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Abstract

Abstract

As compare to singlelement antenna,ngenna arraycan not only achievebetter
radigion performance but also be ablea control theradiation beam.Aiming to
achieve the same radiation performang@arse antenna arsyattempt taninimize
the number ofantenna elementand reduce the mutual coupling between antenna
elementsFor sparsentenna arrayhere are multipleesignalgorithns to optimize
the antenna locationlike nonlinear optimization methodsncluding genetic
algorithm (GA) and simulated annealingRecently a new methodnamed
compresive sensingCS) was proposed.CS could accuratelyrecover the original
signal, everat a sampling rat®wer than the Nyquigtate

This thesisaims to designsparse antenna array the&n achieve better
performance compared witmiform antenna arrgyeducing the cost and optimizing
antenna radiation patterrdoreover, we aim toeduce the computational complexity.
With CS, we start with a linear array and move on to a planar array, wiccmpared
to the results obtainagsing the GAQOur results show that a sparse antenna avitiy
8 elements can h#sed to replace aniform arraywith 100 elementdNext, both GA
and CScan be usa to optimize uniform planar antenna arrayslowever, the
computational time of S is350times shortethan that of GAIn the future, we would

like to apply CS in the design tireedimensioml (3D)sparse arras/
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Chapter 1

Introduction

1.1 Introduction

1.1.1 Background

Antenna transform the input electrical signals froantransmission line into
electromagnetic waed1]. They are widely used in wireless commuations, such
as cellular radios anelevisionbroadcasf2]. Due to reciprocity, amntemacan be
used as &ransmitting antenna @receiving antenngl]. In other words, anrdgenna
is not only a device for radiating radio waves, but also an energy converter. It is an
interface device betweehe circuit andthe space Antenna have manyperformance
parameterssuch as gain, radian pattern and bandwidtf2]. The directionality of
singleelement antenna is limited[3], and it is hard toachieve beamforming
Therdore, antenna arrayvas proposedo achieve better bedorming as compared
to singleelement antennid].

Antenna arrayconsists ofmultiple antennas working at same frequefisly
Antenna arragannot only improve the direction of the radiation ligostrengthen
the intensity of the radiatiof6]. The working principle ofin antenna array can be
regarded as the superposition of electromagnetic waves (electromagnetic lirelds).
general, atenna array can be divided into three categdoiegs dimensionality (1)
onedimensioml array, alsoknown adlinear array (2) two-dimensioml array can be

defined as planar arrdy] and (3) threalimensioml array. Due tothe limited space,
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we focus on onglimensiamal and twedimensional arrays in this thesis.

As there are multiple elements associated with the arrays, the mutuahgoupl
[4] between the elementdegradeghe overall performance ofantenna array§3].
Besidesthemorethe number oantenna elements the antenna array, the higtiee
costto produce the arraj@]. Sparse antenna array ispecial type of phasghifted
antennaarray, whichcan reuce the cosbecauset requires less number of antenna
elementsas compared with conventional antenna atrtiysn not onlyminimizethe
mutual coupling butilsoreducethe array siz¢10]. In particular adjacent antenna
elementsin sparseantennaarraysthat separateby a distancegreater than half a
wawvelength can minimize pealde lobeqd11]. As such,spare antennaarrays have
promising applications wirelesscommunications, radar and remote sensing.

Array signal processing is a significant areahaf digital signal processing
related to beamforminfp] [7] [12] [13]. Beamforming isknown asa technology to
achievedirectional transmission andaeption of wireless signals by using an antenna
array Beamforming algorithm is ey topicof researchs onantenna array8roadly
speakingthere are two types esleamformingiechniguesccording to the bandwidth,
namelynarrowband and widebarmamformind7].

Recently, compressive sensifigS)was proposed toptimizethe locations of
antenna elementwhile achievingthe desired beamforminghis can bedone by
assigning differentveightsto differentantenna elements an antenna arrayFor
example, he CStechnology could recover the origindgdtawith adequate accuracy
even though thearesampledat a ratdower than the Nyquistte In other wordsCS
could recover certain signals and imadesth sparsity)from fewer sampless
compared to conventional methods based on Nyquist Sampling Thgbtgril4].

An algorithm named SPGL1 &pplied together with Ctr the sparsenesd antenna
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arrays SPGL1 relies on matrixector operations and accepts both explicit matrices
and functions that evaluate thesedqurcts[15].

Antenna arays shouldninimize the spacing bhweenadjacent antares, which
is ideallyless than a wavelengtfi3]. Consequently, design of antenna arrays focuses
on theoptimizationof antenna locationd.6]. To achieve the desired radiation pattern
while avoid mutual coupling, it is necessary to design the antennabgrizsing the
minimum numbers of antenna elementhichis the key objective of sparse antenna
arrays Antenna locatioacan be optimized as a nonlinear problddy [17] [18], and
then solved by usingenetic algorithm$17] [18] and simulated annkag [11]. But
these methodstill have their respectivelrawback. For example, theequired
computationatimeis usuallyquite long[19], despite of their slow convergence speed
that makes them difficuto obtain an optimal solutian practical applicationt the
same time, CS implies a more efficient method to optimize sparse antenna array
location compared with genetic algorithm (GA).
1.1.2 Motivation
Through the literature review, it is noticed tlexisting algorithms for antenna array
design have their respective drawbacks and CS is a promising technology to
complement these drawbacks for sparse array del$igmus motivates us to study
the design of sparse antenna array using CS. The objéstiveobtain asatisfied
beanforming patternwhile using theminimumnumber ofantenna elements.
1.1.3 Objectives
The rationale behind CS is to assign different weights to antenna elements in a
uniform array while minimizing the difference betwetre desired bamforming
response anthe designed beamforming response. To realize a sparse antenna array,

the weights shoulthavea maximum number of zeroes and a few-mero values.
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This study focuses on the design of -@wmensional linear sparse array and
two-dimersional planar sparse array. For ahimensional linear array, we use CS to
compute the individual weight for each antenna element based on the desired
beamforming pattern. If the correspomgliweight of an antenna elemastzero, it
means that antenna eilent is no longer required in the sparse array, leading to an
unequallyspaced antenna array. For a fdimensional unifornplanarantenna array,
there aranxn elementslif the weight of antennarrayis zero,the positions of those
antenna elements are no longer exixinsequently, the resultant array is a sparse
planararray

1.1.4 Contribution

Sparse antenna array can avoid grating lobs, however, the tradiseff fromusing
sparse array is their unpredictalblehavior. As a result, it is necessary to optimize
the antenna location. There a®veralmethods to ofimize the antenna location. As
compared with other methods, CS is expected to reduce cost and computation time.
UnderCS, finding optimal antenna locatn can be normalized aslaminimization
problem which is aimed to increase the sparsenesghimthesis,design of2D
sparse array has bestudied with CS. Compared with GES has its advantage of
fast converging speed’he aim of this method is to bring the minimizatiori;aform

of weight coefficient closer to tHg norm. Previous work with CS normally foass

on traditional beamforming, where the steering verst@xactly known In practice,
there are various em® in antenna locains, mutual coupling etc. Ithis thesis,we
havetake into account these practidattors The contibution of this research on
sparse array design using CS inclstert computation time and minimaaumber

of antenna elements tov&athe cost.
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1.1.5 ThesisOrganization
The thesis is organized as follows:

In Chapter 1the background knowledge on antenna and antenna array was
briefly revisited. Then, array signal processing related to beamforming was
introduced. Drawbacks of existifgeamforming algorithms were discussed, which
motivates us to study how to apply compressive sensing in the design of sparse
antenna array. The design objectiwesre briefly outlined, followed by the thesis
organization.

Chapter 2rovides a thorough resv of the literature related to sparse antenna
array It starts from the basic antenna theorémenmoveson toantenna arrayd.he
key connection between themtige theoryon beamformingNext, different types of
beamformingtechniques are discussedlldaved by different algorithirs to sparsify
antennaarrays Finally, CSis briefly introduced followed by he model for radiation
pattern calculatioand the chaptesummary.

Chapter 3 focuses on the design of-dimaensional sparse antenna array using
CS.Toachieve th@ptimizationof antenna locatiof16], the problentan be solved as
a weight assignmeriroblem[14] [20]. CSforms a basis method to design sparse
antenna arrays anubtain a satisfied beamformirmattern[6] [21]. Starting with a
uniform antenna arrg$], we can obtain the response ofeanmta array of conventional
antenna arrayjbcalculating antenna weights and steering vectal. Furthermore,
for the sparse antenna arraye ilse SPGL1 algorithms tbtainthenormly [15]. The
purpose is to removihose antenna elements with a weight value equaéto or
approxmatdy zero to achievea sparse antenna arrdg]. This chapterbriefly
discusesonedimensionalsparse array design by CS. Talgorithmhas described

and numerical results are provided, followed by the chapter summary
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In Chapter 4the design isexpan@&dto atwo-dimensioml antenna arraywe
start with @ mxn uniform planar array. For sparsenessagflanar arraywe usethe
SPGL1 algorithmto optimize it.Besides theCS method, GA algorithmare also
discussed, whicbhses the model gimulating natural evolutionary processes to screen
antenna weightBy removng those antenna elements with a weight valuseobor
approximatéy zero,a sparse antenna array can be obtaisedomparel with CS GA
has longer computatiahtime. In this chapter,he first part brieflyintroduces theGA
method includingits advantage and disadvantateimerical experimentsave been
described and performance comparison of CS and GA methods is provided, followed
by the chapter summary

Chapter concluces this thesiandpresents possible future wardated to this

topic.
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Chapter 2

Literature Review

2.1 Fundamentalsof Antenna

Antennas become popular with the flourish of wireless communicafitjs
Antenna is a conveet that transforms thelectrical signals fed byteansmission line into
electromagnetic wavesvhich are propagating in the unbounded mediy®]. Due to
reciprocity, an antenna can be used as both a transmitting antenna and a receiving antenna
with a transmit / receive switch (T/R switd2)], thus he axtenna is &ey componenin
the radio frontensl to transmit or receive electromagnetic waJ@8]. In practice,
antennasare widely usedfor cellular communicationstelevision radar, navigation,
remote sensing, radio astronomy and other engineering S/&2n
2.1.1 Typesof Antennas
There is not a unique taxonomy for antenna typesording to the nature aintenna
characteristicsit can be divided into transmitting antennas eskiving antenna2]
[24]. By applicationsit can be divided intaellular radioantenna, radio broadcasting
artenna, television antenrsaradar antenrsaand so ornf22]. According to directivity,
antenna can be categorized intdirectional antennas andmnidirectional antennas.
According tooperatingwavelength ffequenciey it can be divided into ultrbong wave

antenna, long wave antenna, medium wave antenna, short wave antenna, ultrashort wave
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antenna, microwave antenna and so[22]. According to the structure and working
principle, it can be divided into wire antennas and surface antennas.

According todimensionality it can be divided into two types: cdémensioml
antenna and twdimensionalantenng7]. For onedimensioml antenng, they usually
consist ofmany wires. Unipolar and bipolar antennas are two basic-dineensional
antennasFor two-dimensional atennastheir shapes vary frortaky (a square metal),
array (vell-organizedwo-dimersional pattern), trumpet shapedsecer shaped.

According to the diffeent use scenarigsantennas can be divided into three
categorieshandheld antenrgvehicular antennaandbasestationantenna.

1 Handheld antenna ian antenna used for personal hhafil devices such as
smartphones, or walkimlkies[22]. For handkld antennas,here are two main
typesd rubber antenna and pull rod antenna.

1 Vehicular antenng used on vehicles, wheeecommon type isucker antennas
Vehicular antenna include quarterwavelength antenna, central sense, 5/8
wavelengths, dual 1/2 wavelengths and other forms of antenna.

1 Base station antensaplay a very impdant role in the wholecellular
communication system. The commdase station antennas are fiberglass high
gain antenna, four ring array antennagl{ering array antennand directional
antenna

2.1.2 Antenna Characteristic Parameters
Antenna parameters deibe basic antennaroperties, as well as theperformance
metrics Characteristic parameters of antesrae radiation patterngain efficiency,

directivity coefficienf input impedance, radiation efficiency, polarization and
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bandwidth.

2.1.2.1 Radiation Rttern

The antennaadiationpattern is also called the radiation patterrihe farfield pattern.
Theradiation patterrof antennass a mathematical function or graphical representation
used to represetheantenna directivityBecause theeciprocityprinciples, the radiation
pattern ighe same foantennan thereceinng or thetransmiting modeg22].

The antenna pattern can be divided into horizontal plane pattern and plumb surface
pattern. Antenna pattern is an important figure to measure the performance of the antenna,
and the parameters ah antenna can be observedrh the antenna patterim order to
comparethe directional pattern characteristics of various antennas, some characteristic
parameters are required. It mainly includes main lobe width, sidelobe level, front to back
ratio, directional coefficient, whichra discusses as follows.

1 Main lobe width is the physical quantity that measures the sharpness of the
maximum radiation area of the antenna.

1 Sidelobe level is the level of the first side lobe nearest the main lobe and the
highest level, usually expresseddecibel.

1 Front to back ratio is the ratio of the maximum radiation direction (forward) level
to its opposite direction (backward) level, usually in decibel units.

9 Directional coefficient is the ratio between radiation power flow density of
antenna in ta maximum radiation direction and ideal ndinectional antenna
radiation power flow density with the same radiation power at the same distance.
Because the antenna pattern is usually looks like a flower, it ikiadson ashe

lobe map. The beam withime first zero radiation direction is called the main lobe on
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both sides of the maximum radiation direction. The beam opposite to the main lobe is
called the back flap. The beam between the other zero radiation directions is called the

sidelobe.

. Major lobe
First null beamwidth

(FNBW)

Half-power beamwidth
(HPBW)

Keg

Minor lobes ~ Side lobe

Back lobe
// /
P Minor lobes

Vs

Figure 2.1 Radiation lobes andbeam width of an antenna pattern[2]

Antenna gain can be defined as the ratio of the actual antewsa gensity to the ideal
radiation unit generated at the same point in the space when the input power is equal. It
guantitatively describes the degree of input power radiation. Antenna gain is used to
measure the ability of antennas to transmit and resgivels in a specific directiofror
example, ti is one of the most important parameters for selecting base station antennas.
Antenna gain is very important for the quality of mobile communication system because
it determines the signal level of the celiige. Increasing the gain can increase the
coverage of the network in a definitgrection orincrease the gain margin within a
certain range. Any cellular system is a tway process, increasing the gain of the
antenna can reduce the gain budget of tki@dutional system. The gain is obviously
related to the antenna pattern. The narrower the main lobe of radiation pattern, the

smaller the sidelobe and the higher the gain. Generally, gain enhancement mainly

10
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depends on reducing the width of the verticaliaing lobe, while maintaining the
omnidirectional radiation performance on the horizontal plane. The antenna gain cannot
be obtaineddirectly from radiation patternbut the directional coefficient is obtained
from the radiation pattern. Antenna gamthe product ofdirectional coefficientand
antenna efficiencyThe direction coefficient isusually greater than the gairnThe
directivity is calculated by measuring the radiation pattetatedto the gain. This can

be written by approximatg the integal as a finite sunilhe efficiency is the ratio of the

peak gain to the peak directivif®2].

2.1)

oo

2.1.2.2 Directivity Coefficient

To determine directional coefficientef directional antennas, ide@mnidirectional
antennas are usually used as the criteria for compafsoquantitatively describe the
intensity of antenna direction, the ratio of the power density at the maximunmiaadiat
direction in the far field and same power density of dmenidirectionalantenna is
defined as the antenna directivity coefficiehtcording to the above definition, because
the radiation intensity of the directional antenna varies in all directibasdirectional
coefficient of the antenna varies with the position of the observation point, and the
directional coefficient is the largest in the direction of the maximum radiation field.
Generally speaking, the directional coefficient of the directianéénna should be taken

as the directional coefficient of the maximum radiation directibhe directivity

coefficient carbe used t@ompare the strength of different antenna directivity.
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2.1.2.3 Input Impedance

The connection between the antenna and the fegdmiled the input or feed point of
the antenna. For wire antennas, the ratio of the voltage to the current of the antenna input
is called the input impedance of the antenna. For surface type antennas, the impedance
matching propertyf the antenna is ually represented by voltaggandingwave ratio
(VSWR) on the feeder. Generally, the input impedance of the anteramaniglex The
real part is called input resistance, expressdg],iand the imaginary part is called input
reactance, expressedxn

The input impedance of antenna is related to the geometry and size of the antenna,
the location of the feed point, the working wavelength and the surrounding environment.
When the diameter of the antenna is relatively large, the input impedance charnlyes gen
with the frequency, and the impedance bandwidth of the antenna isWl@g.antenna
array is considered, ¢hantennaelements in the array interact in a complex way. This
phenomenon is callethutual coupling The result makes the curremm oneantenma
elementnot only related to its own excitation, but also related to the current on the
adjacent antenna

The main purpose of studying antenna impedance is to achievepkdance
matching between antennas and feed€smatch the transmitting antennathvthe
feeder, the input impedance of the antenna shoutdjbaito the characteristic impedance
of the feederNext,to match the receiving antenna with the receiver, the input impedance
of the antenna should be equal to the conjugate complex of theripadance. When the
impedance of the antenna is complex, it is necessary to use the matching network to

remove the reactance part of the antenna and to make the resistance part of the antenna

12
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equal.

2.1.2.4 RadiationEfficiency

Antenna efficiency refers to thetro of the power radiated by the antenna,(tlee
powerthat is effectively convertetb electromagnetic wagg to the active power input
to the antennal’he ratio should ba constant less thamity.

The efficiency of antenna is generally definedhesratio of the radiation power to
the input power of the antennahichnaturally connects the directivity coefficient and the
gain.Antenna efficiency measesthe quality of the antenna and the loss of the echo at a
predetermined frequency.ift obtanedthroughthe specific heat capacity of the antenna
according to the material of the antenna. The antenna is divided into multiple equal parts
according to the area. When the antenna reaches the heat balance, the temperature values
of each equal workingemperature and the ambient temperature around the antenna are
measured, and the dissipative heat of the antenna is calculated according to the specific
heat capacity, the mass, the working temperature value and the ambient temperature
value, the input poer of the antenna is calculated according to the predetermined power

and the echo losé&ntennaefficiencyis calculated by input power and dissipative heat.

2.1.2.5 Polarization and Bndwidth

Antenna polarization is the parameter to describe the vector spactodiref antenna
radiation electromagnetic wave. Because of the constant relationship between electric
field and magnetic field, the direction of polarization of electromagnetic radiation is
usually taken as the direction of the space vector of the eléetd.

The polarization of antenna is divided into linear polarization, circular polarization

13
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and elliptical polarization. Linear polarizationsaldivided into horizontal polarization
and vertical polarizatianSimilarly, circular polarization isuldivided into left circular
polarization and right circular polarization.

Linear polarization can be da&d by a confinement of the electric field to a given
plane along the direction of propagatio@ircular polarization has the following
properties: (1the angle between the polarization surface of the radio wave and the line
surface of the eartbhangedrom 0~360 degree periodicajl{?) the size otthe electric
field is constant; (3)he direction changes with timé) the trajectory of the end of the
field vector is projected as a circle in the plane perpendicular to the direction of
propagation

The antenna bandwidth is generally related to the working frequency, which
ensures the range of the allowable frequefocyhe designecklectricalparameters. The
working bandwidth of the general omnidirectional antenna can re&gh & the working
frequency range, and the working bandwidth of the directional antenna can 1£d%h 5

of the working frequency.

2.2 Antenna Array

In a communication systenespecially in a point to point communication system, the
antenna is required toe directional. In other word#he antenna can radiate most of the
energy at a certain direction. However, a single symmetrical antenna increases with the
electrical length ofthe symmetrical antenna arm. The main lobe of its direction is
narrowed,and the directionality will be improved. However, when the power length is
greater than 0.5, the reverseremt will appear on the antenna. Thidl cause the main

lobe to becomersaller and thesidelobe largerdegrading thelirectivity of an antenna
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It is not feasible to increase the direction of the antenna by increasing the length of the
antenna. Therefore, antenna arisagroposed

Antenna array is multiple antennas workingsame frequencynstead of one
single antennaAn array has two or more antenna elements which spapiediguce a
directional radiation patterj25]. Antenna array not only improsehe direction of the
radiationbut alsostrengtheathe intensity of the radiatiofhe working principle of the
antenna array can beegarded as the superposition of electromagnetic waves
(electromagnetic fields). For a series of electromagnetic waves, when they are transmitted
to the same area, according to the superposition principle, the electromagnetic wave will
generate vector supmsition. The result of superposition is related not only to the
amplitude of electromagnetic waves, but also to the phase difference betwegehiiem
are many different types of antenna arrays includingight row arrayyertical array,
endfire array, round rod antenna etc.

1 The straight row array is a type of the vertical array, and each antenna element is
placed along the same straight axis line. They are omnidirectional in horizontal
direction, but the radiation angle in the vertical plane islsimaérefore, they are
suitable for making very good base station antennas for mobile radio systems.
Many cellular wireless systems and base stations of PCS systems use straight row
arrays

1 The vertical array is the array that antenna units are arrangeslsame direction
as multiple columns. The spindle of the array is perpendicular to the spindle of the
unit, andcan form a vertical array, so that the spindle is placed vertically.

Although the antenna element in the array is not straight row, il imstie same
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phase. The polarizing method of array iseliéint from straight row array.

The dipole antenna is an example of -inel array. The cross connection of the
feed lines of each adjacent antenna element in the above array is changed to
paralld connection, which makes the phase difference between the two antennas
adjacent to each antenna element is.IBfe radiation from an antenna element is
counteracted with adjacent radiations in the vertical direction.

Round rod antenna also wssthe dipole antenna elemerftor example, the
performance of the rod antenna in the horizontal plane is obtained, and the
polarization mode is horizontal. The difference between the feed phase of the
dipole antenna is 90The rod antenna is often used FdA broadcast reception. In

this application, the rod antenna does not need the rotor to show proper
performance in all directions.

For smart antennaignal processingit can be used in two types of array

systemd phased array systeand alaptive array syems(AAS). Phase array systems

have dixed patterns numbgg6], it can be switched tthe required patteraccording to

the desired directionAdaptive array systems use to adaptive beamforniinigas an

infinite patterns number that can adjust the requirement in reaj2idhe

The waking principle of the antenna array can be regarded as the superposition of

electromagnetic waves (electromagnetic fields). For a series of electromagnetic waves,

when they are transmitted to the same area, according to the superposition principle, the

electromagnetic wave will generate vector superposition. The result of superposition is

related not only to the amplitude of electromagnetic waves, but also to the phase

difference between them.
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The phase composition of electromagnetic waves consists @ plamts: time
phase, spatial phase and initial phase. As far as the initial phase is concerned, the initial
phase is determined when the transmitting antenna and the working frequency are
determined, and the time phase is determined at the time of thenézrcof several
columns of electromagnetic waves. Only the space phase may change, because the
electromagnetic waves from each unit of the antenna array are different, and the
electromagnetic waves from each other are transmitted to the same conneuotion. T
spatial path of the area is different, which results in different spatial phase values. It is due
to the difference in the spatial phase caused by the electromagnetic wave transmitted by
the transmitting antenna in different positions to the same iagearea, which will
inevitably cause several electromagnetic waves to form the same phase superposition in
the meeting area, the total field intensity enhancement, the reverse phase superposition
and the total field intensity weaken. If the enhancemeditvagakening of the total field
intensity is relatively fixed in space, the structure of the radiation field of a single antenna
is changed by the antennaagr, which is howthe antenna array changes the size and

direction of the radiation field.

2.2.1 Electromagnetic Waves Superposition

Array antenna canachieve interestingadiation characteristicthat aredifferent from
conventionakingleelementantenna. It can form stronger radiation pattdsg pointing

its main lobeo adirectionin the space becauiee radia¢d electromagnetic waves from
multiple coherent radiation units are superimpogedshown inFigure2.2, the resultant
radiation electromagnetic waves be strengthened in some regions and weakened in other

regions
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Figure 2.2 The superposition of electromagnetic waves
The continuous current distributi@ppears discrete asveral small parts. The radiation
field formed by small current can fully replace the original distribution of the contsnuou
current. This is the theoretical basis for the existence of array antennas.

Furthermoreit is possibleto use several small parts of current in antenna arrays
instead of the continuous current distribution of single antemaahieve more benefits
The current distribution on the conductor or medium as an antenna depents on i
boundary conditions. Once those factors, includimgterial type shape, structure,
installation position, and excitation mode of the antenna are determined, the distribution
of current on the antenna is determined. It is difficuleeenimpossible to adjust the
distribution node of the current and form certain requiradiationpattern Because the
radiation characteristics and radiation field are also determined, it isutlifioc one to
performthe adjustment and control.

However, whera single antenna isicludedas a radiating element ian array
antennge.g.,composed ofnultiple radiant unis), the objective current distributiazan
be controlledby adjustingthe amplitudeand phase of feeding signal to each small
radiating unit. This method can be used to obtailesigned antenna radiation

characteristics without changing taetenna material, shape and structure. givies us
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the primary advantage of arragtanna.
2.2.2 Principles of Pattern Multiplication
Consideran array antenna adopting similar or identical radiagtemens, without
considering the mutual coupling betweatljacentelemens, it can bededucedhatthe
normalized direction oéach element ihe same.

Since the element factor only represents the radiation characteristiashofinit
of the array antenndt dependson not onlythe form but alsothe direction of the unit.
Therefore, the unit factor is the normalized pattern function of sargkenna element at
the origin of coordinates. The array factor is only dependent on the shape of the array,
the interval of the element, the amplitude and phase of the element excitation current,
which is independent of the form and orientation of thenel&. The unit factor and the
array factor are independent and separable, which determine the radiation characteristics

of the array antenna separately

Define the element factoas f (g, ) andthe array factoras f,(g, /). The

array radiation pattern can beittenas

f(@ A=1(.9) Pf.(, X (22)

This isknown aspattern radiaon multiplication principle. Based on this theorem, the
radiation characteristics of the array antenna are only determined by the organization
mode of the array. The radiation characteristics of the arrayrenteam be obiaed by
multiplying the array factor and element factbrgure 2.3 illustrates this principle more

clearly.
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Figure 2.3 Radiation multiplication principle

Suppose element factof,(g, /) is symmetric ellipse andhé array factor f,(g, ) is

vertical ellipse.The antenna radiation pattemthe common area of element factor and
array factor.

2.2.3 Uniform Linear A rray

Uniform linear arrayis considered asn array with M antenna elemesitwhich are
locatedwith equal spacingThe firstantennareceives thesignal Xo(t) and the second
signal X, (t) received by the secorahtennaFinally, (M-1)" antennaeceives the signal

asXy-1(t). wo, wy, € wiy.1 arethe weights of the array.

- % (1)
4\50 x

X (1)
O C y(t)

Q XM-l(t) @ /

Figure 2.4 Uniform linear array with 0~N antenna elements.

= 2

Figure2.4 shows ararray withM elements that are uniformly locategteering vector is
the array response e®r, which is also known as directiahvector.d is the distance

between twantennalements./ is the wavelength.
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1 d 2 3 M

Figure 2.5 An Equal spaced linear array with M elements.

2 : . . . .
Tpdsmq is the phase difference between two adjacgriénna elemesitThe steering

vector is

'Zpd sing jM- 1)2—/'% sin g

S(g) = ZL e/ .. e (2.3)
e

The array beam pattern can be defined as
B(g)=w'S ¥ (2.4)
w is the weightoefficientof array w can be expressed as=[w,, W, -+, W, ,].

Whenw is uniformed the beam pattern can tefined as

1 sin(M sing )
B(g)=——
M

(2.5)
sin(’D/d sing )

Whenn=0, the maximum value oB(g) isthemain beamWhenn equals other values,

the maximunvalue of B(g) is aside beam

When sinq:nﬁ,sin q,na/ n %£2--, B(g) is 0, B(g) is at the zero
point. The first zero point is at sing :nﬁ , the width of the first pair of zero point is

Zﬁ. Half frequency main beam width isl\;_d If the maximum response direction
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adjusedto / direction, the beam pattern can be written as

sinf?Md ';"d

(sing- sin g)]

g & (2.6)

B(g) =— ¢

M

NS

sin[p/oI sing- sin g]

To ensure there is no side lobe betwee% @ Jeg the following condition is

required:
d 1
—¢— 2.7
/[~ 1+|sin ¢ @7
p p: d 1 . .
If - P @, 2,Thus, 7¢§'If u=sing, B(u)can be written as
1 sin(mu)
B(u):M# (2.8)
sin(Tu)

2.2.4 Non-uniform Linear A rray

Minimum redundant linear array is a typical pamform linear array. It is widely
applied in radio telescopes and microwave radiometkich receivesignals fromthe
observed objecpassively The received signal is uncorrelated. It uses interferometry
techniques to obtain different outputs of base line. The longest base line decides the
spatial resolution. The integrity of other base lines decides the coverage of spatial
frequency. Minimum réundant linear array utilizedhe minimum number ofantenna

unitsto obtain the longest base line while mainitagrthe coverage of other base lines.
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Figure 2.6 A diagram of minimum redundant linear array
From Figure 2.6, there are four units located at2,,5, 7. The combination of location
difference is from O to 6 and at least one combination is existing. The optimal minimum
redundant linear array can blefined as there are no same number from the location
difference combination except 0. If the number of units exceed 4, the minimum
redundant linear array is naptimal. The sparseness aharray is a selection problem
related tahenumber of possiblantennadocatiors.
2.2.5 Planar Array
Planar arrays are versatile, widely apglim tracking radars, remote sensing and
wireless communication®\ planar array can be defined as an array with all the array
elements located at a same playias the elevation angle whilé is the azimuth angle.
As shown inFigure 2.7, let us onsider a model o& linearantennaarray system
consisting of fou antennasvith one desired signal and one interference sighalP;,

.-+, Pu.1 are the array elements located at a planar array. The steering vector is
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S=¢g- . (2.9)

wherek is the wavenumber.

5 (‘gcos/' sing
k=2 gcos/ cosqg (2.10

g sin/

Thearray beam pattern can be defined as

M-1
B(u,u)=a w..expgik (CnU +¥ ) (2.12)
m=0
u, =cos singu, =cos jcos , k,=|K =2/£ , Xm is x-coordinate of m. y, is

y-coordinate ofn.

2.3 Beamforming

Beamforming is a technolody achievdocused wirelesransmission by using a digital
signal processof20] [27]. Beamforming techniques can be used to create a desired
required antenna directive pattetn achieve required performance under certain
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conditions[26]. It is usudly usedwith an antenna array systg26].

Beamforming algoritm is the core content of smart antenna reseaksha
powerful signal processing method, beamformiisggenerally appliedn radar and
wireless communication systenThis method has its advantage of avoiding the noise and
interference byhoroughlyprocesing the received signal.

As a traditional filter, bamformingcan be refeed to & the space extensigh9].

This method is used to obtain ttiesignedsignal while reducéhe noise and interference
[28]. In addition, it is noticedthat DOA estimation is frorénd procssing of the

beamformind29].

Signal
Source ([} —
e — . Signal
: Computation R
/ A/D Conversion Engine » Output
Sensors (:O—’ -

Figure 2.8 A digital beamforming system

The sensorof arrayare responsibléo receive the signals'he signalsdrom the signal
source are transmitted tbe computation engineDuring the transmission, signals will
be sentthrough theanalogue to digita{A/D) conversion[30]. The desired signak
obtained after these processes.e Tobtainedsignal will be the output for further
processing31].

The beamforming algorithm can be divided into an adaptive algorithm based on
direction estimatiorf32]. A method based on a training signal or a reference signal. The
beamforming method baseoh the signal structure; it is divided into a Adimd

algorithm and a blind algorithm based on whether a reference signal is needed.
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The adaptive algorithm based on direction estimation can divided into two cases.
In the first case, refang to the diection of the user signal, adaptive weights can be
calculated according to different criteria, such as linear constrained minimum variance
criterion, maximum likelihood criterion and maximum signal to noise ratio criterion. In
the second case, the directiof the reference user signal is unknown. At this time, DOA
can be estimated according to multi signal classification (MUR4@]) rotation invariant
technology,estimaing signal parameters vibrational invariance techniqlisSPRIT)
[33] and so on. Although this method is more convenient in analysis, it has some problems

such as high computational complexity and high sensitivity to errors.

2.3.1 Narrowband Beamforming

Narrowband means that the bandwidth of the impinging signal should be narrow enough
to make sure that the signals received by the opposite ends of the array are still
correlated with each other

Signal of interest(SOI) including nose and interferencean beobtainedfrom
specific directions. The sensdrem different positions collected the spatial samples and
aimed to eliminaté¢he interference signal81]. Figure2.9 shows a simple structure base
on a linear array. The outpy(t) at timet is given by an instantaneous linear combination

of these spatial sampl&g.1(t).

y(t) = a. XWl(t)V'/;A 1 (2.12

m=0

where” denotes the complex conjugate.
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JY(M)

Figure 2.9 General marrowband beamforming structure

Imagine there is an impinging complex plane wald, w is the regular
frequency. g is DOA angle. Ashown inFigure2.9, let us @sume the phase is 0 at first
antennaThen the signal received by the fiesitennds x,(t) = €* , and by theM-1"
antennais x,,_,(t) =" 2 m=12;.- .M -1 ¢,,_, is the propagation delay for

the signal fromantenna to antennam. Then the beamformer output is:

M-1
y()=€e"gq "%, , (2.13)

m=0

If ¢,=0, The response of bedermer can be written as

P 9=8 e = d 1) 214

where the weightoefficientw hasthe M complex conjugateoefficients of the

sensorw is given by,

W=[W,, W, oo W, 4] (219

d (r ,g) which refers to steering vector can be given by
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S=dw, g FfFe'i... g Wn]’ (2.16)

Steering vectors alsorefetred to asdirection vectorBecause a steering vector

means several sets of phase delytane wave experiences, evaluated at a set of array

antenna elementf®2]. The phases are specified with an arbitrary of&gh[2]. The
operators{.}T and {}H aretrangose and Hermitian transpose, respectij@ly

The signalshave same angular frequencywand wavelength/ . DOAs are
differentwith ¢ and g,. d(g, Ww=d( ,¢ )
e iwia( 1 — e'j WA 2) (217)

The response of the uniformly spaced narrowband beamformer is

M-1
Pw, g=8 """ 7w, (219

m=0
From (2.18), the amplitude responsesult |P(W, c)| with / defined as direction
of arrival angularcan be obtained|P(W, c)| is the beam pattern. Itescribs the

sensitivity of the beamformer.

BP=20log, Pa. % 2.19)

max{P @, W

2.3.2 Wideband Beamforming

Narrowband beamforming structure has a degraded performance when the signal

bandwidth increasedn wideband beamforming, (TDLs) or the FIR filter can be
performed a temporal filter tdorm thedependenfrequencyresponse of each received
signals[7]. Sensor delay lines (SDLs) can be used toeaghthe frequency dependent
weights [7]. Ideally, he response 080l cannotbe changedand interfering signal
responseshould beequal or close taero. Figure 2.10 shows a general wideband
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beamforming structure

% (1)

Array sensors

Xu-1()

Figure 2.10A general structure for wideband beamforming

The weigh coefficient can beexpresseds:

(2.20)

where each vectowj, i =0, 1, - - ;1 1, c 0 Mtcaniplaxsconjudate
coefficients found at thi tap position of thé TDLs, and is expressed as:
W=V, W - w17 (2.22)
The weight coefficients should beconstantin narrowband beamforming

Therefore, narrowband beamforming structure will not be usefuthéenwideband

beamforming sticture.
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Thewideband beamformingesppnse is

M-1J 1 B
y=a axw.(t -iTy Jw, . (222
m=0 i ©

j - 1 is theamountof delay elements.

2.3.3 Adaptive Beamforming

As indicated by the namedaptive beamformingan configure the antenna radiation
responseby using aaptive beamforming algoriths iterativelyto approximate the
optimum weightsAs one of the core of adaptive array signal processing, the adaptive
beamforming algorithm is developing very fa&taptive beamforming began with the
pioneer work of Howelld34] and Applebauni25]. Since then, many beamforming
algorithms were developedhe traditional adaptive beamforming algorithm is derived
under ideal conditionsHowevery in practicalapplicatiors, it has difficulty in handling
various modekrrors, such as array position error, channel error, mutuglliag and
interference coherend@5]. This leads toperformancedegradationof the traditional
adaptive beamforming. Therefore, it is necessary to study the robusthagsptive
beamforming algorithni20] [36] [28].

The early representativadaptive beamforming algorithmwas a multipoint
constrained LCMV robust beaoriming algorithm[37]. In order to deal with low output
signal to noise ratiSNR) caused by the ermgrcovariance matrix method was
proposed to estimatthe adaptive beamforminfp]. Nowadays,robust beamforming
algorithm is based on sample covaraocfeature subspadgés].

Adaptive beamformer can be regarded as a frequency selectivg3aiemhe
purpose of this method is tmitigate the effect ofnoise and interference signals.

Adaptive beamformingombines the signaproperties received from theraysto form
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a desired radiation pattern
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conversion > O \
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Antennam Front of the RF and A/D Wi /
conversion it O

Adapted signal
processing

Figure 2.11 Adapted antenna array system

Figure 2.11 shows atraditional antennaadaptivearray structure It consists of three
part® antenna array, radio frequency frontend (includthg A/D conversion and
adaptivesignal processingection It is designed such that the performance is optimized,

and the noise output is suppressed.

The robust adaptive beamformenpffers better capalility of resoluton and
interference suppressidhantraditioral adaptivebeamformer. That is why researchers
are interesteth improvingoptimizationalgorithms of robusadaptive beamformer in the
past decade.

2.3.4 Conventional beamforming
Conventional beamforner adopts fixed beamforming [39], or the delayandsum
beamformer{40]. The magnitude weightsf the array are equal. Therefore, italso

known asthe simplest beamformeFhe phasef excitation current fed to each antenna
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element in the array provides us a methodsteer the array &mna in a particular
direction [41], which is defined & the look direction[40]. This weighied array has
desiredresponse in the look direction.

The weightof arraycan becalculatedas:

w==S 2.23
L (223

Theconventionabeamformer can beonsidered as shown kgure2.12.

Elementsl

s :
f\‘ ? (t- )
Element2 _
St T)
: 0.5

Figure 2.12 The structure of two- element conventionalbeamformer [40]

Output

Figure2.12 showsa two-elementarray.Set the spacingbetween thgetwo elementss d.

T is the time delay.

—
Il

cosg (2.24)

ol

2.4 Sparse Antenna Array

The sparse antenna array is a special type of phase antenna array. The amégisn
become increasingly important because it can not only provide a steerable beam but also

a diversity @in in multipath signal receptifiti7]. In addition, it can reduce the cost of
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normal antenna array. The sparseness mieaves elements in antenna array, but it can
achieve better performance. It is widely applied in telecommunications, radar and
remote sensing.

As there are multiple elements associated with the arrays, the mutual coupling
between the elements reduced the performance of antenna[l8}aydoreover, it
increases the cost and weight. The sparse antenna arrays can not only avoid the mutual
coupling but also minimize the array sizeurthermore the adjacent sensor in sparse
arrays are separate by a distance greater than half a wavelength to avoid sidd Jobes

Sparse antenna array of particularly use in many applications where the weight
and size of antennas are extremely limjte@] [42], such as Ipased array radar, satellite
communication$43], [44], [3]. Up to present many analytical models were proposed for
the antenna problem, such as De@hebyshey45] and Taylor methodgl6]. This kinds
of methods generallgased on an assumption that the antenna element is equally spaced
with a uniform distribution, thus requiring a large number of antenna eld¢8jent

Antenna array is used to replace single antenna bedaaisadiation of antenna
can be improved and higher gaian be achievedesides, antenna array can do better
beamforminglue to phenomenon of interference, multiple radiation waves to enhance the

power radiated in some specific direction.

S O O O O

Uniform Antenna Array

O

Sparse Antenna Array

Figure 2.13 Comparison ofuniform antenna array and sparse antenna array.
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Sparse antenna array can achieve a desired radiation pattern with the minimum number

of antenna elements.
2.4.1Existing Design Methods for Sparse Arrays

2.4.1.1 Design with Annealing algorithm

It is a multivariable optimization problem to determine the optimal location of sparse
array elements. Simulated annealing (SA) algorithm is a heuristic search algorithm, it
can avoid the lcal optimal solution. It was first used to study combinatorial
optimization problems. It is based on the similarity between the metal annealing process
and the general combinatorial optimization problem. When solid is cooled from high
temperature to low teperature, the particles inside the solid are gradually ordered from
disorder, reach the equilibrium state at each temperature, Finally, the ground state is
reached at normal temperature, internal energy is minimized. The probability is larger
for acceptane of new state with higher energy than the current state at high temperature.
Conversely, the acceptance probability is small of new state with higher energy than the
current state at low temperatyfs&]. When the temperature is zero, there is no chance to
accept the energy of new state is higher than the current state.

Assumethere areantenna elements (subarray)equally located from 1 oM is

the number of elementB.is the optimal location vector 8. P=[1,2,--- 11,,,, Jis the
unity vector, J=[1,1---1},,,, the objective function imin(M), because the equivalent

phase center is located between the middle of receiver and transmitter subarray. The

constraint conditons are, 1 . 3-0.5, 4 F(M8,
FIM)=(Poy dian i B/ 2 (2.29)
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F(M) is an aperture synthesis cycle which obtain all set of the phase centers.
Because the sum of the locations of any two elements in a half times array should
include 1 , 1. 51;0.5 2he loaatjon ofl, 2,1-1 and| has existence of physical
subarray. Thee four locations can be fixed constant and no need to optiRisethe
location vector of subarrays after optimization. Because the linear arrayinasetric
characteristicsP should satisfy

e Pm=a (2.26)
iPM-m+4) F a1

3 & ®2,B0O m -Q Thé number of phase center2is-1, the distance
between phaseenters is the half of minimize subarray distance.

The number ofphased centavbtained fromsparseantenna arrays for multiple
input and multiple outpudndthe objective array cabe equivalentto annealing internal
energy.

The procedure of simulatethnealing algorithm is as follows:

1 Initialization: Set the initial temperaturg, the number of iterations at each
temperature i€, annealing rate is r, according (@25, the initial sparse array
location vectoiP.

1 Stepl: fom=1, P) carryéou steps3 to 6

1 Step 2: according to the formula (25), randomly change the location of the two
elements of the array to get a new array;

9 Step 3: calculate the sum of any two locations of half current array and half new

array, the missing numbersintheresultat 1 . 3-0.5,[2arek, @ndk.

1 Step 4: if k<ko, a new array layoutan beobtained if k ko, and €*"¥'® > x the
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new array layouttan also be accepted is a random number that follows a
uniform distribution between 0 and 1;
1 Step 5: if the termination conditiok =0 is satisfied, then output the current array
configuration and terminate the program;
1 Step 6: T gradually decreases with speed =r x T, andTe > 0.1, and then
return to step 2.
Higher temperature corresponds to a higher probability of a poor array formation. At the
beginning of optimization, the temperature variables can be setehigiighbecause
high temperature can provide a perturbation that jumps out of the local optimization to
achieve global optimization. With the optimization, the temperature is gradually
decreased. and the probability of choosing the worse array formation is ddcreas
When the temperature is reduced<t@.1, the probability that the new array
achieves performance improvement will become very small. Then, the optimization

process can be terminated.

2.4.1.2 Genetic Algorithms

Genetic algorithm (GA) is used as aptimization algorithm in sparse antenna array
design. The GA is a computational model of the evolutionary process of the natural
selection and genetic mechanism of Darwin's biological evolution theory. It is a method
to search the optimal solution by silating the natural evolution process.

By using the theory of biological evolution, the genetic algorithm simulates the
problem to be solved as a process of biological evolution. By copying, crossing, mutation
and other operations, the next generation aft&ms can be generated. The solution of

low fitness function is rejected, and the solution of high fitness function is retained. In this
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way, it is possible to evolve individuals with high fitness function after the evolutin of
generation.
GA is usedas a global optimization algorithfd7], which is widely applied in

antenna array in recent years. For the sparse array optimization, the variable parameters
are {a1 N ,q} , because the amplitude and phase of the actual array element are dispersed

by the power divider and the digital phase shifter, it is reasonable by using binary coding.
According to the minimum adjustable step of amplitude, phase asyghiégnic range, the
coding coefficients of amplitude and phase can be recognized, respectively. Imagine the
normalization range of the antenna is in the range of 0 to 1, use eight step quantization,
then a 3bit code is needed. The phase shifter uses switttansfer phase shifter;bit

code can be expressed as the step phasens22.5°% 0° ~36(°. The excitation state of the
antenna occupied 1 bit, it can be found that the cogegaieration ofy chromosome
expression is

fy c

chro,

S
3Mm aM M

!
|

]
\

Ial’IaZJ asf"lfll sz 3I’ 4f’1'| c13" | (2'27)
\

2.4.2Compressive Sensing

Compreswe sensing(CS) is one of the mosprominentachievements in the field of
signal processing since tweriyst century andhas been applied in the fields of
magneticresonance imagin@RI) and image processingS is atechnology for signal
sampling, which compressdataduringthe sampling procss

A signalthatis not sparse im domaincan besparsein another transformation

domain. Sparse signals can be representedh bgw nonzero coefficients. farse
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antenna arrays can decredabe grating lobes because i@ndomantenna elements
positions [48]. The antenna weights are related to the antenna elertatsons.
Therefore, design ofparse antenna arrag equivalent to the optimization of antenna
weights[49]. If the dgnal is sparse, there is no need to collect those spatial coefficients
with zero values. Instead, a small number of-mero coefficients arebtained[10],
which leads to thenodel of sparse antenna array.

Sampling theorem is the law of sampling bdintited signals. In 1948, it was
described and proved by C.E. Shannon. Conventionally, we need to first sample the data
at least using the Nyquist rate.érhwe can compress the sampled data, transmit them and
reconstruct them at the receiver end. It is obvious to see that the conventional approach
can cause a waste of resources.

To ensure théransmissiorsecurity, thetechnology ofencryption isalso setto
encode the signalhis will bring problemsto the secure transmission adita[16] [50].
Recenly, D. Donoho ad other scientists raised a nevethodto acquire the information,
which leads to the CS technolofd®]. For CSto work properly, theignalto be sampled
should be sparse or compressible.da8recover the original signaly using a sampling
rate lower than the Nyquistate In other words, C®ould recoversparse signalwith
fewer sampleghan what is required by the Nyquist sampling mefaddl.

Figure2.14 shows the comparison between Nyqgsatpling and CS method.
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Measufement Sparse
value — 3 . .
signal Nyquist Sampling
Nx1 Nx1
y (0] X
Measurement ] o i. -1 Sparse
value = [ ‘ signal
Mx1 l*.‘ .l .wl Compressive sensing
H Nx1
MxN

Figure 2.14 Comparison of Nyquist sampling and compressive sensing
There are three main aspects of CS:
1 (1) sparse expression of natural signals;
1 (2) designing the measurement matrix can reduce the signahglonewhile
ensuring the minimum loss of sigriap].
1 (3) signal recovery algorithm, restoring original signal from M measurements
without distortion or tolerable level of distortiofn3].

Generally, the natural signalis not sparse, but it is sparse in some transform domain.

Therefore, it can be expressed by the expressien Y (, Q is sparse coefficientY

is the sparse matrix dfl x N. This signal is dense in time domain but sparse in
frequency domain. Sparse means that few elements areenor{or far more than 0),
and moselements are 0 (or very small).
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Above all, CS can receive sup@solved signals from few neadaptive antennas.
It requires no effort to understand the signal. The acquisition process is easier since it uses
simply numerical process. It can reduce the amaf data required and huge image

factors while restoring the original signals exaft¥].

2.4.2.1 CS method to reconstruct signal

At present, the reconstruction algorithms of compressed sensing are mainly divided into
two categorie$40]:
1 Greedy algorithm, which is selected gradually by increaiaguitablesolutions

To achieve the approximation of signal vectors, such algorithms mainly include

matching tracking algorithm and orthogonal matching algorithm, matching pursuit

algorithm, complementary space matching pursuit algorithm and [g&bpn
1 Convex optimization algorithm, which relaxes themdg to norm|; through

linear programming. This kind of algorithms include gradient projection method,

base pursuit method and minimum angle regression mgth{sb].

Convex optimization algorithm is more accurate than greedy algorithm, but it
needs higher computatigds7]. Other algorithms include matching puitsalgorithm,
complementary space matching pursuit algorithm, and minimum kheaoonstruction.

Norm |, measures the energy of the signal. Defioamlp, finding thel, smallest
vector in the converted zero spalteaginel is vector coefficients ofM 3 1

M-1
(||'||p)”=<i'":l;1||i|p (2.29)
I = argmin|l |, subjecxl toy (2.29

where x= D, is a matrix of M3 N, /. is the column vector of the matfi43 N,
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M-1
f. can be written asf = £, ,f--, . When a signak defined asx=§ R/, ,y can be

i=1
expressed asy= R =fL
Minimum norm lp reconstruction works as follows. Norg calculate the
sparseness of signal. It calculates the-pem coefficient irl.

%)
I

=argmin|l |, subjecMte \ (2.30)

The heavy computation is the unstable problem.

Minimum norml; reconstruction works as follows.

2
|

=argmin|l f, subjecMIte (2.31)

This can reconstruct the sparse signal accurately.

2.4.3Advantage and Disadvantage of Differeniethods

Table 2-1 Comparison of GA, SAand CS

method Advantages Disadvantages

This mehod does not have mamsquirements. | 1. Paentially long

ca | Even the researchers do not have any idea ab computation time
the domain, GA can also be used to solve the | 2. The convergencegssibility
optimization problem. is a noroptimal solution.

1. CScan recovery the signals bying
fewer measurements when certain | This method has its limitatip for
CS conditions are met. example, the signal need to be spa
2. The computation time can be obvious| in some domain.
decrease than other methods.

1. This method can guarantee of finding

anoptimal solution. Long computation time will increas
SA | 2. For complex problemst is easy to the cosespecially the cost function

code. It even can deal with cost is very expensive.

functions.
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2.4.4Compressive Sensing via Sparse Antenna Array

Different types 6 algorithmswere appliedto optimize the location ofsparse antenna
array[11] [17] [18], such ashonlinear optimizatioomethods like genetic algorithf7]
[18] and simulated annealirjg1]. CS defines asn alternative anckffective method to
design sparse antenna arrayitenna location optimization is the design problem t

achievea desiredbeanforming pattern by usindewerantenna elemenid9] [58].

: v
b |
....... /ch/@/Q/
< % % Kl

J y(M)

Figure 2.15A general structure of equal spaced linear array

Figure2.15shows a general structureaxfual spacetinear arrayThe output is
Y(M)=2" W " W -+ W Wy (2.32)
y(n) = x* w (2.39)
This problem can be considered as weights optimization.
If weight is uniform weighting,
W=V, W,eees Wy ] (2.34)

w=1/M,i 0,1, M 1 (2.35)
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2.4.4.1 Equivalent phase center

As shown in

Figure 2.16, when thereceiver and transmitter of antenna is separdtesl receiving

signal is compensated for a phase related to the direction of the beam, which can be
equivalent to a spontaneous aselfreceived antenna located in the middle of the

transceiver antenna, the position of the equivalent antenna is equivalent phase center

TX

equivalent
phase center

Rx1 Rx2 Rxs Rxa Rxs

Figure 2.16 A structure of equivalent phase center

Tx is the transmitter anBy is the receiverConsider that the transmitter array is located
at (x,Y,), and the receiver array is located @, y,)

Then, the equivalent phasenter is located at

e, _X*t%

| % 2

i : (2.36)
T Y.t Y,

i Ye 2

2.4.4.2 Aperture Synthesis

The aperturesynthesis concept comes from radio astronomy, and it refers to the

resolution obtained by a plurality of smaller antenna structures corresponding to the
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large aperture single antenna. It means multiple equivalent phase centers of the array are

combined inb equivalent arrays.

2.4.4.3 Directional resolution

For the lengthL of the array, the distance between two elements far field signal

received from the direction off , the wave range difference of two adjacent array

. d . . .
elements |s/—smq. When a narrow beam is used for both transceivers, the wave range

: : 2d . . .
difference of two adjacent array elements—|/s5|nq. It is equivalent to expand the
distance to two times.
, : : . :
Define the resolution of arraynderreceived statuss T so when a narrow beam is

used for both transceivers, the spatial resolution of the direction of the normal direction

is

r,=— (2.37)

2.4.4.4 Distance between adjacent elements

When the maximum response direction of the array is in the normal direction, the first

grating lobe appears when the system works in the receiving and transmitting mode is
o . . / . .
located at arcsm% ), The beam width of the antenna 165 D is the azimuth

dimension of the antenna, to avoid beam coverage. The ambiguity in the range needs to

be
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arcsirts 8—/ (2.38)
¢2d =D
It uses subarray structure, and the general subarray spacing is
RAPa (2.39
2d D
To avoid blurring, the subarray spacing should be
de % (2.40)

But when two subarrays are receiving at the same time, according to the principle of
receiving the equivalent phase center, the phase center interval is b2 ifysical
space of the subarray, so the spacing of the subarray can be written as

d=D (2.41)

2.4.4.5 Array Pattern

In the subarray, each radiation unit is an omnidirectional unit with a distance of 1/2

wavelengths. The array pattern is the product of the subarray pattern and the array factor.
F(@)=F.( 9F( ) (242
The expression of array factors is the same as the expression of theatieemas

y(@@) =w'S.

2.5 Summary

This chapter starts with a brief introduction to antenna basic theorem including antenna
types and antenna measurement characteristics. Then it is extended to antenna array. A
comparison of single antenna aadtenna arrays is provided to illustrate why antenna

array is an important research topic. There are many typgg@ina arrayyve focus on
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three different classes of antenna divided by dimensions. These antenna arrays are linear
antenna array (#limensonal), planar antenna array-@mensional), and-8imensional

array. Linear array and planar array are introducedetail After the introduction of
antenna and antenna array, a detailed discussion of beamforming is provided. There are
different typesof beamforming. Three main types of beamforming are introduced. It
included how to obtain the desired beamforming pattern and calculate the beam pattern.
Sparse antenna array is introduced after beamforming. This part discusses not only the
basic theory oBparse antenna array, but also discusses two analyses for existing sparse
antenna array design methods, GA and SA. Both methods are discussed with detailed
mathematical models. Finallypompressive sensing via sparse antenna array Iis

discussed. A metho@lated to C&lgorithms is briefly presented
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Chapter 3 Sparse Antenna Array

Design using Compressive Sensing

3.1 Introduction

3.1.1 Array Signal Processing
The array signal processingaa importantarea of the signal processififj [48]. Array
signal processing hdseen widelyusedfor microphoneyadar,andtelecommunications
[5], [13], [12]. Multiple sensordrom different directions such awmicrophones and
antennasare applied to process the signaR] [7]. DOA [29] is presentedby the
parameters adn elevation angld.

First of all, as compared with the traditional singlement antenna, antenna array
has the advantages suchhagh signal gain andtrongability in suppressinghterference
The array signal processing extracted useful feature inform@ticinding the receiving
signa) to reconstruct the original signal different domains, includinggme domain,
frequency domain andpatial domain. Time domain signals have spectrum orepow
spectrum. Space spectrum has spatial spectrum. System response can be obtained by time
domain processing. The radiation pattern can be obtained by space processing. Time
domain filtering is to enhance or suppress signals with different frequenciegl Spat
filtering is to enhance or suppress signals with different directions. The essence of array

signal processing is a spatial filtering method. The effect is to adjust the radiation patterns
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of antenna array according the direction of arrival.

The arraysignal processing is mainly to calculate the correlation between multiple
signals aimed to locate the signal source or to estimate the desired Aigaglsignal
processing is mainly applied in several fields:

1 Beamforming techniquest is usel to make he main beanpatternof antenna
arraypropagating at desired directions.

1 Zero-point formation technology, zeroes of antennas are aligned to the direction of
interference.

1 Spatial spectrum estimation: teapefresolution estimation dDOA for spatial
signals is mainly because the spatial spectrum estimation technology has the
ability to distinguish the high spatiaignal andcan break through and further
improve the resolution of the different space from the signal in the width of a
beam.

1 Signal sourcesimation, determine the elevation and azimuth of the array to the
source, including the frequency, delay and distance.

1 Source separation, determine the signal waveform generated by the source, the
array arrivals from each source is from different dirediasing to separate the
signals. Even the signals are superimposed both in the time domain and frequency
domain, it still can be separated.

The common application of array signal processing includes the DOA estimate and
beamforming. The DOA estimation is determine the direction of the signal from the
received data, whether the signal is a useful signal or the interference signal.

Beamforming is the space expansion of traditional filtering. Its fundamental purpose is
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to effectively extract useful signalsnd to suppress noise and interference. In the
direction diagram, a useful signal direction is considered to form a peak and the
interference direction forms a zero. DOA can be regarded as an estimation of front
processing of beamforming, after the dasiseggnal and the direction of interference are
determined, the array forms a beam to the desired signal direction and forms zero in the
direction of the interference.

3.1.2 DOA Estimation

First, Capon proposed a minimum variance undistorted response (MVDRithaigor
based on beamforming in 196f%9], which is different from the traditional
beamforming. The MVDR method can break through the intrinsic limit of the array
aperture, i.e., the Rayleigh limit. The research on high resolution technology of signal
processing has played an important role,tbigt algorithm is also restricted by the array
structure and arragperture andloes not make full use of the structure of the adatqa
correlation matrix and caot achieve the true sense of high resolution.

A fundamental problem for array signal prosieg is the DOA estimation of
spatialsignals ands also an important task in many fields such as radar and sonar. The
basic problem of DOA estimation is to determine the spatial position of multiple signals
that are interested in a certain area of sfiaee the direction angle of each signal arriving
at the array reference element). The basic theory of spatial spectrum estimation cannot be
separated from the basic principle of array signal processing. It uses the phase difference
to determine one or geral parameters to be estimated, such as the azimuth angle, the
pitch angle and the number of signal sources.

The resolution depends on the array length, and its resolution is determined after

the array length is determined. It is called the Rayliigiit. The super Rayleigh limit
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method is called super resolution. The earliest super resolution methods are mainly
MUSIC and ESPRIT algorithms. As a classic DOA estimation method, the MUSIC
algorithm was proposed by Dr. Schmidt in 1969], and its full name isutiple signal
classificatiom . MUSI C i s an estimation algorithm
give information about the number of incident signals, the direction of arrival of each
source signal, the intensity of the signal, the correlationdesivthe incident signal and

the noise. ESPRIT algorithm is short festimating signal parameters vibrational
invariance techniquedhese two algorithms belong to the subspace method of the eigen
structure[61]. This method is based on such a basic observation that if the number of
antennas is more than the number of sources, the signal component of the array data must
be in a low rank subspace. Under certain conustithe subspace will uniquely determine

the DOA of the signal and can use the singular value of the numerical stability to
decompose the exact determination of the DOA.

Spatial spectrum estimation uses the spatial array to estimate the parameters of
spatal signals. The entire spatial spectrum estimation system consists of three parts:
spatial signal incidence, space array receptiand parameter estimation.
Correspondingly, it can be divided into three spaces: target space, observation space and
estimatio space.

Target space is the space formed by the parameters of the signal source and the
complex environment parameters. For the spatial spectral system, the unknown
parameters of the signal are estimated from the complex target space by some specific
methods.

For the estimation space, it uses spatial spectrum estimation technique to extract

feature parameters from complex observation data. Considét tbmote narrowband
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signal incident on a space array, the array antenna is composécetlements. If the
number of elements is equal to the number of channels, under the condition of signal
source is narrowband, the signal can be expressed as follows
s(H)=y(p* gtz (3.1)
S(t-0) =y(r grate ozt (32)
u (t) is the amplitude of the received sign&t) is the phase of the received signal, and
w, is the frequency of the received signal. Under the assumption of a narrowband

far-field signal source, the following formula is established.

u(t-¢) °y( (3.3)
Z(t- t) °Z(Y) (3.4)
(t-¢) °s(9* e™4, 1=0,1:--N (35)

Then the receiving signal belement can be obtained
N
x(M=a gs(t4) nrOd (3.6)
i-1

g, Is the gain of the firsk element to the' signal. and n(t) represents the noise of
thel™ element at time tz, indicates the delay of th¥ signal relative to the reference
element when it reaches tfeelementlt is written in a vector form

X(®)=A3) +N]J (37)
X(t) is aM x 1 dimensional snapshot data vecidt) is aM x 1 dimensional noise data
vector.§t) is anN x 1 dimensional vector of space signais an M x N dimension flow

pattern matrix (Guide matrix) for space array. The above model is very useful in array

signal processing.
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3.1.3 Beamforming

Another topic in signal processing is beamforming. The early beamforming technology
is mainly applicable to narrowband sajs, and wideband signals become common now.

In 1972, Frost proposed the structure of broadband digital beamforming. After that, the
technology of broadband adaptive beamforming was developed rapidly. Some scholars
proposed several broadband beamformiggrithms. In this section, we will go through

the narrowband beamforming. Although the pattern of the array antenna is
omnidirectional, the output of the array can be adjusted to the direction of the array
receiving after the weighted sum, and the gaigathered in one direction, which is
equivalent to forming a "beam", leading to the physical meaning of the beamforming.
Beamformer is the foundation of digital ultrasound imaging and the guarantee of high
performance color ultrasound.

Beamforming is théheory that data received by the antenna is weighted to form a
certain beam shape. The function of beamforming serves for two pudpallesing the
direction of interested signal pass through to form a gain and suppressing the signal which
is not interesta in direction. In general, beamforming is used to enhance signal of interest
and suppress interference by forming a certain beam.

Supposéghere areMl antennalementsn the array Then the antenna factor can be

referredas:
M .
F(g)=8 Re“* (38)

R is defined aghe antenna excitation coefficiewherei located atx = R. The

2p

wave number can bedefined as k:T' Figure 3.1 shows a nofuniform linear
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symmetric array6].

lo, -~ 1 ,
-—-O-C---0O---0O--C--0----F--0O=--
0 d d, 4
Figure 3.1. A non-uniform linear symmetric array

Theresponse of array is:

F(qg) = Z@Yla_'/2 gl'% coskd cosg (3.9

: - : M .
gM /2 is the minimum integerno less thanE. Considerthere are M antenna

elementswith uniform spacingrom - X to X, .
(3.9)can be rearranged into a matrix format:
[f]nﬁlz[A]m%r”al (310)

Supposan is the numbeof data whichsampledthe antenna radiation pattem

. - . 2 N
is the minimum integer no less thag%’“. The step sizepisfrom - X, to X [6].

This can be regarded as the matrix optimization.

f=F(@).F(g. - .F(,¥ (3.11)
r=[R, Ry, RT' (312
A, =2R cos(kd cog (313

After the optimization ofw, thosenonzero weight coefficiets remain, which

lead toa sparse antenna array.
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In the actual applications, it is desired to minimize the difference between the
desired responsand the designed response.

The design shoulde further studied onrobust beamformeto improve the
performance.Various methods werappliedto design robust beamformers, such as

diagonal loading, worst case optimization and robust Capon beamfd28E§30] [31].

3.2 Sparse Array Design

3.2.1 Array M odelling

In sparse array desigthe antenna positiomandomness bls to therepresentatiorof
grating nodeg$20]. Therefore, we caraythat the positioroptimizationof the antenna
arrayis themost importanpart of the design.

When CSis applied to optimize the locations of antenna elements in a sparse
array, it attempts to find the mimum number of nozero weight coefficients in antenna
arrays Consider a ULA withVl antenna elements, we need to fMdveightswy in the
sparse antenrarray designHowever, some of these weights may have a value of zero.
This means some antenna elements can be removed without affecting the performance of
the array, leading to a sparse array.

For a narrowband linear array consistsMielements.w=[w, W,--- w, .|, w

multiplies the steering vecto® with an input angularg is the array responseFrom
Figure3.2, the output is obviously equals the sum of the produx(tpiand weightsvy,.

Theuniform array outputiccording to the pattern multiplication principle is

y(m=0w H>Ow + % ()W, (314
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J y(M)

Figure 3.2 The output structure of M elements narrowband linear array

S= x(t) is the steering vector of antenna array, is the weight of antenna array.
The steering vectd@is alsocalledarray response vector, steering vecarsedo
avoid confusion with the response vector. It can be wrtteector formas
Sw, g=g et ... & W (3.15)
where ¢ is the propagation delay. The delay item can be written as

t = mzm%q (3.16)

w is the angular frequencyl is the corresponding wavelengtly. is the DOA.

NS

ql g- E’O. Set d:E. w Is the weights coefficient wittM sensors.It can

represent the location of antenna elements

w=[wg woeow, ] (317

The responsef the uniformnarrowband beamformar vector formcan be rewritten as

M-1
Pw,g=8§ €"™'w, (3.18)
m=0

The responsef the signal can also be written as
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P(w, g=w'S( w) (319

3.2.2 Sparseness Optimizaibn
Sparseness for an antenna array means some elements can be removed without affecting
the performance of the array with respect to a traditional uniform array. s. The purpose
for this isto minimum the size of antennius reducing the cost.

For the narrowband beamforming in equal spaced antenna array, the way to obtain
a satisfied set of weights is to use nolnto remove the zero values in the weights. As
we know, the optimization of beamforming is equivalent to thinozation of weights
transforming the equal spaced array imiaaequally spaced antenna array with a new set

of d

The weight optimization problem can be written as
min|wj, subject to HE - W q‘z & (3.20)

h is the uppelimit for thetolerabledifference between thevo response$48]. Ideally,

the value of should be zero. However, it is impossible to achieve that in practice. The
array output will be different from the designed valfuthere is any error in the models.
Nevertheless, it is still possible to letbe a tolerable small valuew is the weightof

array.E; refers to the desired response which can be written as
E=w'S (3.21)
Iwi|, denotesnorm lo, which is the numbeof non-zero weight coefficients for

the antenna array. [DSdesign it usesnorm optimization method to minimize thamber
of weighs. The resulwill be simplifiedand achievesparsenes® optimize a minimum

size arraySis the steering vectors afl the angle$48].
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& 1 1 1
S:EeXp(_ WE(D) P HD) g eRIWE(a) o,
S Wi o Xl L) G expiwi,, (,a)
W =[W oW e Wy ] (323
(3.22)can berearrangecs a; normminimization[48] as
minwj, subjectio [E - w'y @ (3.24)

[ norm is used becausg norm requires longer computatioog and generates more
redundant/ is the uppetimit for the differencein thel; norm. This problem can be
simplified as

A- Sw @ (3.25)
Ais the desired response wh8és steering vectomwn, is the weightoefficient.;/ should
be a number thas small enough to ensure there is little difference between desired and
designed response.
3.2.3 Algorithms Explanations
SPGL1 is a MATLAB solver for optimizing large scale complex system using
onenorm regularized leasiquare$15]

By creating a generated randomly data, it needs to create a matrix and sparse
solution vector. SPGL1 feature can be indicated as basis pursuit (BP), basis pursuit
denoise (BPDN) and least absolutergkaige and selection operator (LASSO).

[ minimizationis usedto optimize thdocations ofantenna elements. The sparse
signal recoverylesignhas beemchievedoy the BPDNmethodfor decade$62] [63]. As
an algorithmWSPGLL1 carrevisethe spectral projected gradidat usingl; norm

The problem of SPGL1 algorithm named BP is given by:
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min|w||, subjectto Sw= E (3.26)

[, =lw| ), -+ [, (3.27)

Forlo minimization the problemusually definedas
min|w|, subjectto Sw= E (3.28)
lo normminimization can be considered ascombinatorial problem anits dimension
increased rapidly{63]. o norm represent the number of npero values. lp norm
optimizationusually requires longer computation time becaolé&s own calcuhtion
characteristics. Thereforé, norm minimization can beused toreplace thelp norm
minimization problem.
min|w|, subjectto |[Sw E[, ¢ (3.29)
This forms the basis of BPDM4], where | representshe uppedimit of the noise
level in the data.
There are several algorithms tlemed to fill the gap betweer, and |, norm
Forinstanceweighted; minimization method (WBPDN) can be used to instead sinigle
norm with 0 < p < 1. Because this methodcorporates gch information into the

reconstruction stage

min||u|, subjectto [Su- E|, ¢ (3.30)

Where wi (0,1)" and Uk, =& W[l is thel, norm[65], [66], [67].

LASSOwas used to solve the sequeipceblem[62] by using SPGL1 solvg68].
Another algorithm for SPGL1 isthe LASSO regressionThe sequence of LASSO
problems is replaced by a sequence of weighted LASSO with constant WeRgjH&9].

It can be written as
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min|Sw- E||, subject to|w, ¢ /7 (3.31)

3.2.4 SPGL1 Algorithm with BPDN Problem

The SPGL1 algorithm solves the BPDN problem as to efficiently solve a sequence of
LASSO subproblemgr0]. The key idea of this algorithm is to use SR@lgorithm to
obtain the solution of BPDN by solving a sequence of LASSO problems. It uses the
spectral projectt gradient algorithm for the solutidi@l]. Then, let the result be close

the result of BPDN.

min|Sw- E|,subject tdu, ¢ 7{LS,) (332

The single parameterdetermines a Pareto curvé( bn:Hr”ﬂz r"=g, -SwW, W is

the solution of (LS,). The SPGL1 algorithm is initialized at poimnt’, UgZHW‘O)Hl

The parameter is then updated according to the following rule

m, = ermH—Z-e (3.33
R ) |

]
2

*Mindicates Hermitian transpos&=|¢|, #E SW, .

Figure3.3 shows the flowchart of this algorithm.
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‘ Initialization ‘
|

Upgradel if needed ‘

¥

Determine whether to upgrade the Iend

|
‘ Function of SPG line curve ‘
|

Termination
conditions

End

Figure 3.3 SPGL1 Algorithm uses in this project
3.2.5 Simulation Setup and Result
Imagine there i uniform linear array with 100 antenna elemeniscase |, Il,and I,

a decreaseto ensure the allowed difference between desired and desig@ehse is
small enough.b is setto 0.1 to observe the result effected by Resultson the effect
of b are shown in ApendixA. A MacBook Pro 201ith a 29GHz htel core i7is

used to rurMATLAB 2015a(Build 8.5.0.197613%4-bit Maci64) for the simulationln
this design, the designed response should be approximated enough to the desired

response.
Caseld a2 =0.1, b =01, g, =90, e =1
Theuniform antenna array consists of 100 possible antenna elements.
For BPDN, |w, subjectto|S* w- i, ¢a, S'is steering vector matrix and w is
the weight coefficient.||, denotesl, norm. a is the limit of allowed difference

between desired and designed response. Sparseness is achieved by selecting the weight
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coefficients to give fewer active antennas while matching the designed response to the

desired onf48]. The actual steering vector should Be= s +S, s is the designed steering

vector while s' is the error caused by model perturbatigi®. s}, ¢ e, e is the upper

bound. The difference between designed and desired response is given by
W's- W' $ g ]

ew|, ¢ 4 b is the acceptable level of difference in array response.

(3.34)

Consider =90 at main beam and sidelobe region @t =[0°,85] {95,180 |,

Table3-1 shows the results about and w;, .

Table 3-1 Weights andantennalocationswith U= 0.1

d,/ ¢

W

n

n

d,/ ¢

W

n

0.81

0.752

8

5.71

0.768

151

0.749

9

6.41

0.669

2.19

0.834

10

7.1

0.701

2.89

0.867

11

7.7

0.768

3.6

0.768

12

8.47

0.822

4.33

0.768

13

9.17

0.768

N[OOI~ WINF| S

5.03

0.782

Figure 3.4 shows the desired response and designed response as solid line and dotted

line, respectively. The designed responselise to the desired response. The main

beam mainly overlapped and thédedobe is lower than the designed response.

Therefore, when = 0.1 the result of the design is satisfied. The difference between the

designed

used in the sparse array tohmve the performance of 100 antenna elements in the

conventional array. The computational time is 0.077484s.
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Figure 3.4 Design resulswith CS, U= 0.1
Case 18 | =0.051 =0.1,/xk= 90, e=1.
Figure3.5 shows that results for Case Il. The result of designed response approached to
the desired response mostly. Design results of Case Il lead to a sparse antenna array with
eight elements as comped to 100 antenna elements in the conventional array. The

computational time is 0.087330s.

Table 3-2 Weights andantennalocationswith U= 0.05

n d,/ & W,

1 0.64 0.7568
2 151 0.7400
3 2.46 0.6892
4 3.35 0.5912
5 4.25 0.4565
6 5.17 0.3164
7 6.06 0.2001
8 6.93 0.1137
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Figure 3.5 Design resulswith CS, U= 0.05
Case lll 8 4 =0.0957 =0.1,/x=90, e=1.
As different parameters should work out a better performance. Other parameters are the
same with Case | and CaseAk shown inFigure3.6, the result is better than the other
because the difference between designed and desired response is smaller. Case Il leads
to a sparse antenna array with eight antenna elements to att@eyerformance of 100

antenna elements. The computational time is 0.079138s.

Table 3-3 Weights andantennalocationswith U= 0.095

d,/ & W,
0.31 0.8478
1.11 0.8243
1.99 0.7675
2.79 0.6714
3.59 0.5455
4.39 0.4117
5.19 0.2901

5.99 0.1863

VN B|W|IN|F-]| S
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Figure 3.6 Design resuls with CS, U= 0.095

In this chapter, we first revisited the background knowledge about array signal
processing. Two methods for the array signal processing wereyhttislussed. DOA
method is a pr@rocessing method in array signal processing. Differepegyof
beamforming can be divided by the bandwidth. Narrowband beamforming was
considered in this chapter. Next, array modelling and detailed method on sparse antenna
array design using CS was explained. Finally, computer simulation results were
discussed to demonstrate thteetiveness of CS method iresigning sparse antenna
array.

In particular, we focused ondesign a sparse antenna array dasa the
compressivesensing methodh narrowband beamforminghis design aims to obtain
satisfied radiation pattern with the nmmim number of antenna elements. This will not
only reduce the cost but also suppress the mutual coupling between two adjacent antenna
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elements. We start with aqual spaced antenna array with 100 antenna elements as a
benchmark model to obtain a desiresponse. According to the product of steering
vector and weights, by change the weights, different set of weights witlzemon
coefficient can be obtained. They were obtained by using SPGL1 to perform a norm
calculation by setting a tolerable level okcliepancy between desired response and
designed response. This difference (denoteg)as usually set less than 0.0f.the
designed response matches the desired response well, the design is considered as a
successfully sparse antenna arvaffer obtaning a set of noszero weight coefficients,
the locations of the array elements can bealeulated.

For future work related to this chapter, the sparse array should be modeled with
antenna locations errors, which can lead to an optimeedt to redue the overall error.
Other error factors can also be included in the model.

Next, CS was demonstrated in a successful design of a sparse antenna array in
narrowband beamforming. We can possibly extend the design to wideband beamforming.
One possible ay is to change the channeldowideband channel. CS appears to be the

most effective method in the design of sparse antenna arrays.
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Chapter 4 Sparse Planar Antenna

Array Design

4.1 Introduction

4.1.1 Antenna Array

With the development of science and technology, wireless communicdtemmsne
more and more popular. In modern lifejs common to seeobile phones, TV, radio,
wireless access points (APs), radio navigation, radar and so on, all of which reflect the
convenience brought by wireless communicatipfy. Antennas play an important role
in the proper operation of these wireless devices. In a wireless system, it is desired to
focus the antenna radiation beams between the transmitting and the receiving antennas,
which can help us to improve the energy efficieny achieve that, antenna array is
required.

The antenna array can be regularly or randomly arranged by more than two
antenna units, and properly excited to obtain predetermined radiation charac{@Bstics
The antenna array is not just a simple coltectf multipleantennas butequires them to
be fixed at particular locations. Antenna arrays can be formed according to the different
parameters of the antenna feed current, spacing, and electrical length to obtain the best
radiation beam. Adaptive arrantennas, also known as smart antennas, can adjust the

radiation beam according to the needs. Thus, smart antennas become increasingly popular
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in modern wireless communications.

Antenna arrays can be divided into linearays planar arrays ang-dimensional
arrays according to the element arrangement. The most common linear arrays have
elements arranged equally in a straight line. The spacing between adjacent elements can
be changed so that nemiform linear arrays can be obtained. Furthermibneultiple
linear arrays are arranged on a plane at a certain intéreglform a planar array.

Advantages of antenna arrays include adaptive radiation beamforming and large
antenna gain (directivity). For example, adaptive array radar can accuratyand
recognize the target in the observatiange anatan track the dynamic of multiple targets
at the same time, with a supercomputearalyzethe feedback information. It can obtain
the target information in the set space. According to the targein quickly and flexibly
change the antenna beam and the direction of the direction. Besides, the shape of the
radiation pattern can be determined and controlled from the antenna array by controlling
the relative phase and amplitude of the input digm&ach antenna elements. Antenna
arrays have better capability in controlling the radiation beam as compared to
singleelement antenna at the expense of a higher system cost.

As aboementioned, antenna arrays based on the technology of beamforming.
Understanding antenna arrays requires good knowledge of beamforming technology.
Take cellular communications as an example, the traditional communication mode is the
transmission from single antenna to single antenna between a base station and a cell
phore. With beamforming technology, the base station has several antennas, which can
automatically adjust the phase of the transmitting signals of each antenna to form the
superposition of the electromagnetic wave at the receiving point, thus achieving the

purpose of improving the intensity of the receiving signal. From the base station, the
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superposition effect produced by the digital signal processing is like the construction of
the virtual antenna pattern of the base station. That is why it is dadl@efoming
Through this technology, the radiation can be focused in the direction of the user, rather
than other directions. Consequently, the base station can track the DOA of the user's
signal in real time, and ensure the signal received by the mobile @¢waiog time is in the
superposition state. In other words, traditional cellular communication link is like a light
bulb to illuminate the whole room, while modern cellular beamforming is like a flashlight,
enabling smart focus of brightness towards theatiion of a mobile device.

In practical applicationsa base station with adaptive array antenna can serve
multiple users at the same time, construct different beams towards multiple target
customers and effectively reduce the interference between eaoh bais multiuser
beamforming in space effectively separates the electromagnetic wave between different
users. This is the basis of antenna arrays. Antenna arrays suppoeusautieamforming.
Imagine that if several hundreds of antennas are arranigbe aase station, multiple
mobile devices can be served by their respective beams. In addition;dspsics
multiple access (SDMA) can be achieved by transmitting multiple signals simultaneously
on the same frequency resource. SDMA can enable udettiedly utilize the scarce
frequency resources and increase network capacity several times. Antenna arrays do not
simply increase the number @ntennas butrovide qualitative change with the

quantitative change.
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Figure 4.1 The radiation direction of omnidirectional antenna

Figure 4.1 shows the direction of ordinary omnidirectional antenna. The radiation

coverages all directions

A

Figure 4.2 The antenna radiation direction after beamforming

Figure 4.2 shows the antenna radiation pattern after beamforming, with most of the
electromagnetic energy gathering to one directionthe single antenna to single
antenna transmission system, duéhi complexity of the environment, the phase of the
electromagnetic wave may be opposite to each other at the receiving point after

multipath propagation. If the channel is experiencing severe fading, the quality of the
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signal received by the user will kdeteriorated. When the number of base station
antennas is increased, the number of channels between the base station and a mobile
device is also increased. They are independent of each other, and thus the probability of
falling into severe fading is gregtteduced. This will improve the overall performance

of the system.

The benefits of antenna arrays include improved network capacity. In addition,
due to the simultaneous constructive effect of antennas, the superposition gain of
beamforming will make e&cantenna only need to transmit a small amount of power, thus
avoiding the use of expensive power amplifiers with a large dynamic range, reducing the
cost of hardware. Furthermore, the flat fading channel created by the law of large numbers
makes it possie for the base station and the mobile device to communicate with low
latency. To combat deep fading channels, traditional communication systems needs to use
channel coding and interleaving to disperse the continuous burst errors caused by deep
fading to dfferent time periodsThe receivehasto accept all datat a timecompletely
including information anddelay With antennaarray, deep fading is weakened by the
large number theorem. The channel becomes good, the process of the depth of
confrontation ca be greatly simplified, so the delay can also be greatly reduced.

4.1.2 Two-dimensional AntennaArray

Over the years, the synthesis problem of low sidelobe antenna pattern has always been
an interesting research topic. Doljtb] presented the best result of the array weights in

an isometric array, which could minimize the beam width when the maximum sidelobe
level (SLL) is given. Taylof46] obtained an aperture distribution, which can generate
equal amplitude sidelobe near the main lobeaawhile gradually decreasing the

sidelobe level in the far field. Due to the dual relation between directional response of
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the isometric linear array and the frequency response of the finite impulse response
(FIR) filter, the design method of low sidemlior FIR filter can be applied to array
design to form low sidelobe beam pattéFhere are many other array synthesis methods,
such as Woodward methgd4], Perturbation methof/5], statistical method and etc.

The limitaion of these traditional array synthesis methods is that it requires arrays to be
uniform and array elements should have certain regularity. Especially when the array is
integrated, the directional characteristics of the array elements cannot be cdndidere
recent years, the array synthesis algorithm development with the adaptive array signal
processing theory can overcome the shortcomings of the above methods. It effectively
solves the problem of nesmnidirectional array element, the different patteetween

the array elements, unequal spacing of elements or even the irregular array synthesis
problem with random array elements.

The simplest method of pattern synthesis for wide rectanguladitwensional
antenna arrays is the push line array methtidthe aperture distribution is
two-dimensional separable, the radiation pattern of the planar array is equal to the product
of the two orthogonal arrays. The resulting pattern can achieve the required sidelobe level
in the corresponding main plane, witite sidelobe level is lower than the design target in
other planes, leading to the widening of the main lobe.

In one dimensional arrays, the weights ased to compensate for the phase
propagation of a wave in a desired direcii@?]. The extension to-B arrays is straight
forward[22].

Planar arrays have higher directivity, lower side lobes and more symmetrical
pattern[76], thus planar arrays have multifunction compared to linear arrays. Planar

arrays have direction control in two dimensions and can be used to scan the main beam
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toward any point in space, making themfusén many application§76]. The most
common planar arrays are rectangular arrays (Sgere 4.3), hexagonal arrays and

circular planar arrays (Séegure4.4).

Figure 4.3 A uniform rectangular array structure

Figure4.3illustrates a 8 3 rectaigular array structure with 0/5 spacing.

Figure 4.4 A circular planar array structure with 52 elements.
Figure4.4 shows a general circular planar array with/0.5pacing, radius of 2.

The array factor ofectangular array is
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Where dis the distance between elements iplane or xplane. gis the angle of
arrival of xaxis, fis the azimuth angleC is the progressive phase shift between

elements in yplane or xplane.

The linear antenna arrapsveadvantages of compendious structure antfle
measurement of antenna parameters. In a linear antenna array, if the number of antenna
elements is larger, the diversity of the array is higher. It provides electronic steering and
hence cumbersome mechanical steering using servo motors can bel aeit® beam
can be moved in the desired direction in less than millised@iifls

But it has its limitations. Firstly, the number of elements in the linear arfixgds
These elements are static structures. Static means the memory is allocated at compilation
time their memory used by therarmot be reduced or extend@®8]. So, it is not easy to
define a specific objective function of linear arrays. Aeotdisadvantage is the limitation
coverage to 120 degrees in azimuth and elev@fioh

In future multtantenna systems, the use of tdimensional antenna array
structure is an inevitable trend. With the increase of the antenna element, a narrower beam
can be formed by using different weighting vectors, so that the directional transmfssion o
a single UE can be realiz€®]. Traditional antena arrays are usually fixed beams, beam
pointing and beam width are relatively fix¢80]. With the emergence of the active
antenna array, theeam direction can be controlled in real time by the digital way.
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However, once the array elements are fixed, the beam width is fixed, only the beam
direction can be adjusted.
4.1.3 2D Array Design Algorithms
Tseng and Cheng proposed a method of Chebyshev gexfalane array desig@1]. It
can make the radiation pattern generated by the planar array best Chepgsieens in
each section. However, the thed requires the number of row elements to be equal to
the number of column elements. Besides, it cannot consider the characteristic of the
radiation pattern of the array. Stutzman and Coffey proposed an iterative sampling
algorithm for planar array syrgkis[82]. Firstly, an initial map is obtained from other
algorithms or experimental data, and the sample is corrected by using the properties of
the orthogonal functiorsin(X)/ X to match the pattern at the sampling point and the
target pattern. The sampling iteration process is repeated until a satisfactory direction is
obtained. This method is relatively simple, but the integrated pattern will fluctuate
between sampling points, and it cannot consider the directional characteristics of the
element.

In 2D array design, beamforming is a method for weights optimizatigare4.5
shows a plane wave propagating vaxis. The plane wave propagates with frequdncy
and can be defined by = constant. Wherey is the elevabn angle of the signal (DOA

angle)andd is the azimuth angle.
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Plane z = constant
Z
A

> X

Figure 4.5 A plane wave propagating in Zaxis
The plane wave propagates wbD2arrays. The phase can be defiasd
J(t,2)=2 it -kz (4.3)

Where t is the time, andk is the wave number expressed as:

£P (4.4)

k:ﬂ/_.z_
c /

w is the temporal angular frequenay.refers the signal propagation speed in the
specific medium./ is the wavelength. In a temporal intervia| the phase of the signal

can be witten as wt . k is a threedimension spatial frequency. Its direction is
opposite to the propagating directions of the sifjfjalin a Cartesian coordinate system,

it can be denoted by a threkement vectdr]

k=gk, k, k¢ (4.5)

With a length of

k=K. K. K (46)

which is referred toas wavenumber vectom Figure 4.5, when k, =k =0, k,=-K.
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If the signal impinges upon the array from an elevation atigled an azimuth angi#

the wavenumber k can be referred to as

ek, g sikgcos/
k:glg/ 34< sigqsin J (4.7)
. 4 &oxyg

The phased weights forR2 planar array is toward$q,, /)

2D . . L
j=—singy (cos jjx,* sin 4y,

W = ejkdrn :é(kxdxn+kydyn -'kZdZI') e/ ‘ (4_8)
k, is wave vector, as a vector that describes the phase variation of a plang2jave

The magnitude of wave vector is the wave number.

The 2D antenna array has many algorithms to optimize the weights coefficient.
For exampe, Dolph Chebyshev optimization method for weigid$land Taylor
synthesis methof##6]. GA method is also applied for antenna array beamforming. GA
was first proposed by Professor J.Holland of Michigan University in [B58]5and it is
according to the Mendel's theory of heredit$] and Darwin's theory of evolutidi@5].
The algorithm has been applied to maaientific fields, and it has also been applied to
the optimization design of antenn&3A is also known asan evolutionary algorithm
Nowadays, the interesting topics of genetic algorithm in antenna research include
optimization of antenna array strucudesign, such as ®1. Coleman sefconfiguring
antennd83]; other methods combines with GA to optimize the broadband antenna; It also
includes antenna feed mode optimizatity GA. In the optimization of antennas, GA is a
difficult problem for multiobjective optimization of antenna arrays. Most scholars
focused on research on edienensional linear antenna arrays, but there are few studies on
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2D and 3D, especially for 2D dr8D array elements distributions.
An introduction to the biological background of GA is necessary.
1 Population the evolution of organisms takes place in the form of groups. Such a
group is called a population.
1 Individual a single organism which can fosm population.
1 Gene a genetic factor.
1 Chromosomecontains a set of genes.
1 Survival competitionor survival of the fitnesgndividuals with high adaptability
to environment will have more chances to participate in reproduction, and more
posterity willbe born. Individuals with low fithess will have fewer opportunities to
participate in reproduction and have fewer posterity.
1 Inheritance and mutatiora new gene that inherits a part of bp#nents antias a
certain probability of genetic mutation.
In smple terms, after the breeding process, Crossover, gene mutation, and the fitness of
individuals will be phased out. Then after the natural selection dfl theneration, the
individuals preserved are with high fitness, as it is highly likely to inclbdertdividual
with the highest fitness in history.
Figure 4.6 shows the process of GA, and the main procedure is related to the

selection, cross, variation progress.

e



Chapter4 6 Sparse Planar Antenna Array Design

Set Parameters

|
( nitialization )

1
Fitness solution and
—

assessment

Fitness GA process
Selection

Crossover
and Mutation Elitist selection and

have new generation

¥

Termination
onditior

Figure 4.6 The diagram of genetic algorithm

In GA, the solution of the first generation is a random or according to a certain rule
result. The result is unsatisfied. For further optimization, every generation should go
through the selection, crossover, mutation process to obtain a better solution.

Selecton is the operator to act on the whole group. The purpose of selection is to
directly transfer the optimized individuals to the next generation, or to generate new
individuals through pairing crossover and then to inherit the next generation. The
selectionoperation is based on the fitness evaluation of individuals in a group.

Crossover operator is applied to the group. Crossover operators play a central role
in genetic algorithms. The mutation operator is applied to the group because the gene
values of sora individuals are changed.

The population is the basis of GA, this algorithm imitating the biological
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population. The number of iterations is the number of evolutionary generations of the
population.

Fitness function in GA is the key to solve the prohl&ine initial population is
randomlygeneratedand the fitness should be chosen reasonable. Generally, the selection
mechanism uses betting wheel method. This method has large probability to select the
better population solution. The solution after cho#@ough crossover and mutation
process will be in progress of another selection. The good result will replace the poor
result. The crossover rate is a number betwegni®e bigger the value is, the process will
make the genes cross as much as possibl@ever, the mutation rate should as small as
possible to prevent the better result from dropping off after mutation.

The advantage of GA algorithm is that it can solve most optimization problems.

Whatever the question is, it can give a relatively bettsult in certain time.

4.2 Two-Dimensional Sparse Antenna Array design

4.2.1 Array Modelling
For a planarrectangular array, imaging the antenna elementsuaiferm placed, as

shown inFigure4.7.
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Figure 4.7 A uniform 5x5 Rectangular array in planar array

In a 5¢<5 equal spacetectangular array, thiistance between each element fbor is:
/ / _
d= (aE, bE’O)’ for a, b=0, 1, 2 (4.9)
The array factor is

2 2 o i
AF = a ae jpsin dgacos # sin ) (4.10)

b=0 a 9
When theantenna array is steered towards directgn
The weighs aregiven by

w, = glkndeoss (4.12)
n is an antenna element locatedrat= (X, y,,z,) <0,0,nd).

The inter element spacing is a constant and equklTioe array factor is

Nt N :
AF =3 weln =3elmo ghn (4.12)
n=0

no

The above is related to the wave vector, as (4.7),

k*r, =kndcosg (4.13

80



Chapter4 6 Sparse Planar Antenna Array Design

The army vector can be written as:

NeL N2
AF = a e]knd(cosqd- cosq) — aG‘ (414)

n=0 no

Vg is the dummy variable, anthn be given by

VG - ejkd(cosqe‘— c0sq) (415)
Make theV simple as:
Nt 1- v"
v\ = 4.16
av =1V (419

The array factor can be rewritten as:

1_ ejkNd(cosqd— cosq)

AF = 1- ejkd(cosqd— cosq) (417)

If the magnitude is only cared of the array factiog, results of array factan magnitude
can be referred to as:

_ ejkNd(cosqd— cosq)IZéejkNd (cosyg- cos /2 _ e jkNd (cog g-cos )£

AF = _ ejkd(cosqd— cosq)/2 g ejkd (cosyg- cos ¢)/2_e fkd (cog g-cos )2 (418)
If use a general function of i)
ix e ix
sinx = _ (4.19
2]
The magnitude of array factoeducedo
sin(kNd cosg, - cosq)/

sin(kd(cosy, - cosq)/P
Therefore, the array factor can be simplified as

2 ~ i3psin qeos 2 X 3 gin sig 12Ff 24 : ~ o . . -
_ae Oed ,adin(3p sin gcos f2) 6 €in(3 pin sin /-

AF =5 —
celsnEe P SgF 9 21 Ehinp sin gos 12+ §in( gin sip /2

(4.21)
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It can be writtn as:

asin(3 sin gcos f2) 8 €in(3 pin sin /:

AF|=—— T ———— 4.22
| | Sesm(psm gcos A2 ngn( gin sin /2 (422)
To plot the functions, the variablasandv are as follows:
_k/ . :
u=-—=>- ssingcos/ (4.23
2p
v:ky/ ssing sin / (4.24)
2p

4.2.2 2D Sparse Array Design using CS
Spatial spectrum estimah is based on beamforming, while the basic theory of
beamforming is related to weight optimizatioch.MacBook Pro 2017 with a 2.9GHz
Intel core i7 is used to ruMATLAB 201% (Build 8.6.0.26724664-bit Win64) for the
simulation.

Firstly, consider a uniform10xl@ctangular arrgythe weights according to the
antenna elements should have 100 vallibe desired response is a uniform rectangular

array with 0.5 spaced of each elemeifrom Figure4.8, g is from 190, 60, f

has the same direction @f . As
|Ax-§ & (4.25)
If A=0, the desired response equals the designed resptirese, would be no

interference between the array elements. Therefosbpuld be as small as possible. In

this design,A is set 0.1, For sparseness of this array, a nfynshould be used to
remove the zervalued weight coefficients. Becaudg norm requires large scaled

computing, |, norm is used to replace the optimization lgf norm.
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Figure 4.8 The recovery weights difference ofectangular antennaarray

Table 4-1 Weights after sparseness optimization

n W, n W, n W, n W,

1 0.209 10 0.126 19 0.290 28 0.445
2 0.218 11 0.355 20 0.302 29 0.405
3 0.162 12 0.440 21 0.362 30 0.257
4 0.304 13 0.428 22 0.210 31 0.160
5 0.434 14 0.421 23 0.178 32 0.405
6 0.286 15 0.313 24 0.333 33 0.477
7 0.134 16 0.158 25 0.440

8 0.362 17 0.129 26 0.422

9 0.101 18 0.285 27 0.333

Table 4-1 shows the resultfoveights after the optimization by SPGL1 with norm.

The number ofwveight coefficients is reduced from 100 to 33. From one dimensional

array, we kow that weight related to the antenna array locations. This can also be

deduced in twalimensional array. The result with 33 antenna elements can be inferred.
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Figure 4.9 The desired response of gectangular planar array
Figure4.9 shows the radiation pattern of a uniform planar ai®ayce the rectangular is
10x10, there are 100 weights of wa$ in this antenna arralyigure 4.10 shows the
difference between the designed sparse planar array and desii@un planar array.
From the result, these radiation patterns do not have significant differéiges4.11
is the difference value of desired and desdyarray. The difference between two sets of
response values is quite small. Therefore, it is safe to say that we can use 33 antenna
elements can achieve the performance that is originally achieved by using 100 antenna

elements.

In addition, for the CS ntkod, the iteration time is 0.157018s
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Difference of Magnitude Response (dB)

Magnitude Response (dB)

Figure 4.11 The designed responsef planar array.

4.2.3 Result of GA Method

As aforementioned, the idea of GA is based on the theory of biological evolutidr,
simulatesthe problem as a process of biological evolution. Its major operations include
crossover and mutation to produce the next generation of solutions, and selection to
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gradually eliminate the solution to adapt the low fitness function value and increases the
degree of adaptation to higher fitness solution. This evolutidw génerations is likely
to evolve the fithess function of the individual values towards a higher value.

For the design of sparse planar array using GA, the key idea is to find better
solution of weights. Through the selection, crossover and mutation progress, GA adapts
the nonsatisfied weight (the value of weights is zero or relative), and finally selects the
qualified weight coefficients. After GA, a namiform sparse planar array can be
obtained.A MacBook Pro 2017 with a 2.9GHz Intel core i7 is used to MATTLAB
2015b (Build 8.6.0.267246 @4it Win64) for the simulation as for the CS method.

The populatbn=40, crossover=90% and geat#on set to 500.

%'10 l ‘ll'/m(‘“”: /:“‘t\‘\mﬂlh»w" iii““ldlil.l‘\“ﬁ““ ‘;‘
\“\ /i ué,/, ,,,,,,,:,,‘,,, ;/ : i “"W\‘\vl ﬂ\\ ‘\\}” i
\}‘\Mw\\m\.ﬁ(ﬂ \\\}’9{»{//‘\«(!‘%; \

80

Figure 4.12 The Response of designed antenna array in GA method.
Figure 4.12 is the sparse planar array response with weight ggdtron by GA. The

distribution d weight coefficients is showmm Figure4.13
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Figure 4.14 The weight coefficients fitness optimization.

As shown inFigure4.13 there are 100 weights coefficients for the conventional uniform
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planar arrayFigure4.14 shows the evolution of fithess value of best weight obtained by

GA optimization.

Table 4-2 The weight after optimization by GA selection.

n W, n W, n W, n W,

1 0.297 12 0.542 23 0.729 34 0.487
2 1.493 13 1.900 24 0.326 35 1.763
3 1.235 14 0.291 25 0.341 36 0.376
4 1.215 15 0.434 26 1.432 37 0.910
5 2.734 16 1.267 27 0.167 38 0.139
6 1.078 17 0.757 28 0.232 39 1.239
7 0.555 18 0.303 29 0.469 40 1.929
8 1.020 19 0.867 30 1.779 41 2.432
9 0.269 20 0.644 31 1.260

10 1.067 21 0.949 32 0.317

11 0.400 22 0.934 33 0.803

Table 4-2 lists the values of weidgh, from which we can see thdite GA method
obtained a sparse planar array with 41 elements to achieve the same performance as a
conventional uniform planar arraywil00 elements.

By the CS method, 33 elements are used to design the sparse planar array. While
for the GA method, it requires 41 elements. The computation time for GA and CS is
76.476652s 0.253679s, respectively. Thus, CS karten the computationntie by350
times & compared to GA. In additioGA requires larger system memory.

In summary, the GA method does not have advantage to design sparse planar array
as compared to the CS method because it requires longer comptitatoand larger
system mmory. Nevertheless, the GA method does not require the signal to be sparse or
incoherent, which is the limiting factor for the CS method. In general, CS has the great
advantage to design muttimensional array because of its characteristics of fast

compugtion and precise result.
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4.3 Summary

In this chaptey we firstly studied thedesignof a sparselanarantenna array bagen

the CS methodin narrowband beamforming, followed by the design of sparse 2D
antenna array by GAThis design objective is to obtain a satisfied radiation pattern with
the minimum number of antenna elements. 2D array can better control the beam patter
than linear array. However, the cost and iteration computation di@enavoidably
increased. For spse optimize of the 2D array, the number of antenna elements would
be reduced thus the overall cost will be lowidrerefore the sparsethe antenna array,

the lower the cost.

For the CS method, we started wah10x10 rectangularplanararray, where
artenna elements are equally spaced. This is the conventional uniform array model. The
response is the product of steering vector and weiglotsobtain the weights, it uses
SPGL1 to perform a norm calculation by setting a tolerable difference betweesddesir
response and designed response according tediorensional linear array. This
difference usually set less than 0.01. If it is set to zero, the desired response equals the
designed response, indicating there is no error and interference in the arsaig. dt
possible in practice. After obtaining the weiglaisd removing the values of zero or
relative to zero weight coefficients, themaining weights will lead ta sparse antenna
array. The location of the array can be calculated.

The second considered method GAspired by Darwin's theory of evolution and
inspired by the evolutionary process of biology. GA usually uses selection, crossover,
mutation process to evolve towards a better solution. The solution of the first genisratio

a random result, which is not satisfied. Every generation should go through the selection,
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crossover, mutation process to have better solution for further optimization. Fitness
function in GA is the key to solve the problem. The initial populatiomarsdlomly
generatedand the fitness should be chosen reasonable. We used betting wheel method as
the selection mechanism in this study. GA has advantage that no matter how complex of
the array is, it can give an acceptable solution. The disadvantagatedira the long
computation time and larger memory requirement.

In this chapter, we first reviewed the background knowledge about the advantage
of antenna array. Then, it briefly discussed about 2D antenna array including its
advantages and shapdolowed by the two method® design theectangulamplanar
array It briefly introduced the design in CS method and GA method. Next, the simulation
results are presented. From the results with the CS method, the design is successful by
using 33 antenna elamts to achieve the performance of a uniform antemray with
100 antenna elementk addition, for the GA method, it uses 41 antenna elentents
achieve the same performanewever, the iteration time is tremendous as compared to
that of the CS metlb This leads to our conclusion that the CS method is more suitable
for the design of sparse antenna array as compared to the GA method, provided that the
considered signal is sparse.

For future work, the sidelobe should be lower than the main lobeén wréurther
improve the performance. If the sidelobe is not low enough, it will generate the
interference and mutual coupling between antenna elements. In addition, the number of
weight coefficients after optimization could be further reduced. The decganumber
of antenna elements will not only lower the cost, but also help to avoid the mutual
coupling between the elements.

In summary, as compared to GA meth@& is no doubt the most efficient way to
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design antenna array. The CS method should bd tesimprove the robustness of the

design to avoid interference and model errors.
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Chapter 5 Conclusions and Future

Work

5.1 Conclusions

Beamforming emerged as a new technique to improve the system capacity and improve
the energy efficiency in the future fifth generation (5G) mobile cellular networks. To
achieve adaptive beamforming, antenna array is the necessary and currently itys usuall
implemented in the uniform form. In this thesis, we study how to design sparse antenna
array (with less antenna elements), which adopts less antenna elements to adequately
achieve the same performance of uniform antenna arrays. The less the number of
anenna elements, the lower the overall cost and the lower the mutual coupling
interference between antenna elements. We studied two methods, namely the
compressive sensing (CS) method and the genetic algorithm (GA) method. We found
that CS method can provitetter results in a short computation time as compared to the
GA method, provided that the considered signal is sparse. Nevertheless, GA method is
more general, and it can be applied to any type of signals.

In chapter 1, antenna array background wasflprieevisited. The design
motivation and objectives were introduced, followed by the thesis organization to give a
clearly frame of this thesis.

Chapter 2 is related to the basic theory of antenna and antenna arrays. It starts from
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single antenna and themoves on to antenna arrays. Besides, beamforming as a method
for array signal processing has been introduced. Different types of beamforming have
been listed irdetail Furthermore, it is expanded to sparse antenna array and give two
common method GA an8A for sparse antenna array design.

In this thesis onedimensional array design is studied in Chapter 3 and
two-dimensional array design is studied in Chapter 4.

In chapter 3, CS is used to design the linear antenna array which is benchmark of
onedimensional array. The desired response is that of an equal spaced linear antenna
array. For sparseness, we used a norm calculation to remove the zero values of weights.
The remaining weight coefficients forms a sparse linear antenna array that is thealesign
response. The whole design is to match the designed response near the desired response.
The method to match these two curves is to set a parameter of the difference of these two
responses. If the parameter is zero, it means there is no error in theVaorsa of time,
this parameter should be as small as possible.

In Chapter 4, there are two methods to designdiniznsional array. In this

design, a rectangular planar array is used for the modaiiofi@nsional array. For the CS
method, it is close tthe linear antenna array design. Notice thaaind / are used to

present the sigrl of arrival and azimuth angl@he result still matches the designed
response to the desired oneD Zrray has the advage of easidbeam pattercontrol as
compared with 4D array. However, the computation and iteration timadseasedGA
method is usually used to desigiDlantenna array, few researchers paid attentiorDn 2
or 3-D array. This is becausgA requiredongercomputation time and better computing

equipment as compared to the CS method.
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5.2 Future Work

For the future work linear array designing, firstly the sparse array should be considered
in errors in antenna locationshen the design can be expandedataobust antenna
arrayafter the consideration of the model errorsaantenna locations and other factors.

The design can be extendedatmleband beamforming. In wideband beamforming, there

are two methods to design the array. One is to transform the ethana narrowband

one, then process according to narrowband signal. Second method is to focus on specific
frequencies and then process the signal.

For the future work of -D rectangular array design by CS, sparseness should be
considered further. Theparsethe antenna is, the lower cost and the shorter computation
time. This 2D structure can be expanded to 3D antenna array. For sparseness in 3D array,
CS has its advantage of fast computation time. SA camsbd tocompare with CS.
Furthermore, othemethod or combined method can diadiedfor sparseness in array.

This study carbe expane@dto wideland beamforming because of its wide application
However, narrowband study is necessary becauseidieband signal can likecomposd
into abundle ofnarrowband signal

Though GA has its limitatiorof long computation timethe condition of GA
algorithms is quitgelaxed It can be used to solve some specified problems. In future
design works, GA cabe combined with CS to solve those problénagcanna be solved
by solely using CSThe aim is to decreadeet computation time of GA, and this requires

furtherinvestigation
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Appendix A

Appendix A providesmore simulation resudtin both D and 2D array designsn
Chapter3 and Chapter 4.

Section A.1 Sparse linear antenna array design using compressive sensing:

When a=0.09, b=0.15, — =90;
O T T T T T T T T ]
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Figure A.1 The difference of desired response and designed response in linear array

Figure A.1 shows a perfect performance whenbecomes smaller and) becomes

larger as compared with the result 6f =0.1. The computation time is 0.083200a.

should keep smaller to ensure the main beam is narrower.
In this result, the designed response is very closeetdehkired one. It uses nine
antenna elements to achieve the performance of 100 antenna elements.

Table A-1 The result of w coefficients in design of linear array
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n dy/ & W,

1 0 0.7087
2 0.62 0.8803
3 2.68 0.8192
4 5.91 0.7246
5 6.03 0.6051
6 6.66 0.4757
7 7.97 0.3500
8 9.34 0.2344
9 10.88 0.3285

This design illustrates the effectiveness of CS in the design efliovensional linear
array.
Section A.2 Design of sparseectangular planar array using CS

Consider a uniform 10x1@ectangular arrgythe weights according to the antenna

elements should have 100 valuEseom Figure4.8, g is from [-30°, 90'], £ is from

[0, 907]. As ‘AX d @, K is the upper limit of the tolerable difference between

desired and designed respondeneeds t o be s mal |FigwenARu gh.
shows the weights distribution after optimization by SPALts result uses 34 number

of weight coefficients to achieve the performance of a planar antenna array with 100
elements. The difference between the designed response and desired response is small.
The computation time of the whole design is 0.253410s.

Table A2 shows the result of weight coefficients obtained by the CS method. The result

is related to 33 number of antenna elements after remove therzaearty zero values

of weight coefficients.
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Figure A.2 The difference of recovery weights and original weights ofectangular

antennaarray

Table A-2 Weights after sparseness optimization

Figure A3 shows the desired response of the rectangular planar array. The desired

n W, n W, n W, n W,

1 0.203 10 0.174 19 0.401 28 0.473
2 0.289 11 0.302 20 0.334 29 0.114
3 0.172 12 0.478 21 0.359 30 0.265
4 0.432 13 0.142 22 0.109 31 0.190
5 0.343 14 0.392 23 0.177 32 0.419
6 0.189 15 0.294 24 0.305 33 0.489
7 0.236 16 0.315 25 0.467 34 0.140
8 0.357 17 0.147 26 0.402

9 0.105 18 0.230 27 0.324

response is an equal spaced rectangular array witt0d/=. Figure A4 shows the

difference between designed and desired response. FHgure A4, the differenceds

negligible Figure A5 shows the response of the designed antenna array.
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Figure A.3 The desired response of gectangular planar array

Figure A.4 The difference of desired array response and designed array response
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