°(80° total)
Receiver Gain 20dB
Max Unambiguous Range 10km
PRI 66.7us
PRF 15kHz
Uncompressed PW 166ns
MIMO Orthogonality type TDM
Waveform ZadoffChu
Pulse compression ratio 4
Compressed range resolution 6.25m
Receiver noise figure 3dB
Loss factor 3dB
Environmental Temperature 15°C
Atmospheric pressure 1 atm
Water Vapour Density 759/
CFAR Pra 0.001
CFAR P 0.95
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3.5.2 Single Stationary Target

For the first experiment, a single station&werling Itargetwith 0 = 0.8 nt is
placed at a range of 500 m &tezimuthwithout sea clutterThe aim of this test is
to verify the MIMO and phased arrtwo-way radiatiorpatterns with the theoretical
pattern If the MIMO radar uses alsix transmitters and receivers torrfo its
correspondingirtual array, then the twway radiationpatternsof the two radars
should be the sanj&5]. Using (2.10, the virtual arrayveightsof the MIMO radar
with half wavelength spacingillbe [12345654 32 1]

While the processed radiation patterns will match, the amount of energy
physically refecting off the target will not nless the MIMO radar integrates
additional returnsAs discussed in Chapter 2, the MIMO radar requires additional
returns over a CPI to match tlquivalentSNR of a phased array. The factoy
which a MIMO radamust increae its CPlover a phased array is based on the
number of transmitting elements, which is six for the simulations. Therefore, the
MIMO radar simulation requires to coherently integrate six times the integration
factor of the phased array radar simulatioor §implicity, the phased array radar
only processes a single return from each scan angle, therefore the MIMO radar
requires to perform six coherent integrations to match the SNR of the phased array.
However, this increase to the CPI assumes simultaneth@gonal transmissions
from the MIMO radar. As the MIMO radar simulation is using TDM to achieve
orthogonality the CPI interval requires to be increased again by a factor of the
number of transmitters. Therefore, the MIMO radar simulation performs atitegs
over a total time of 3&RI), or 2.4 ms, whereas the phased array radar only requires
a single PRI 066.7 ps.Further discussion on CPI and its effects is four8aation
3.5.4for a scenario of multiple moving targets

Using the integration stirigs just described, the radar retufnrem a single
stationary target for the two radars are equivalent. This is expected as the signal
processing used for both radar systésrigentical. The radar return of the phased
array radar is plotted in FiguBel4. Returns are only plotted out to 2 lwherethe
target return can be easdpservedThe sidelobes of the return are observed as well
as theresponse from thadoff-Chu matched filter.

Comparing the integrated return after the output of the pififse
beamformer of both radar systems at a range of 500 m will provide a comparison of
the two radiation patterns. As the MIMO radar is performing 36 coherent
integrations to a mgle return of the phased array, the normalized power output
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Figure 3.14 Radar plot of the phased array radar simulation with a single stationary

should beequivdent Furthermore, as the target and radar platform are stationary,
there are no Doppler effects that will negatively impact the MIMO fadar c o her en't
integration.The normalized radar returns of the target at 500 m of both radar systems
as well as a refence to the theoretical twway pattern is provided in Figure 3.15.
As it can be seen, the returns from both radar systems follow the theoretical curve
and are comparable to one another

Thesecond experiment conducted with a single target was to veegityeam
steering capability of the two radar systems and to verify thewsworadiation
pattern response for a target off boresighie same target was moved to a range of
515 m at a relative bearing of 13&zimuth to the radar. All other radar seting
including integration numbers, remained unchanged. Once again, comparable results
were achieved between the two radar simulatittrag agree with the twaay
theoretical beam patterRigure3.16 demonstrates the angular radar return from the
target whie Figure 3.17 shows the radar plot of the return signals of the MIMO radar

46



Normalized Power - dB

-80 -

simulation out to a range of 2 km. The target is againyedsibcted above the noise
The theoretical curves attge twoway antenna patteraerived from (2.13) or (2.14)
and ug (2.26)whenbeam steering.

—PAR
- - MIMO
---Theoretical

Normalized Power - dB

0 -10
Angle - Degrees
Figure 3.15Phased array and MIMO radar azimuth comparison of a stationary targs

20 10 -20 -40

T -
—PAR
- MIMO
+++ Theoretical | |

70 _

90 I I ! ! ! !

40 30 20 10 -20 -30 -40

Angle - Degrees
Figure 3.16 Phased array and MIMO radar azimuth comparison of a target 4t 13.€
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3.5.3 Single Moving Target

It was just demonstrated that MIMO and phased array radar will have the
equivalent tweway beam patterand return power from a targesing a monostatic
antenna scheme. This statement is true sp dsrthe MIMO radar increases its CPI
and uses all available virtual elemen#dthough the scenario presented in the
previous sectiois useful to verify theory, it is not practical in an operational setting
where a ship and the targets it is trying téedearemoving. This subsection will
explore the effect that Doppler will have treMl MO 6 s SNRiahaitsability
to detect target

One of the major disadvantages of MIMO is thatquires a longer CPI
than a phased array radar to achieve theesaNR for aadar plot As described in
Chapter 2, a moving target with radial speed will create a Doppler shift on the radar
return echo. If the Doppler shift is left uncompensated, then there will be a loss in
signal gain duringthe coherent integratiomprocess There areseveralways to
measure and compensate for Doppler suchsesias of DFE [34], but this adds
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significantly moreprocessing and filters, especially in the case where simultaneous
orthogonal waveforms are being used where DFT processing would be required for
each orthogonal matched filtgt].

The aim of the experiments conducted in thisseittion is to highlight the
significance of the Doppler logg a movingtarget to determine ¥MIIMO radarcan
be used to deteapproachinghips travelling at 30 knots, or approximately 15,m/s
without the use of Doppler processimgthe example from the previous ssextion,
the MIMO radar conducted 36 coherent integragito match the SNR of one return
from the phased array. For uncompensated Doppler shifted radar returns, more than
36 integrations will be required for the MIMO radar to maintain the same SNR as
the phased array radar. The amounsighalloss from Dopptr duringthe CPI of
the MIMO radar follows Figure 2.1Jsing the coherenintegration restriction of
(2.19 for a 4 dB loss on coherent integration over a CPI with M = 36, the maximum
relative radial speed of a moving target with the ragdtings outlied in Table 3.6
will be v; = 20.8 m/sTherefore, assuming again that the MIMO radar platform has
an INScompensating for its own movement, the MIMO radar in this scenario will
detecta target travelling at 20.8 mé& 4 dB less power than a phased arrhyis
important to highlight that for the same number of integrations, but with-laainy
radar operating at 9.5 GHz, the maximum radial velocity of a target with a 4 dB
integration loss is 3.3 m/s. Therefore, a MIMO radar system not compensating for
Doppler should operate in theliand.

A 4 dB loss in power is acceptable for ighhSNR environment, but may
not berealisticin noisy or cluttered environments. If additional integrations are
required to detect a target, then theresaneeraloptionsor restictions that must be
applied Either it is accepted that targets travelling at specific speeds will not be able
to be detected in specific environments or some form of Doppler compensating
techniques will/l be requi r e dsingAnatalysisi nt roduced
of Doppler effects in different SNR environments issaie the scope of this thesis.
To illustrate the effect of Dopplesn the returns of both radar systemspca
fluctuatingtarget witht = 0.8 nfwas placed at a range of 1 km &@@imuth at
different speedsA Swerling model is not used as a target model in this experiment
to minimize the variables that will affect the radar return.

To demonstrate theegativeeffect of Doppler ora MIMO radat the target
was given an approachingeed of 41.6 m/sA radial speed of 41.6 m/s with the
radar specifications of Table 348l place the coherent integration of 36 returns of
the MIMO radar into a null of Figure 2.7. In other words, the coherent integrator will
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destroy the received radagsal. The threalimensional radar picture of the phased
array with a CFAR threshold is shown in Figure 3.18 while the same radar picture
for the MIMO radar is shown in Figure 3.19. As it can be observed from these two
figures, the phased array radar catedt the target against tG& AR threshold while

the MIMO radar cannot. A comparison plot in azimuth at a range of 1 km is provided
in Figure 3.20 demonstrating the differences in the returns of the two radar systems.
As expected, there is no visible aadeturn from the target for the MIMO radar.
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Figure 3.18 Phased array radar response for a target travelliaglLa m/s1 %

Figure 3.20 shows that a MIMO radar is more susceptible to Doppler than a
phased array radar. The results shown are for the specific scenario with the radar
settings outlined in Table@and will vary ifparalet er s such as PRI
operating frequency are chang&mth extremes have been demonstrated so far: a
comparison of the two radar systems with an example without Doppler and an
example where Doppler destroys the return of the target prevemingikO radar
from detecting it. The next experiment will demonstrate how Doppler impacts the
MIMO radar for various approaching velocitiegth a comparisorio the phased
arrayradar
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Before presenting the results, a few signal processing poiott be
discussed. Firstly, the Doppler loss from Figurg &d the restriction from (2.19
cannot be universally applied to MIMO, especially while using TDM waveforms.
This is because the virtual array elements do not maintaomsistentsampling
interval. For instancagferring to Table 3.6he center virtual element of the MIMO
radar simulation has a weight sik, meaning that every transmitting element will
provide an update to this virtual element every PRI. Conversely, the secoiad v
elementas a weight of twand is only updated during the transsions of the first
and second transmission and then is not updated again until the next cycle of
transmissions. Therefore, while coherem¢gration might be negativelffected for
one virtual eément, there could be enough return signal present in other virtual
elements to still provide a detectable radar return. Secondly, a moving target with a
constant Doppler shift being sampled at a set interval will apply a linear phase shift
across the redoeed data. If the Doppler shift is not compensated for, the linear phase
shift will be interpreted by the radar as a stationary target, but at another angle related
to the phasshift [34]. In other words, Doppler can induce an angle of arrival error
while TDM is being used bg MIMO radar.

Theaimis to determine howignificant of asignalloss Doppler will cause
andif any angle errors are producdedan effort to ascertain if the MIMO radar can
still detect a moving targetithout using Doppler processinghe targets of interest
being used foithe nextexperiment remains boats on the surface of the ocean
travelling & a maximum radial speed of 15 mihe same nofiuctuating target
wi t h G(2isplaced aBa ramge of 1 km at@ative azimuth. The search window
is narrowedrom + 4@ in 1°incrementso + 20°in 0.5’ increments. Tie only variable
for the experimenis the speed of the approachitegget. The return frora single
pulse from thephased array radar is used as referencsifmal loss and angle of
arrival comparison.

The radial speed of the target wearied between 0 to 65 m/s in 1 m/s
increments. The mean return from a single pdisen the phased array radar
simulation over these velocities wékl2.5 dB.The mean return from the phased
array was used as the reference to normalize the MIMO returns in Figure 3.21. Figure
3.21 depicts the MIMO radar simulatioasultswith the theorgcal integration loss
originally presented in Figure 2.WUsing (2.1 with theradarparameters outlined
in Table 36, the Doppler frequencyg,fwas calculatedor the radial velocities
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between 0 to 65 m/s, which was then translated into the total &oglpift over
M=36 integrations, using“ "® “"YwhereT is the PRI.
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Figure 3.21 Simulated results for MIMO radar coherent integration loss
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As it can be observedyithout Doppler processing, a TDM MIMO radar
follows the theoreticaintegration losscurve closely. There is small DC offset
present, which is likely due to the virtual elements not maintaiaimgpnsistnt
sample rate across the CPl. More importantly, the required speed of infetést
m/shasless than a 2 dBoherent integratioloss. This result implies that so long as
a 2 dB loss is acceptable to still be able to detect a target of inttmsa MIMO
radar can be used as a substitute for a phased array radar to detect surfac®ftargets.
course,this 2 dB loss is specific for the radar settings used in this scefi&go
general restrictio originally introduced as (2.)19should be app#id when
considering a MIMO radar for surface detectwithout Doppler processingp
maintain integration losses to less than 4 dB:

0YO

TU

(3.6

whereM is the number of coherent integrations.

Althoughsignal loss is one factor to considére other possible source of
error that Doppler can introduce using TDM is angle aval. Figure 3.22 shows
the error in angle received for the 66 simulated velocities, plotted against the total
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Doppler phase shift during the CPI of the MIMO radare Tdngular sample
resolution was set to 0.Bicrements.
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Figure 3.22 Angle of arrival (AoA) error produced by Doppler in a TDM MIMO rac

The angle of arrival error slowly increases with the total Doppler phase shift
for the CPI of the MIMO radail.he error in angle remains at less thafi thbtargets
travelling less than 15 m/s. Tém Doppler angle errors are one of the significant
drawbacks of TDM MIMO radar as it could be easily exploited by a jammer
introducing Doppler information to the radar to create false targets. Electronic
protective measures (EPM) would need to be investid TDM MIMO radar was
to be used on a militaglatform whichis outside the scope of this thedis further
illustrate the effects dboppler fromthe last two figures, Figure 3.23 is provided
which compares the MIMO and phased array radar returdsdamonstrates the
angle offset and signal loss of the MIMO radar against a target approaclang at
velocity of 60 m/s.

In conclusionwith the radar settings useiMIMO radarcan detecsurface
targets travelling at less than 15 m/s without Dopplecgssing at a small cost i
signal loss and angle erroff. léss thar8 dB of signal loss and P.bf angle error is
not acceptabldor the requirements of theadar, then some form of Doppler
processing must be introduced or the required CPI of the MIkt@armust be
lowered.The CPI could be lowered by usisignultaneously transmitted orthogonal
waveformsinstead of TDM This will however introduce additional processing

54



the form ofmore matched filters for the orthogonal waveforms iatihducesthe
risk of crosscorrelation between transmittisignals[4].
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Figure 3.23 MIMO and phased array radar azimuth response for a target approaching af

With the inherentangle errorfrom Doppler targetsa TDM MIMO radar
shouldnot be used as a tracking radar for military weapon systems unless Doppler
processing is used with some form of EPBten thougha MIMO radar is not
recommended for higtesolution trackg, it is useful for detectionAlthough
MIMO radar in the scenario described requires 36 additional returns to match the
SNR of a phased array radar, the MIMO radar can scan the entire search area of
interest at once. Furthermore, once a buffer of dasiored in the MIMO radar, it
can refresh the entire radar picture after every pulse. This results in a much greater
refresh rate of the radar picture compared to a phased array radar which needs to
electronically scan or a navigation radar that requma®tate. An analysis of the
scan rate of a conventional radar versus the CPI of the MIMO radar is discussed in
the next sulksection.

3.5.4 Multiple Moving Targets

A greater refresh rate of the radar picture results in mamtarenergy on target,
which is advatageous for mitigating atmospheric nulls or multipdéstruction.
Although the MIMO radar requires a greater CPI to maintain the same SNR as
phased array radar, the MIMO radar can scan the esgarechareaand is only
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restricted by the element patteof its transmittingand receiving antennahe
refresh rate of the MIMO radar will only be greater th@at ofa phased arraadar
for area searches where the scan rate of the phasedadeaagxceeds thavf the
CPI of the MIMO radar.

A total of 3b integrations waasedin the previousexampledor the MIMO
radar to maintain the same SNR as the phased array oadatotal time o86(PRI)
= 2.4 ms. The phased array scanned its beam electronically at a ratera\ery
PRI, or 66.1us. Therefoe, the phased array radar scans®s86rch area during the
CPI of the MIMO radarmeaning that if the search area is less th&mn3&imuth,
the phased array radar will provide a radar picture faster than the MIMO radar.
However the limiting value o86° of azimuth does not account that MB8MO radar
is able tobuffer its data and recall it to provide an update of the entire search area
even fasterThe MIMO radar does not require 3@w radar returns each CRbk
newerradarreturns carbe used to umte the radar picture by dropping the oldest
data points from the previous CPI each tinke the case of simultaneously
transmitted orthogonal waveforms, the MIMO radar can update the radar picture
every pulse. For TDM MIMO radar, the refresh rate of #dar picture is dependent
on the number of transmitters, which is sigr the designed simulation. Therefore,
thesearch area where the phased array radar is faster than the MIMO radar shrinks
from 36° to 6 in azimuth,or approximately 40Qis. For compaison, a navigational
radar rotating at 60 rpm will take 16.8 ms to upddatef @zimuth.

It is important to highlight the increase in computational load that the MIMO
radar will require during a CPIl when compatedhe phased array rad@&ithough
it was just shown analytically that the MIMO radar will be able to update the radar
picture faster if the search area is greater tRarf &zimuth, there arsignificantly
more calculatioafor the MIMO radar to perforno do this Even thoughhere are
many dher processing techniques that can be applied to a MIMO radar such as STAP
techniques, only the processing implemented for the two simulations will be
comparedExcept for the formation of the virtual array in the MIMO radar, both
radars systemsise the @me processing technigques to create a radar picture.
Therefore an analytical ratio equation can be used to define the increase in
computational loadf the MIMO radar compared to the phased aoegr a given
CPI
YE€ OGon .

0000 o — 0 0 Y W 0o6wa (37
LOYa
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whereMIMOcompis the total number of computations required for the MIMO radar
during arefreshinterval Total Azcanis the entire searchrea of interest in azimuth,
0 6 ¥ & is the total azimuth that the phase array radar scans durimgftash
rate ofthe MIMO radarp 6 'Y is the total number of computations required for
the phased array radar duringefreshintervalof the MIMO radar, and Qi 0 6 @ &
is the total number of operatismequired to form a virtual array duringefresh
interval For the given scenarithe CPI of the MIMO radar is defined as 36(PRI)
andits radar picture refresh raie 6(PRI) andhe"Y¢ o0&t = 8C. Therefore,
with the phased array scan rate set’ah hzimuth for every PRD 6 % ¢ =6
and(3.7) becomes:
0 00 U p&0OO'Y WwQ 06wa (3.8

Consequeny, the MIMO radar is performing at least 13.3 times more
calculations over the same period in comparison to the phased arrayoraitier
given scenaripbut with the added benefit of providing a full radar picture. From a
design perspective, this meahat a MIMO radar will require additional processing
capacity to handle the computational load incredée. number of virtual array
computations is proportional to thember of virtual elementautlined in Table 3.5

To illustrate the response of thdMO radar over a large search area, five
Swerling Itargets were simulated with the chagaistics outlined in Table 3.The
resultant radar pictures from the MIMO radar are shown in Figure 3.24 and Figure
3.25.Both figures are only plotted out to a ganof 2 km and after only a total of 36
radar returns. Figure 3.2depicts the twalimensional radar return whereas Figure
3.25 shows the thredgimensional return and how the targets are detected against a
cell-averaging CFAR detectoEach radar picturesiupdated evergixth pulse, or
400pus and demonstrates the ability of a MIMO radar to detect multiple targets in a

large search area faster than a phased array radar.
Table 3.7 Simulated target parameters

RCYmM?) Range (m) | Azimuth | Velocity vector (m/s)
0.8 1200 1.4 [-1500]
1.9 1472 13.8 [-6 5 0]
1.4 1856 -18.2 [5-10]
0.7 776 15° [1250]
0.6 270 -21.8 [-105 0]
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3.5.5 Moving Targetwith Sea Clutter

Sea clutters one ofthe primary sources of inference in detecting surface contacts
on the oceafl6]. While this thesis is not performing andepth analysis of ways

of improvingsea clutter suppression using a MIMO radatr, it is important to explore
the performance of the MIMO radar farleast onecenaricand compare it with the
resporse from the phased array rad@he amount of reflection from sea clutter is
largely dependant on the sea statkich defineshe wave heighaind the incident
angle with the surface of the ocedterefore, in general, the sea clutter will be
greatest clsest to the radar platform.

Using the sea clutter algorithm described in Section 3.2.3, an environment
with sea state 4 was created for simulation. As a RCS value is provided to sea clutter
for every sampled area, the simulation was limited to a maxinaumgperof 750 m
and a scan area ab°. Evenafterlimiting the area, the sea clutter simulator still
provided nearly 3000 sea clutter RCS values to simulate. A Swerling | target with a
RCS ofli = 0.8 nfwas placed at a range of 500 m at boresight with proaphing
speed of 15 m/s.

Figure 3.26 and 3.27 show the thdimensional radar response of the
MIMO and phased array radarespectively. The peak response in both figures
represents the location of the target at 500 m. The difference in the peakseespo
between the two radar systems is approximately 2 dB, which corresponds to the
coherent integration loss from Doppler for the MIMO radar. The rftise varies
with range, but is equivalent for both radgstems and sits arour@D dB at 500 m.

The peak return from the target is approximateR0 dBfor the MIMO simulation
and-68 dB fa the phased array radaesulting in a SNR of 20 dB and 22 dB
respectivelyThe variance in the noise lev&lused by sea cluttisrsignificantly less
when STC is biag usedas part of the signal processdo illustrate thisfFigure 3.28
depictsthe MIMO radar simulatedesponse ofthe same scenario, but without the
presence of sea cluttdrastly, he noise level at a range of 50Qnithout sea clutter
is approximagly -112 dB, meaning that sea state 4 clutter lowered the &Nl
target at 500 rby 22 dB.
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Figure 3.26 Simulated MIMO radar response of a target at 500 m with sea state 4
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Figure 3.28 Simulated MIMO radar response of a target at 500 m without sea ¢

In conclusion, the MIMO and phased array radar systn® both able to
detect the same target with similar results in the presence of sea @litieugh
the scenario presentéereinis limited to a single target and a dictated sea state, it
does demonstrate that a MIMO radar is able to detect a target with values of SNR
that are similar to those ol phased array raddfuturework should include the
examination of the benefits of STAP techniques that are available to MIMO to
ascertain their benefits of detecting targets in various sea states. Work §sfsh as
and[36] have already performe@LRT tests and ROC curves wiMonte Carlo
simulations with different forms of clutter distributions to show that a MIMO radar
will perform better than conventional radadsastly, sea clutter is not Gaussian
interference, so any future work will require an understanding afistbutions of
theRCS and seelutter statistics.

3.6 Summary

This chaptepresented the design the phased array and MIMO radar simulations
using MATLAB 2016b and Simulink The common processing techniques were
covered and the differences between the two gdems were highlighte&everal
scenarios were used to investigate the differences and similarities between the two
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radar systemand to determine if MATLABand Simulink could be useas a
processing todlor an experimental radar platform.

It was showrthat he twoway beam patterraf the two radars are equivalent
and that the SNR of the two system® the same so long as the MIMO radar
integrates enough returns over a GHthoughthe SNR was maintained between
the two radar systems for a stationgayget, integrating returns over a CPI with
moving targets had a negative impact on the MIMO radar. It was shown that
depending on the relationship of the target0:¢
the MIMO radar, that MIMO could still detect movirtgrgets without Doppler
processing with small errors in angle of arrival and some loss in efficien
coherent integratiorit was also demonstrated thadMO radarcanscan darge
area much faster than a conventiorwéting navigation or electronadly scanned
phased array radar, but at a cost of extra procedsastjy, it was shown that the
MIMO radarcan detect a target and use conventional radar processing techniques to
suppress sea clutter and detect a target.

MATLAB and Simulink proved to beuseful resources for radar signal
processingand simulation. The simulations and the scenarios were used as the
backbone to design an experimental MIMO radar platform.
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Experimental MIMO RadabDesign and
Results

This chapter presents the desiginthe hadware used to create @xperimental
MIMO radar. Section 4.1summarizes the requirements for the experimental radar
platform.Section 42 discusses thiaitial use ofSDRsand the design challenges that
preventedthem from being used tomplement a functioal radar. Section 3.
provides therequirements and steps taken to create a widebacistrip patch
antenna, which was used to foan 8elementULA for experimentalise with the
MIMO radar. Antenna design details and simulations from the Advancedgbesi
System (ADS) andntennaneasurements from the anechoic chamabediscussed.
Section 4 describes the implementationaosf experimental DM MIMO radar with

a network analyzer and its cooitthrough MATLAB and SimulinkvhereasSection
4.5 provides eperimental results for various scenaridsastly, Section 4.6
summarizes the radar designs and provides conclusions from the ennpsides.

4.1 ExperimentaRadarRequirements

The experimental radareeded to bportable and capable of being used in
a laloratory environmentAn initial requirement was for the platform to be capable
of switching between a phased array and MIMO radar configuration to allow for
direct empirical comparison between the two radar systattisough an initial
design was preparddr a phased array radar for use with the SDRs, it was quickly
determined there were significant design challenges in achieving a coherent phased
array radar. Therefore, the requirement for an experimental phased array radar was
removed for various reassthat will be covered throughout this chapter. Fabricating
a functioning experimental MIMO radar system to demonstrate resolution and
detection capabilities similar to what was shown in the simulagigus became the
primary requirement.

The experimerai MIMO radarhas to be consistent with the one simulated
in the previous chapterTherefore, the experimental radar must be capable of
interfacing or providing data to MATLAB or Simulink for pestocessing.
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Furthermore, TDM must be used to achieve orthaggality betweencoherent
waveformsoperating somewdre between land X bandAn initial requirement that

was later removed due to complications with the SDRs was that the transmitting
waveform could be adjusted and seleci&ftiile desirable for future workhe aim

of the research was still achieved with the solution implemented withetfnork
analyzemwhich restricts the transmitting waveform to stepped frequency continuous
wave.

A specific frequency or frequency range would be set based on the
equipmentused and a ULA builwith half wavelength spacing from supplies
availabl e wit hAxntheIM&Gé o the raddraystenh isitb be used
in a laboratory setting, the radar system must be able to achieve aesolg¢ion
of less than 1nwith atleast four separate transmit and receive channeépower
output of the radar system had to be sufficiently strong to detect various types of
radar targets within the anechoic chamber out to a maximum range of at least 6 m
with less than 16 coherentté@grations In-line power amplifiers could be used if
required to amplify the transmitting waveforithe MIMO radar system must be
capable of processingll transmit and receive channels independently from one
another to form a virtual array. The virtuatay twoway pattern must be adjustable
where specific transmit and receive channelse#her turned off onot processed
to allow for differenttwo-way antenngatterns.

All receive signal processing techniques used in the MIMO idadation
must beable to be implementedith the experimental radar platform. At a
minimum, the MIMO radar system must be capable of forming a virtual array,
conduct beamforming, perform STC, use coherent integration, and detect a target
against a celaveraging CFAR detéar.

4.2 Software Defined Radi@ption

The SDRwasan attractiveportableflexible, andrelatively inexpensiveptionthat
advertisedspecifications that should have met the requirements to addt&O
radar Several months were spent working with a sindeversal Software Radio
Peripheral (USRPX310to determine if it was a feasible optiaith whichto build
a MIMO radar The USRP X31@s alow powerRF transmit and receive devitem
Ettus Research, National Instrumetiitat allows the use of custoraveforms over
a 1.14to 6.06GHz frequency band with twin CBX 20 daughterboard87]. Each
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of the two CBX%120 boards allovior 120 MHz of bandwidtton two simultaneous
transmit and receive RF channelsThe USRP X310is progmammable through
softwareprograms such as GNU Radi8], Labview[39] or MATLAB Simulink
usingthe USRP Hardware DrivgélJHD) that is writtenin C/C++ codeThe X310
also contains a Xilinx Kintex FPGA (XC7K410T) that is programmable and can
be usedor signal processing purposes. Lastlye X310 has an internal 10 MHz
reference clock as well a& pulse per second (PPS) reference for timestamp
synchronization with other SDRs the ability to use an outside reference such as a
GPS clock for synchramation The full specification sheet for the USRP X310 can
be found af37]. Figure 4.1 depicts a higlvel schematic of thimternalinterfaces

for the USRP X310.
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Figure 4.1 Schematic of USRP X31[29]

For preliminary testinga singleX310 was connected taregh-performance
Linux computervia SFP+10 Gigabit EthernetThe Linux computeran a 64bit
operating systerwith an Intel Xeon CPU E&26600perating aR.60 GHz and 128
GB of RAM. MATLAB and Simulink were used as the primary interface to program
the SIR to maintain consistency with the simulatiomstlined inChapter 3. The
goal of the peliminarytesting with a single X310 was to prove that it was capable
of transmitting and receiving desired waveforms over a single channel and to verify
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the interfacewith MATLAB and Simulink before attempting to synchronize
multiple SDRs.

Using the Communications System toolbox, Simutiakadjust settings for
various USRP SDRs with the SDRu Receiver and Transrhitieks. The Simulink
model used to communicate tvithe X31(for preliminary testings shown in Figure
4.2 wheread-igure 4.3 demonstrates the available settings for the X310 transmitter
from the SDRu transmitter blocR phasecoded waveform block from the Phased
Array toolbox is connected to the inpoft the SDR transmittewhereashe SDR
receiver output is saved to a workspace fort4poscessingn a different Simulink
model The posfprocessing modelsed similaprocessingechniquesiescribedor
the simulations of Chapter Bhe Kintex7 FPGA washot used for processing.

SDRu
Phase-Coded p{ Data Transmitter
192.168.10.2

Phase-Coded Waveform

SDRu Transmitter

Data P Rx_Pulse

SDRu
Receiver
192.168.10.2

To Workspace
Data Len

SDRu Receiver
Figure 4.2 Simulink model for communication with a single USRP X310

Testing was conducted through a loopback tesby connecting the
transmitted signal from channel 1 thrbug splitterto receivers 1 and &ith two
identical2-foot SMA cables, as shown fRigure 4.4 A loopback testvas used to
eliminate any antenna or environmental consideratfom® testingand to ensure
that the RF channelwere identical for both receiversExperimentationwas
performed ovetwo distinct phases. The first phase used the receiver from channel
1 only to verifywaveform reception and the interfasith Simulink whereaghe
secondexperimentused both received channels to test internal coherence between
the two channelef the CBX120 daughterboards
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* Block Parameters: Transmitter 1 v A e

SDRu Transmitter

Send data to the Universal Software Radio Peripheral

(USRP).
Device
Platform: X310 -
USRF IP address: | 192.168.40.2 hd
Info
Control
Channel mapping: [.2]

Source Desired Value

Center frequency (Hz): | Dialog ~ | |paramRadar.fo

LO offset (Hz): Dialog - |0

Gain (dB): Dialog - | |paramRadar.Gt
PPS source: Internal -
Clock source: Internal hd
Master clock rate (Hz): 120e6 A
Interpolation: Dialog ~ | |paramRadar.Inter
Transport data type: int16 ~

Outputs

v | Enable underrun output port

Buffering

Enable burst mode

Figure 4.3 USRP X310 transmitter settings from Simulink

During the single channelloopback tests severalissuesand design
limitations wereuncovered Firstly, the sample rate of the SDR is defined by the
Master Clock rate divided by the interpolation decimationrate set from SDRu
transmitter or receiver blocksespectively The Simulink model sample rate, or
more speifically the sample rateof the waveform being transmitted, must be
identical to thesample rate of th&DR.If the sample rates do not match, then the
actual transmitted wavefm will be stretched otompressetbased on the ratiof
the two sample rateturing the DAC process within the SDRhus,the sample rate
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Figure 4.4 Loopback test for the USRP X310

of the SDRrestricts the resolution of the waveforms that can be simulated in
Simulink andwill define ther a d aang& sesolutionFor example,if the master
clock of the SDR is set to 120 MHth an interpolatiorof 1 for transmission and
a decimation rate of 1 for receptiotinen the sample rafer the DACand ADC
processes within the SDR will lperformed at 120 MHZThis sample rate translates
into the maximumuseablebandwidth for a reeingular pulsed wavefornif the
transmittedwaveform is sampled at 120 MHm the Simulink modelthen the
sampled resolution of the waveform in time equates to 8.33si%y (2.6) with M=1
for a rectangular pulse and equating pliése widthto 8.33 nsthe maximunrange
resolution that can be achieviedl the radar is 1.25 n\s space is limiteth thelab,

a radar range resolution of 1.25 nmct idealand does not quite meet requirements
but it isuseable to perforrdetection assessments against iplgdttargets.

However, a range resolutiai 1.25 m could not be achievedtiwa single
channelbecause the 10 (GBthernet connectioandthe Linux computer could not
maintain the necessary throughput without experiergé@tgoverruns or underruns
on transmit and receivdJnderruns and overruns are ADC/DAC timing errors that
will distort any received or transmitted signalghen perfornmg range resolution
testing,the Simulink model in Figure 4.%vas runin rapid acceleration mode with
the data transportype to the SDR set tintl6, or 16 bit integers. The best
interpolation and decimation ratdst could be achieved with a master clock of 120
MHz without experiencingignificantdata errors wad0 for a single channan
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Number of Underruns

transmit only When attemptingo usetransmit and receive functions on a single
channelthe interpolation and decimation ratesrerequired to be above 20 to avoid
errors. Theequivalent bandwidth for the radar wih interpolation rate dfO and a
master clock of 120 MHz equatesit® MHzresulting inaradarrange resolution of
12.5 m. While a 12.5 m resolution would be excellent for an operational radar, it is
not usable in the lab setting. Figure 4.5 demonstratesititerruns received over
many sample intervats a single charel alternating between transmittiogly and

then simultaneously transmitting and receiving. As it can be observed, underruns
continuouslyoccurredwhen attempting to transmit and receive on only 1 of the 2
available channels on the USRB10 at a sampleate of 12 MSa. Furthermore,
even when onlytransmitting, there are still consistent intervals of underruns
occurring.

3 T T

25 n

Tx and Rx

1.5

TxOnly

1 2 3 4 5 6
Samples Intervals x10°

Figure 4.5 SDR Underruns for a single channel with a sample rate df32s

To minimize the required instantaneous bandwatitthe sample rate of
the SDR while satisfying the requiredrange resolution, stppdfrequency
continuous wave waveforms were explor&d discussed in Chapter 2, (Rdefines
the range resolution @radarusing a steppeftequency continuous wawandthe
effective bandwidth of the systeis dependent on the number of frequestss
and step sizdJsing this type of waveform solved the data rate issue, but at the cost
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of restricting the radar to a single waveform ty@everal experiments were
conducted to test this waveform in both a single and dual channgjwmatibn.
Several issues were uncovered when attempting to tnee stepped
frequency waveformFirstly, it was discoverethatthe oscillators within the X310
took approximately 25milliseconds to tune to a different frequencyThis
phenomenorresulted in additionasignal processing beingmplementedfor the
radarto ignore the first several returns at a new frequency. It also unnecessarily
increased the CPI of the radBurthermoreinconsistent phase errors occurred when
the sampling ratef the SDRwas not an integer ritiple of theoperating frequency
The RF channel was a 2 foot SMA calite a loopback configuratioso it was
expected to receive the same phase for each return at a given fredtigne4.6
depicts thd and Qamplitude returns of a loopback tést several frequencies. The
waveform used in this test wasrectangular pulserigure 4.6 shows the 25 ms
settling time for the oscillators when tuning to a new frequencydantbnstrates

Freq3

(D]
©
2
3’
£
<

-1

Consistent Received Phase

Time (secs)
Figure 4.6 USRP X310 single channel loopback test
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the phase inconsistency when the sampling rate and operating freguenagt
integer multiples of one another.

The lastexperimentested thghasecoherence internally within the X310
betweerthe two CBX-120 daughterboard$he experimentausedsampling ratesf
integer multiples othe operating frequenayp avoid the $sues highlighted in the
previous paragraph. The first test used a loopback test wiflo@ SMA cable on
only one channel and alternated back and forth between two frequéregoal
of this test was to determine if phase remained coherent forrtteefeequency after
the oscillators were retuned.rActangular pulsed waveform was used for tesfing.
frequency transmitted for 30 intervals before alternating to the other frequency. As
the RF channel ia cable, it was expected that the received phasevery second
grouping of 30 pulses should be the same. The results of the test are shown in Figure
4.7 where it can be observed that the | andafa does not remain consistent.
Inconsistentphase information fot and Q data for the same frequermyer an
unchanging RF channeheans that there is no phase cohereli¢ghout phase
coherence, the SDR could not be used for a MIMO radar.

Different Received Phas: | Data

Freq 1 Freq 1
i

(IR
"

o wJ«.I-M'.A il

o v i i
|‘ H “ M " |‘

ConS|stent Recelved Phase

Time (secs)

Figure 4.7 Alternating frequency phase coherence experiment

In a final attempt tanitigate this phase offsatne of theRF channeldrom
the SDRcould be configured to @ermanentoopbackconfiguration to serve as a
reference and to recottle phase offsstto eliminate them in pogirocessing. For
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this solutionto work, the phase offsetsould have to be equal across SIDR
channels. To test this theory, a loopback test wasopeed by transmitting a
rectangular pulse waveform on channel 1 and receiving the returns on channels 1
and 2 through a splitter aral pair of 2foot SMA cablesIn other words, this
experimenttestedthe phase coherence between the two BB daughterbads

within the same USRP X310 using its internal clock as a referéhe@xperiment
alternatedback andorth between two frequencies on aj@@se interval and used

the | and Q data from the two received channels to compare their phases to one
another Figure 4.8 is aightlevel schematic of the experimeshowing the basic
processing scheme used to compare the phase of the two receiver channels. Figure
4.9 shows the output dhe phase comparison between the two channetniof

the many experimentconducted. The phase offset changed between the two
receivers whenever the X310 was tuned to a new operating frequency. This
observation was made over multiple experiments and the offsets were not repeatable.
This implies that the two CBX20 daughterboasdwithin the X310 do not tune to

the sameghase when changing frequencies, meaning that phase coherence between
the different channels impossible.

Simulink Post-processing

2t SMA Cablep| Ry Channel 1f+

land Q N Phasep
Processing Comparison
Y

Tx Channel 1 Splitter

2ft SMA cable | Rx Channel 2

Figure 4.8 Crosschannel phase coherence experiment setup

Based on theeobservations, the SDR was abandonddvour of anetwork
analyzerto build an experimaal MIMO radar which will be discussed in Section
4.4. The data rate limitations aride inabilityto achievephase coherenceith the
X310 were the limiting factors. After communicating with Ettus Research, they
suggested to work with their SBX or UBX ulghterba@rds instead ofthe CBX
board to achieve phase coherence. Although this thesis moved away from working
with SDRs, other organizations have had successsinlving the issuesbserved.
Ref[40] used aingle transmission chanr@la SDR to examine various waveforms;
however, radar targets were not being detected, so resaunticroherence between
channelswas not a consideratio®hio State University performed angle target
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Figure 4.9 Received phase offset between channels Rx 1 and Rx 2

detection in an anechoahamber with SDRandcompensatéfor phasecoherence
with several iternal and external refenceclocks [41]. They alsgorogranmedthe
FPGA within the SDR to minimize data ratequirementsUsing GNURadio,
Karlsruhe Institute of TechnolodIT), Germanybuilt a4x4 OFDMMIMO radar

with SDRs and used Python coding to measure and compensate for phase coherence
across several synchronized SOR2]. They also managed to achieve 200 MSps
with two 10 GB Ethernet cardby overclocking a MSI motherboard of an Intel Xeon
E5 serveitype processor and used a RAMDisk as the first line of storagedor th
SDR samplesIn conclusion, ifa SDR is to beaused to build a laboratory MIMO
radar, consideration arektensivework must be done to ensure phase coherence
between RF channetnd that thedata rates can be achieved fadesiredsample
rate.

4.3 Antennaand Array Design

Moving away from SDRs andw@rdsa network analyzer to construatlaboratory
MIMO radar introduced specific antenna requirements. The N5244A-RNges
steppedrequency contiuouswavewaveforms on transmission, whichinherent
to the @evice thereforea radar built with a PNAC would be restricted to this type
of waveformAs a resulta PNAX radar isrequired to meet the requirealdar range
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resolution and maxiom unambiguous detection rangesing (2.8) and (2.9),
respectively.To meet these range and resolution requirements, a tgrgeational

bandwidthis needed;herefore, theantennas being used by tagar systenmust

operate with asvide of an operational bandwidth as possible.

Antennassuch ashorn and dipole antennagere consideredbut it was
determinedvery quickly that the physical spacingbetween elements could not
achieve half wavelength spacing or the radiation patterns were not desirable
Therefore, ricrostrip patchantennas were examined due to their compact side a
the ability to fabricate an entire ULA on a sinfleard Unfortunately, microstrip
patch antennas are inherently narrowbavith BW of around %6 of the opedtional
frequency43]. At X-band, this equates tabandwidth ofapproximately 100 MHz
resulting in a range resolution ®% m. While a 1.5 m range resolution is useable,
thereare design methods to widen the bandwidth of a microstrip patch antenna and
to improve the resolution further.

Applying wideband microstrip patotiesign principle$44,45]andantenna
theory [46], a Ushaped broadband microstrip patch antenna was designed in
Advanced Design System (ADS) softwarEhe ADS schematimutlining the
dimensions of the antenmashownin Figure 4.10. The substrate used to fedie
the antenna is Taconic TL¥ with a thickness of 1.57 mm andelativedielectric
permittivity, ) = 2.33 [47]. The antenna was designed to operate at a center
frequency of 8.9 GHz with as wide of a bandwidth as possib¥e-band frequency
was setcted over $andas a 1 % operational bandwidth is much greater at higher
frequenciesFigure 4.11 demonstrates thseable bamwidth of the antenna with a
plot of S: showing aroperational bandwidth of oveb68 MHzati 10 dBor around
4 % of thecenterfrequency Using (28), a 30 MHz bandwidth eggtes to a range
resolution of 48m. Figure 4.12epicts thecurrent distribution of the antendaring
an ADS simulation at 8.9 GHwhereasFigure 4.B demonstrates the-glane
radiation pattern of the antenshowirg an antenna gain of over 8 dBboresight

The Ushaped microstrip pat@ntennavas designed small enough so that
the antennasould be spaced at half wavelengiervalsof the center operating
frequencyto form a ULA Based on the:Sresultsof Figure 4.11, the lowest point
of the graph at 8.925 GHz was selected as the center operating frequency so the
spacing of the antennags set at 16.8 mito form aULA. Although the PNAX
network analyzer only has 4 ports, arl8ment ULA was fabricatefor flexibility
and possibléuture expansion. Figure 4.14 is a picture offdiicatedULA.
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Figure 4.10 Broadband shaped microstrip patch antenna. (a) Dimensions-stidped microstri
patch antenna. (b) Detailed ADS sotagic for microstrip patch antenna design
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Figure 4.11 SimulatedADS S;; return for the Ushaped microstrip patch antenna
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Figure 4.13 E-plane gain cut of ADS simulated radiation pattern

Figure 4.14 8-element ULA built with wideband microstrip patch antennas
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Several experiments were conducted to vetigy performance of the ULA
against the ADS simulation resulihe first test verified the operatianbandwidth
of the ULA. Four of the eighicrostrip patctantennas were connected to a N5244A
PNA-X network analyzer where:§ S2, &3, and Q4 were measured and compared.
The results ardepictedin Figure4.15 where it can be observed thath antema
has a different bandwidth response. However, even for the worst measurement, S
thei 10 dB bandwidths close to 500 MHDr approximately 5.5 % of the operating
frequency It is also important to highlight that the lowest point of theaBameter
respnse shifted to approximately 8.79 GHz compared to 8.925 GHz from the ADS
simulation. The shift ircenterfrequency,ncrease in bandwidth and differences in
S-parameter responses is likely due to the accuracy of the machine that fabricated
the ULA and themutual coupling between antennas that was not accounted for in
the ADS simulationWhen simulating the antennas in ADS, it was found that a 0.1
mm change to a dimension had significant impact on the antenna bandwidth and
radiation pattern.

Tr 1 511 LogM 5.000dB/ -15.0dB Tr 2 522 LogM 5.000dB/ -15.0dB
Tr 4 544 LogM 5.000dB/ -15.0dB

5.00
]
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II >Ch1: Start 8.50000 GHz —— —— Stop 9.20000 GHz

Figure 4.15 S-parameter response of 4 microstrip patch antennas
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The simulatedthree dimensionaADS radiation patterrdatafor the U
shaped microstrip patch antenwas importednto MATLAB through a series of
text files and was manipulated into a matrix of datthatit could be used with the
phased.CustomAntennaEleméntction from the Phased ray toolbox. Thisvas
an important ste@s the patterns for theconstructedantenna were used for the
simulations conducted in ChapterRirthermore, having the ADS radiation pattern
data in MATLAB allowed for a direct verification andmparison of the simulated
radiation pattern from ADS with measurements taken from the anechoic chamber.

The second teglaced thdJLA into the anechoic chamber at one end while
a horn antenna radiated the ULA from the other end to measure the antiéeima pa
Only one of themicrostrip patchantennas of the ULA was connected to
measurement equipment while the other 7 elements were terminated wath 50
matching loadsThe ULA was mounted on a turret which rotatedrsifull E and
H plane measurementould be taken Prior to measuring thenicrostrip patch
antennaa calibration was conducted with a Model 3160 horn antenna at a frequency
of 8.8 GHz. At 8.8 GHz, the horn antenna should have aajapproximatelyl5
dB [48]. An uncalibrated power le¥ of S;; =123 dBwas measuredn the network
analyzer thereforea calibration factor 088 dB wasaddedto all S;ymeasurements
for the microstrip patch antenna. Figure 4.16 depicts the Model 3160 horn antenna
on the motorized platform during calibration

Figure 4.16 3160 Series Horn antenna used for calibration on the turret as:

The 3160 horn was replaced by the ULA and measurements were taken by
rotating the turret inAncrementsThe anechoic chambatRMC uses a MATLAB

79



function to control the turret an recordthe data The measurement test was
conducted at 8.8 GHz antthe data was saved in a MATLAB workspace for
comparison. Figures 4.17 and 4.18 compare the E and H plane measurements from
the chamber with the simulated ADS dafaa single antenndVhile the measured

E plane of the antenna differs dramatically from S simulation, it was
determined that the antenna was still useable as experimental measurements would
primarily be conducted on the H plansing an azimuth radar scarhe significant
difference in the antenna patteand gaincould be attributed to th@anufacturing
accuracyof the machingthe mutual coupling between the closely spaced elements
not accounted for in simulation, or from the absorberthbatiwas placetlehind the

ULA during measurementsufther antenna testing and analysis would beiredu

to determine conclusiveliyre source ofhe differences. As the main requirement of
producing a broadband microstrip patch antenna was met, further antenna testing
was not completed dke antennanet the minimum requirement$ achieving less

than al m range resolutiofor a steppedrequency continuous wave waveform
MIMO radar.

E Plane (dB) |—ADS Simulated
90 *+== Anechoic Chamber Measured

120

150

180

210

240 300

270
Figure 4.17 E-Plane simulated and measured antenna pattern compa
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Figure 4.18 H-plane simulated and measured antenna pattern comp

4.4 PNA-X MIMO Radarlmplementation

Keysight BlI5244A4-port PNA-X network analyzef49] is capable of transmitting
and receivingteppedrequency continuous wasggnalsfrom 10 MHz to 436 GHz
with a dynamic rangef 124 dB and an output power of 13 dBdsing heN4692A
electronic calibrationkit [50] with the N5244A provides coherent phase
measurements withit0.34 and+0.06dBmin magnitude for operating frequencies
under 10 GHz.

Whenimplementing a MMO radar with the PNAX, unlike a SDR, the
waveformsarerestricted to TDM steppefilequency continuous wave. However, the
PNA-X provides a reliable setfontained phase cohetaRF frontendacrossfour
RF channels, which is a critical requirement that could not be achieved with the
USRP X310 and CB»120 daughterboardBigure 4.19 is a highlevel schematic of
the RF components contained within the N5244A PXAThe configuratio used
for the MIMO radar does not deviate from Figure 4.19 in that all jumper connections
remained in place and@&rameter measurements were used to collect radar data.
The Sparameters are defined by the ratios of A, Ba@jD with R1, R2, R3and
R4. For instance, $is defined as A/IRIWhereasS;; is defined as B/R3. R1 to R4
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are reference receivethat measurdhe signad as they leavethe analyzerand
receiversA to D meaure the radar return signals.
Legend
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raar panel
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Source 1
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% modulator

To receivers

Test port 1 Test port 3 Test port 4 Test port 2
Figure 4.19 4-port N5244 PNA-X network analyzer schemafid1]

When transmitting oeach of it§our ports the PNAX cycles between them
using TDMbased on the frequenbandwidth number ofrequencydata points, and
the IF bandwidth of the systerim other wordsTDM is inherentto the PNAX so
orthogonality is achievefbr the transmitting waveforms. Théoee, the PNAX can
be used to creata MIMO radar if the received@rameters can be mapped to virtual
elements in a similar fashion to the simulated MIMO radar describ®édation 3.4
Using the specifications of the microstrip patch ULA from the mnevantenna
section, a Simulink model was developed to manipule&-parameter data from
the PNAX to extract the relevant phase and amplitude information and assbciate
to an element in a virtual array. Figure 4.20 represents aléngh signal flow
diagram for thePNA-X MIMO radar that will be explained in detail over the next
several paragraphs.

The PNAX connectsdts four test portgo the four center elements dfet
microstrip patch ULA using-Boot cables. The four elements of the ULA not lgein
used are terminated with 5§ matching loadsThe PNAX and the ULA are
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System settings and control
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Figure 4.20 System Ovenew of PNAX MIMO radar

mounted on a moveablmrt for easy transportation. Figure 4.21 is a photograph
depicting the test setup. The PMAis connected to a Linux compait running
MATLAB 2 016b through a 1GB Ethernet cabléo forman IP network.The PNA

X is controlled locally from itgront panel or remotely from the computer through
several MATLAB functions usingStandards Commands for Programmable
Instruments (SCPBode[51]. The SCPI MATLAB function adjustthe settings on

the PNAX such as frequency, IF bandwidth, power settings, number of samples,
etc. The function will also sethich Sparameters to extract and the number of times
to extract Sparameter data from the RNX. The SCPI MATLAB function will save

the S-parameter datavhich can be viewed as | and Q datea MAT file format so

that the data can be usaslradar returnsith a Simulink model. Prior to running the
SCPI MATLAB function, an electronic calibratiousing theN4692A is either
recalled from memory or conducted at the end of the four cabbedance the four
channels Unlike the data rate issues experienced with the SDR, no underruns or
overruns are experienced whsiparameter data is sent to thi@lx computer.

The Sparameters are saved as a thdigeensional matrix MAT file in
MATLAB. The first dimension is defined by the number of frequency steps taken
over atotal specified bandwidthTl he total bandwidth will define the range resolution
of the radar and was set to 450 MKz respect the operational bandwidth of the
microstrip ULA for all experiments.Using (2.8, this corresponds to a range
resolution of 33 cm. The number of frequency points taken varied for each
experiment and will define th@maximum uwnambiguous range defined by (2.Bhe
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Figure 4.21 PNA-X setup and mounting arrangement

second dimensioof the matrix is defined by the number cp&rameters that are
extracted. If all 16 $arametergre extracted, which is the default setting, then the
matrix dimension will be 33 which amsponds tthe receive@mplitude and lpase
for each Sparameer as well as a column for the current operating frequency. The
last dimension of the matrix is defined the number of sweepmxtracted, or more
specifically how many times the PNA will sweep through the specified-S
parameters. A single sweep represehestime it takes for the PNX to sweep
across all of th&-parameterspecified in the second dimensidro summarizethe
MAT files are saved in a matriormatted as shown in Figure 4.22.

Given the format of the received data, a Simulink model was built to
manipulate the $arameters into a virtual array atodberform|FFT processingo
that range and angieformation from targets could be extracted. The Hayel
Simulink model usedot process the radar returns is shown in Figure 4I2&
measurements are always required when using the-Rldda MIMO radar: one
with targetsand anotheiof the background. The background measurement acts
similar to a clutter map in that it meassiteenvironment, but instead of it being
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Figure 4.22 PNA-X S-parameter MAT file matrix
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used to establish a threshold for a detector,sustractechgainst the radar returns
with the targets of interest. This step is necessary to account for the reflections from
the antennas shown in Figure 4.15 sorigceive channels from:SS,, Sss, and Q4

can be used as part of the virtual array. If this backgronaedsuremenis not
conductedanother calibration method would be required ¢ocaint for antenna

reflections.
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Figure 4.23 Simulink overview of the PNAX MIMO radar
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The matrices of the PN&X DataandBackground Measuremeinbm Figure
4.23aremeasuredvith the same settings to ensure that they have the same matrix
dimensions. These two matrices #re input to th&imulink modelwhich processes
the data one sweep at a timepwmre specificallypnerectangle ofnformationfrom
Figure 4.22 at a tim@he data from both matrices are sent to tpa&meters block
which subtracts the background measurement against the data with targets and
converts the received data from amplitude and phase to vdluas®Q. The | and
Q dataarethensentto an IFFT block wherthe received datig convertedrom the
frequency domain to the time doma#n IFFT is conducted on eachfarameter
and then buffered over a specified coherent integrattenval. As thedata from the
PNA-X is stored based on equal steps of frequency, the IRt is merely one
column of data from the-Barameter matrix. Figure 4.24 illustrates howltaad Q
data is extracted for the IFFAnd then integrated’he number of frequency s
taken over the sweep bandwidth will define the maximum rahtie radawhereas
the number of pointsaken inthe IFFT will define thesample rate of the data in the
time domainWindowing options such as Hammiageimplemented as part of the
IFFT block, but were generally not usbdcause they decrease range resolution
of theradar
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Figure 4.24 Manipulation of Sparameters to perform an IFFT and coherent integratic
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After the Sparameter radar returase converted to the time domain, the
data is sent to the virtual arrbjock for coherent integration artd create a virtual
array The virtual array block maps|@rameter data to specific virtual elements in
a similar fashion to what was described in the MIMO radar simulatid@ection
3.3.2 As TDM waveforms anda ULA are being used once again, the virtual
elements will hag overlapping weights when implementing (2.9%5ing a ULA
with half wavelength antenna spacinde tvirtual elementswill be definedin
accordance with Table 4.1 arftetresultantheoreticatwo-way arraypattern for the
PNA-X radar is shown in Figure 2b.

Table 4.1 Virtual Array logic forS-parameters of PNA MIMO radar

Transmitting Element SParameters Rx Elements
Test Port 1 S11 S21 S31 S41 Rx 1
Test Port 2 S12 S22 S32 S42 Rx 2
Test Port 3 S13 S23 S33 543 Rx 3
Test Port 4 S14 S24 S34 S44 Rx4
Virtual Array Weights | 1 2 3 4 3 2 1

10
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Figure 4.25 Theoreical PNA-X MIMO radar twoway array pattern

The theoretical 4 dB beamwidth of the PNX MIMO radar with virtual
element weighting of [1 2 3 4 3 2i%]approximately 22 Furthermore, the sidelobes
are almost 30 dB down from the main beam, making this a useatitlenngpattern
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in a laboratory environment to detect targets at different azinthsr processing
techniques similar to those used in the MIMO radar simulation are conducted within
the sgnal processing block such as STC and CFAR-aedraging threshold
detection.The processed radar returns along with the CFAR threshold from the
Simulink model are saved as workspaces in MATLAB for plotting and analysis.

4.5 Experimental Results

4.5.1 PNA-X SignalProcessing Demonstration

Before discussing idepth experimental results in the nsaveral suisectionsit is
important to highlight how some of the processing techniques of theXPNMMO
will impact the radar return. One of the advantages of usmgl#ik is thatan end
user can place a scope or spectrum analyleek anywherewithin the Simulink
model As the data from the PNX is saved as a MAT file within MATLABand
processed in Simulink afterwardbkeradardata can be recalled and analyatadny
time without being connected to the PNA This provides flexibility and allows
analysis of the radar returns fromarious perspectivesby applying different
processing techniquegthout having to retake measurements.
To demonstratepecific processig techniques and the radar picture, a single
8 inch diameteraluminumsphere was plade3.8 m away from the ULA within
RMCb6s anechoi c <Xhvasmdt tar centeffTopezating fieuency of
8.78 GHz witha total sweepbandwidth of 450 MHzproviding a 33 cm range
resolution The IF bandwidth of the PNX was set at 100 kHz while a total of 64
frequency samples were taken across the 450 MHz frequency band providing an
unambiguous range of just over 21 m. The PXAnd ULA setugin the anechoic
chambe aredepicted in Figure 4.2éndthe target can be viewed in Figure 4.27.
Figure 4.28 demonstrates theagnitudeof S5 after an IFFT which
represents singletransmit/receive path for the radar without additional processing
to improve the SNR. As it cabe observed, there is no distinguishable target at 3.8
m. However, as Figure 4.29 demonstrates, after 10 eohertegrationsthe 8 irch
sphere is easily detected over the noise floor. The radar returns near the radar are
higher than desirable in Figu 4.29 so STC isisedto attenuate nearby returns.
Figure 4.30 demonstrates the use of SI&stly, Figure 4.31 depicts the radar plot
for the entire environment using 10 coherent integrations and Figure 4.32 shows the
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threedimensional radar return pletl against the threshold detector of the-cell
averaging CFAR detector. As it can be observed in Figu& th8 8 irth sphere is
detected and exceeds the CFReshold.

Figure 426 PNA-X and ULA setup in R

‘. ' "‘1"" .. .
Figure 4.27 Metallic 8 inch sphere target located 3.8amay from the ULA

89



Radar Retumn
[

[
=
=
=3
E
<

|
10
Range (m)

Figure 4.28 Return of S after an IFFT of a sphere located at 3.8 m
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Figure 4.29 Radar return of the first virtual element after 10 coherent integrati
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Figure 4.31 PNA-X MIMO radar plot witha single target
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Figure 4.32 Threedimensional PNAX MIMO radar plot with a threshold detector
4.5.2 Single TargeBeam Pattervalidation

One significant advantage afMIMO radar over that of a phased array radar is that
it can adjust the number of RF channels to proasfsctively changingts beam
pattern. While using all channels provides greater diversity, the MIMO radar is not
limited to only one beam patterihe MIMO radar can store a set of radar returns in
its memory where the data can be manipulated to create different beam patterns.
Furthermore, it allows for a combination of beamforming techniques, which could
be useful in a low SNR scenario or hostile Elvironments when jammers are
present. For instance, a phasift beamformer can be used in parallel with MUSIC,
ESPRIT or MVDR beamforming techniqude limiting factor in performing these
beamforming techniques in parallel psocessingcapability. f the assumption is
made that there are sufficient signal processing computers thentéoba&gues
could be calculated #te same timand compared against each other for confidence
checks. There armany possibilities to explorand an analysis of bedafiorming
techniques ibeyond the scope of this thesis. Having said that, thisection will
demonstrate how the PNX can change its twavay beam pattern with the same set
of data without having to take additional measurements.
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To demonstrate differenMIMO beam patterns with a phashift
beamformer, the spatial convolution of the antenna elements that form the virtual
array must change. Specifically, certain transmit/receive channels must be ignored
to change the theoretical pattern shown in FiguP®.4 his can be done by either
not transmitting or receiving on antenna elements, or simply ignoring specific S
parameter data when conducting beamformihgluminum3 inch diameter sphere
was placed in the anechoic chamber range of 3.6 m arid&® in azimuth.Once
again, the PNAX was set to a center operating frequency of 8.78 GHz with a total
sweep bandwidth of 450 MHz, providing a 33 cm range resolution. The IF
bandwidth of the PNAX was set at 100 kHz while a total of 64 frequency samples
were talen across the 450 MHz frequency band providing an unambiguous range of
just over 21 m. A total of 10 integrations was performed on the radar returns.

The first experimenused all transmiaind receive channels resulting in a
sevenrelementvirtual array vith weighting: [1 2 3 4 3 2 1]. The results are shown in
Figure4.33 where it can be observed that the experimental data closely resembles
the theoretical beam pattern. The second experiment used the same radar data from
the first experiment, but ignoredl data from the middle two transmitting elements.
This effectively created a spatial convolution to form the virtual array of [L 0 0 1] on
transmission with [1 1 1 1] on reception. The resultant virtual array weighting used
by the phasahift beamformers[1 1 1 2 1 1 1]. Figure 4.34ustrates the results of
the second experiment where once again it can be observed that the experimental
results closely align with the theoretitalo-way pattern.
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Figure 4.33PNA-X beam pattern verification for a virtbarray: [1 234 3 2 1]
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Figure 4.34 PNA-X beam pattern verification for a virtual array: [1 112 1 1 1]

The results from the last two examples show that a Miktarrhas options
to perform bearfiorming on reception and that it is not restricted tiefinedpattern
for a sampling periodThis introduces a set of advantageous that cannot be
implemented in a phased array which performs beamforming on transmission. Fo
instance, the pattern in Figure 4.33 has lower sids|dhé a wider beamwidth than
the pattern in Figure 4.3Fhe beamforming techniques of MIMO are only limited
to the signal processing capacity of the radar platform.

4.5.3 Range Resolution

The next two sb-sections will demonstrate the resolution of #lA-X MIMO
radar system in range and angle and prove that it can distinguish between two closely
spaced targets. Experimental results hdlcompared with theoretical returns #or
steppedrequency contiuous wave waveforniNo papers or references could be
found where an experimental MIMO radar platform was used to demonstrate and
verify the radarés resolution capabilities adg
Section 2.2.2 highlighted some of the important features of stepped
frequency continuous wave waveforms, specifically (2.7), which defines the range
resolution of the radarAs the aim of the experiment is to confirm the range
resolution of the radar, two identical targets were used to ensure the same values of
RCS to notntroduce another variable. The targets used were two cylindrical metallic
objects with the equivalent dimensions of a standard 355 ml soda can. The cylinders
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were mounted on two foam mounts at slightly different elevations so that there was
a direct LOSpath to both targetsom the ULA

The settings for the MIMO radar remained unchanged from the previous
experiment so the theoretical range resolution is 33 cm. Two experiments were
conducted with the targets spaced@d and 40 cm aparthe first targéewas placed
at a range of 3.9 m from the UL#t -4° in azimuthand was used dke reference.
The second target was placed the appropriate distance behind the firsatarget
approximately 20 cm higher in elevation. The experimental radar returns were
compared to theoretical valuasing[16]:

YQQEDAO Q o Q (4.1)

wheren = 1 toN whereN = 64, the total number of frequency steps used in the
experimentSignaln) is the total theoretical radar return of the targets for the™
frequency Ain andAz, are the amplitudes of the return signals where they were both
set to one for plotting purposd®. andR. aretheranges to the two targets whéte
= 3.9 m The ranges amaultiplied by two to account for twavay travel distanceen
is the wavelength for the™ operating frequency. Thé4 returns fromSignal(n)
undergo an IFFT, which is used as the theoretical reference for comparison against
the experimental data.

The first experiment conducted had the targets separated by. #igere
4.35 compares the normalized experimental output of the MIMO radar system with
the normalized expected theoretical return. As it can be observed, the experimental
data closely aligns with theoretical values. More importantly, theré 4sdB null
between the two radar targets meaning that they are distinguishable from one
another. One unexpectegsultwas that the target further awhgd a 2 dB higher
return than the closer target. Referring to Figure 4.17, this is likely due to the second
targetbeing at a higher elevation as thelane element pattemf the microstrip
patch antennhas a larger gain at higher elevatiofise resultant twalimensional
and threadimensional radar plots of this experiment are illustrated in Figures 4.36
and 4.37 respectively. Although the target returns blend together, there is still
enough of a distinction between them for a trained radar operator to distinguish them
as two targets.
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Figure 4.36 PNA-X MIMO radar plot with two targets separated by 40 cm
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Figure 4.37 Threedimensional PNAX MIMO radar gdot with two targets separated by 40

Thesecond experiment narrowed the separatietween the two targdts
approximately 3£m. The expectation with the targets being so close to the range
resolution of the radaxasthat trey would be very difficult to distinguish from one
another. The comparison between the experimental and theoretical results is
illustrated in Fgure 4.38 where,nze again, the experimental results align with the
expected theory. There is less than a hdBbetween theeturns of théwo targets
meaning that a tracking algorithm or a radar operator would likely consider the
returns fromthe two targets as one retuinstead of two Once again, the
experimental return from thiérst target has approximately 2 dB less retwmen
compared with the second target, further supporting the likely cause for this increase
in gain to be from thelement pattern of the microstrip patch antenngss
experiment has shown that a MIMO radar follows theoretical range resolutions and
that it is not hindered by its processing to distinguish between two targets.
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Figure 4.38 PNA-X MIMO radar plot with two targets separated by 34 cm

4.5.4 Angular Resolution

Whereasthe range redotion of the radar is defined by the waveform used on
transmission, angular resolution is defined by the beamforming technique employed
on reception of the MIMO radailhis subsection will verify the experimental
angular resolution of the PNX MIMO radar using a phasshift beamformer and
compare it against theory.

The same two cylindrical metallic targetsre placed arange o4 mand
then separatetly various distances to demonstrate the angular resolution of the
PNA-X MIMO radar. All settings forthe PNAX remained the same as the range
resolution testsThe twoway beam pattern of the experiments use all transmit and
receive channels and follows the pattern shown in Figure 4.25. Using all channels
results in a 4 dB beamwidth at boresight of agpnately 22. The first experiment
separated the targets by 1.2 m, placing them at a relative azim@tanofid 6°. The
experimental angular pattern is compared against the expected theoretical results in
Figure 4.39.
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Figure 4.39 Experimental receed pattern of two targets at 4 m separated By 1¢

As it can be observed in Figu4e39, the results of the experiment agree with
the theoretical received pattern. The two targets are not distinguishable from one
anotherusing phase shift beamforminghen they are at the same range and only
separated by in azimuth. Although not coved in this thesis, it is important to
highlight thathigh-resolutionbeamforming techniques were able to distingtingh
targets and provide an angle of arrivide ESPRIT DOA, Root MUSIC DOAnd
ULA MVDR spectrum bl ocks fr omay tholbd lcouB 6 s Phased
distinguishbetween the targetSo,while a pattern that follows a phased array radar
is not able to distinguish between two closely spaced targets in azimuth, a MIMO
radar has additional processing technigues available thdtecased to distingsh
between the two target&igure 4.40 demonstrates the MVDdpectrum block
providing the angle of arrival of the tvatosely spacethrgets.

The second experimeagparated the two targetsaatange ot m by 2.34
m in azimuth resulting in a sepatiof 36. The results are shown in Figure 4.41
where the two targets are distinguishable from one anothere$uks closelalign
with theory and it is interesting to note the differences in the received signal strength
for the two identical targetReferring to Figure 4.18he H-plane pattern of the
microstrip patch antenna is not uniform, and likely varies slightly for each antenna
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in the fabricated ULA. Not having the same element pattern at all azimuth angles
will lead to differences in transméttl and receivesignal strength

MVDR Spectrum
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Figure 4.41 Experimental received patteofitwo targets at 4 m separated by 36

4.5.5 Multiple Target Detection
In Chapter 3, it was demonstrated through simulation that a MIMO radar can detect

multiple targets within a single CPI without significant loss in SNR or error in angle
when compared to the pged array radar simulation. This ssdxction aims to verify
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that the PNAX MIMO radar can detect and distinguish between three static targets
in a controlled environmenfhe radar settings remain unchanged from previous
experimentsThreealuminumspheresvith 6 inch, 8 inch, and 10 inch diameters are
used as the targets. The targets are arranged in the anechoicrchaurtibstrated

in Figure 4.42 with the PNAX MIMO radar out of the picturto the right.

Figure 4.42 Arrangement of three sphere targets in the anechoic chamber

Using a slowtime coherent integration factof ten the PNAX MIMO
radarsurveysthe entire 120search area and detects the three targets above-ts cell
averaging CFAR threshold. The resultant thileeensional radar picturevith
thresholdis shown in Figure 4.48ccompanied witla topdown perspdive of the
location of the three targets.

Thethree targets are detectelmonstrating that the experimental MIMO
radar system can distinguish multiple targets over a large search area with only a
small number of radar returns. While these targetstatie and in the controlled
environment of an anechoic chambigris experimentoes show the benefit af
MIMO radarbeing able to detect multiple targets in an area without having to
electronicallyscan As demonstrated in Chapter 3 in simulation,leng as the
MIM O radar platform can handle the increapedcessingequirements, a MIMO
radarwill survey an area faster, thdecreasing the time it takes to detect a target,
which in turn increasethetime for anaval warshigo react to a threat
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Figure 4.43PNA-X MIMO radar detection of three targets

4.6 Sumnary

Althoughthe SDR solution for an experimental MIMO radar offered more flexibility
in terms of waveform type, the available equipment at RMC could not support phase
coherent operatiobetweentwo CBX-120 daughterboards within a USRP X310
Furthermore, lte connection betweehee X310with a highend Linux computer
could not meet data rate requirements over &l Ethernet connectigrvhich in
turn limited the bandwidth and range resolution of the radar

The PNAX solution offers a sel€ontained and fiable phase coherent RF
front-end However, wlike a SDR, the transmitting waveform is limited to TDM
steppedrequency continuousiave. It was concluded that the PRAcanbe used
reliably to perform experimentsa MIMO radarwith MATLAB and Simulink b
investigateresearch questions outside of the studyodhogonal waveforms.
Through experimentation, it was demonstrated tH#tMO radarcan manipulate
radar returns in multiple ways on reception to apply different beamforming
techniques after a sirgICPI. Further empirical results showen@ ability of the
MIMO radar todistinguish between two closely spaced targets in range and angle
and how different beamforming techniques can be used to improve the resolution
and detection capabilities of a MIM@dar.
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