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1- Outlines

This chapter will introduce :

Essentialterminologiesfor beamforming; BF

Demonstrating the function of theomplex weightand
how thephaseand amplitudeweights impact on the
control of the arrayradiation pattern

Types of BF




2- BF terminologies

x BF definition

Beam forming is a method used to create the radiation pattern
an array antenna by adding constructively the weights of the

signals in the direction of SOI and nulling the pattern in the
direction of SNOI (interference)

This array can beantennasin the smart antennas context

(D
Ve

, or anyother types of sensofsr adar s, medi c al

can be anarray of microphonesn the speech signal
processing context

Beamforming can be usedt both the transmitting and receiving
ends in order to achieve spatial selectivity

l.e., an appropriate feeding allows antenna arrays to steer their bea

and nulls towards certain directions, this is often referred to as
spatial filtering
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x \Weight vector
Is a vector of complex weights w, each element consists of real and

Imaginary components, or alternatively, amplitude and phase components

w_ =a_e’r

w, is the complex weight of thethelement,U. is the amplitude weight of the

n" element andb,,is the phase weight of thelhelement

-Amplitude componentsontrol thesidelobe level and main beam width
-Phase componentsontrol theangle of the main beam and nulls

Phase weights for narrowband arrays aapplied by a phase shifter

x Steering vector

If there are K transmitters, K received signal vectors can be determined as
radar tracking multiple targets, or in a mobile communications system whef

multiple users are active. The received signal vector of thaignal is
frequently referred to ashe steering vector &) which is the array factor of
any array, depends on the angle of arrival of each incident signal
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x The array outputs y(t) at any instant snapshot ti

me t (or n)

-Consider D signals arriving from D directions

wW=lw, w, . .ow, | Qs

-Each incoming signal gk) has a correspondence
additive zero mean Gaussian noise 50

: B
-Each array element will get a snapshot at a ti
t; X(t); an element of the vector X(t) as .

-The array output y can be given in the a0 e Ml emen
following form .
’ y(t) =W" X (t)

The array output can be determined for any snapshot of an incoming signal plus noiqe
once the weight vector is calculated
-Let us start with a description of the array, the received signal, and the additive noise

-They are received by an array of M elements with M potential weights
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3- Impacts of complex weight function on the array pattern

X Main beam steering

-A simple beamformer steers the main beam in a particular directidi)

-In case of an environment consistingnly of noise i.e., no interfering signals, this
beamformerprovides maximum SNRecause of the antenna gain
-The weight vector for steering the main beam is W =a_/M

Example
A receiver equipped with an uniform amplitude four element linear array of isotropic elements

oriented in y direction required to enhance the wanted signal arriving from a transmitter
located at20°from the array boresight in yz plane. Compute the required weight vector for the
array to perform this function given that the elements are spaced apart by@ =

Solution
The electric field of the received signal is

N-1

) Em(q’/ ): a ejmkdsinqsinj i S y
For M=4, d =20°,0, =90° n=0 S—
Thus, §is computed to be aT, =[ 1 ei1.0745 gi2.149 g]3.223] I I

Thus, W, is computed to be W,T =[ 1 eil0745 @j2.149 @j3.223]/4 E®) E (1) E,(t) Est)
0 1 2 3




x Null steering

-The previous case will not produce a maximum SINRhe presence of
directional interference Such scenarios are vegommon in radar
deployments where amtentional jammer may be targeting the areas well
asmobile communications where other network users will create
unintentional interference

-Thus null steeringis useful when it is necessary &itenuate unwanted
signals arriving at angles other than that of the main beam

Let g, be the main beam steering vector (K=M-1)
a,, ..., aare k steering vectors for the K nulls
WH=Tw; w, w; & W

S v, e 1 g

> plkdsingsiy, b € _jkdsingsiny, U

— N e u

a-e u 0 0 0 a-=¢ U

¢ u é U

¢ @
@j(M'l)dei”%Sin/la ?@j(M—l)kdsinqksinij




-Conditions:
For A, ,the desired signal is received without any modification

_ e i ; i (M -1)kdsing,sinf,
WHa =1 ) y =w +we/dmsme 4w e =1

For S, the interference signals are rejected

j(M - 1) kdsing; sinf;

_ jkdsing; sinf —
WHa, =0 T w+we s +w e =0
0
0
0 (M - Dkdsingy sinf
H H i H - SIngk sin
w, +w,eldenawsnie | +w el <=0

Which could be written in matrix form as

WHla, a, .. . g=[1 0.. .0]=C
WHA=C
WH = CA!




Example
Compute the weight vector required to steer the main beam of a uniform two isotropic element

array oriented in ydirection towards the required signal in the plarie=90°, at 45° from the array
boresight and to minimize the interfering signal that appears a0° from the array boresight.
Assume the element spacing B2. Such a scenario is typical of a TV receiver situated on a tall
building and is therefore able to receive signals from both a local transmitter and a distant co
channel transmitter. A null is then steered towards thedwannel transmitter to provide
attenuation of this unwanted signal

Solution
M=2, d,=45°,d,_,=d; = -1C°, G =90°

The electric field of the received signal isE (q,/ )= a

n=0

eJnkdsinqsinj

aT0 =[1 ej2.221] alT =[1 e-jO-5455]

e 1 1@

A_&Jzzzl e 1054551,1 C=[1 q

Ei) EiD)

WH=CAl  WH=[(0.495 j0.09§  (0.376j0.343 ]
=[(0.495 -j0.09§  (0.376+0.343]"

The null steering technique described hgmntly steers the main beam and nulte
the desired angledModifying the vector Genables the existence atills and beams (or

—

signal minima and maximato be specified according to the prevailing requirement




-When thenumber of required nulls is less than K, K= M1, Mis the
number of array elements. Matrix A is not a square matrix (the matrix
iInversion will be singular and can not be inverted)

-Under such conditions suitable weights may be given by:

For a solution does not minimize the uncorrelated noeethe array output

WH =CAH (AAH)-l

For a formulation requiresnoise with variancal,, be addedn the system

W =CA"(AA" +5 °1)*
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A uniform array of 5 isotropic elements oriented in y direction with spacing d =

o2, the desired SUagmnalonar i intiemldlemlee r d ax
the other interferer arrivesat2sU | f t he n o 7=9.60]findtheé anc e
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middle one
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x Onset of grating lobes

So far the analysis of the behaviour of arrays has considered elements w
spacing ofd =af2. What happens when other element spacing are used? S
a scenario occurs when certain physical design constraints are imposed

the array size which impose focrease the spacing

An array of two elements with unity

amplitude and zero phase weights|: }
o}

oriented on yaxis, the radiation
pattern ford=90°; azimuth plane is
shown for : 3

d=0.5% d=0.6

The wider spacing the
narrower the main lobe and
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For the case considered, the array factor of the two elements is

AF (q./ )= cosé kdsingsin/ )
Substitute ford=9(in azimuth plane F (qg./ )zcos@sin/)

The maxima occurs when(p/_dsinj _)=°npY j _, =sintCn//d)- n=012,..
n=0 is for the main lobe, and the others for grating lobes

Example
Compute the angles at which the grating lobes appear in the pian@0° for an array of two

isotropic elements oriented on y axis and steered for maximum=&t°. consider the element
spacing ofd =0.5-, 0.536-,0.78; ;28-

For scanning array AF (g./ )= cos[(% kd)(singsin/ - sing, sin/ )]

AF, (@] )= cos[C ke)(sing- sing,)] T
AF (g./ )=cos[d//)(sing - sing,)] sing, =0.866° 1.866n
(ad//)(sing, - sing,) =°np For n=1 dg =90° from thei ve sign)
(sing, - sing,)=°n/ /d For n=2 no grating lobes
For d/a=0.5no grating lobes For d/e=0.536 dg =90

14
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x Amplitude weights
The amplitude componentsf the wekthtAor control the sidelobe level

and main lobe beam width

0 T o T i

An array of four element with
zerophase and different

amplitude weights as: : ‘1
8 I’

10

/

[111] [051105

MNormalised Magnitude [dB]

12

(0110
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The more tapering along the 7
array edges the wider the main s |
lobe and the lower SLL 20

I 1 L 1 1 i
80 80 40 20 0 20 40 60 80
Angle [deg]

It can be seem thahe radiation pattern of the four element array approachésat of
the two element array as the amplitude weights of the outside elements are reducgd
15




ANindow functions

Window functions enable the amplitude weights to be controlled with
certain constraints. The constraints are related to the characteristics
of the choice of function, such as desired sidelobe level or main

beam width, or a combination of both

(1)Rectangular window (3)Blackman window

W(n):]_ W(n):(l.ai-U.cho«a(%?n)+0.08xcas(4—;—~n)
(2)Bartlett window (&)Triangular window
[ ForoddN| 2 N1 2n N1
<n<

2 cngds [EoToaaN] 1<ng ¥

Wn+1)= ) N1 W(n) =
n - AN —n+1) N+1

— { —

2-§-1 —7 sr=h-l N1 Ss—Sn<N
| ForevenN| 20 N

N-1 Osns5

-1 ¢ —
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= N
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N
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(5)Hamming window (6)Hanning window

2
W(n +1) = 0.54 — 0.46 x cos (%) W(n+1) =0.5~-10.5 x cos (?)

(7)Kaiser window
_ To(ay/1-(2(n—N/2))?)
- I ()

|, is a modified Bessel function
of order zero

W(n)

large Ugives lower sidelobe levels
at the expense of main lobe width

This type of beam steering or BF is suitable for the case of fixed or

switched beam, i.e., itis a conventional non adaptive narrowband B
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4- Types of beamforming
|

Scaﬁning

RADAR either
tracking or

searching or both A
-The beam is to becanned across the aperture
in which a radar system is searching for new
targets Once the scanning beamformer has
acquired a target it will bénanded to a
conventional beamformein order to trackthe

new target.Scanningwill then resume

-It is implemented by incrementing the weight vector W,
mechanically or electronically, to steer the angle of the main
beam across the array aperturtd could be either azimutlor
elevationscanning or inboth dimensions

-It is not classified as adaptivieecause they follow programmedsequencenstead of
dynamically adaptingo a certain scenario. It ifonventional arrayor conventional BF

201




4-Types of Ibeamforming

Scanning || Phased array

-It utilizes the DoA informationconcerning the
desired user or targdb steer the beam toward
SOl

-In mobile communication systenthe direction
of the mobile is created through weighting
received signal by each antenna element (in
case of phased array antenna) or through the
reflector antenna system. Then the beam is
launched to communicate with the user

-In this type of beamforminghe amplitude of
the weights are held constant while the only
phases are changed

-It is a conventional BF

21




4-Types of Ibeamforming

Scanning || Phased array|| Switched beam forming

Butler Bless
matrix array

Acinite number of fixed beams
with high sensitivity in
particular directions i.e.select
oneof the predetermined fixed
beam pattern




4-Types of beamforming

MSwitched approach

AThe SNR is measuredfor each beamand the
maximum is determined The beamassociated
with the largest SNR is chosen for further
processing,i.e, at any time , all channels
assignedto the cell that is servingby this array
are available to all users Therefore a

particular beam, at certain times, may serve Butler
severalusers eamforming Networ -

: matrix
Anll channelsare availableto all beams

in the cell
Aviore efficient and can serveup to N

users (N is the number of available
channels)but:

-More complexto implement

-Requires measurement of SNR,
determinethe maximumone and an RF
switch should choose the appropriate

beam
-This process should be repeated for

eachuser

Repeat for
each us

Control Signal
(max SNR)




4-Types of beamforming

MSectored approach

At subdivides the sector into many narrow beams
Eachbeam can be treated as an individual sector
serving anindividual useror agroup of users
AVlultiple antenna arrays are implemented

At combines the outputs of multiple antennassuch
way asto form finely sectorized (directional) beams
with more spatial selectivity than thosmuld be
achieved withconventionalsingle element approaches

AThe channelsavailablein the cell are divided
equallybetweerthe beams

AA\s a user (mobile, targeté ) movesthrough the
sector, the processordetectsthe signal strength
and switchfrom onebeamto anotheraccordingto
the strongest one The beam is switched to
communicatewith the user

gl

Beamforming Network

Af the mobile movesinto the areacoveredby a
different beama handoff mustoccur

It suffersfrom greaternumberof handoffs




4-Types oflbeamforming

“ Scanning || phased array|| Switched beam formingl

Butler
matrix

Bless
array

At is_ implementedusing:

and wideband BF

numberof beamscan beformed

1- A number of fixed, independent, directional antennas
2- Antenna array and analogue beamformer such as Butler matimarrowband
BF) or Bless matrix( wideband BF ) Both matrices are explained in narrowband

3- Grid Of Beams (GOB) can be used with digital beamforming systems It
selectsthe bestweightsfrom a storedsetof weights It however,leadsto a more
complex implementation due to the drawbacks associated with digital
beamforming It doesnot require the beamsto be orthogonal and an arbitrary

Phased array is more smarter than switching beam because it generates more
beams which could reach infinity

25




4- Types of Ibeamforming

; ; — | Adaptive beam forming
Scanning || Phased array|| Switched beam forming

Butler Bless
matrix array

Aan infinite number of patterngscenariobased) that are adjusted in real time

Af the desired signal and interference occupy the same frequency band , then
temporal filtering often cannot be used to separate signals from interference
However, the desired and interfering signals often originate from different angles
This spatial separation can be exploited to separate signals from interference
using a spatial filter at the receiver

An full adaptive beamformers a processor used in conjunction with an array
antenna elements, to provide a versatile form of spatial filtering

l.e., adaptive beamforming is able to automatically adapt the radiated po

from an antenna array to different situations and communication scenario




4- Types of I:I)eamforming

Scanning || phased array|| Switched beam forming

Adaptive beam forming

Butler
matrix

Bless
array

Temporal Spatial

reference reference
Adaptive DOA
algorithm algorithm

Arhe weights for such a spatial filter can be computed in the tingenporal reference
beamforming or spatial Epatial reference beamformiryjgdomain or without the use
of a reference signal, which is referred to &8nd beamforming

-Temporal reference BF;:

The weights are computed in time with training sequeriééeiner Hopf equations+

optimization algorithms MMSE, MSINR),

-Spatial reference BF:

Does not use of embedded trainimsgquences. DoA is used to steer the wanted signaﬁ
and nulls directed

oward t he

nt erfe
27
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4-Types olf beamforming

; : : Adaptive beam forming
Scanning || Phased array|| Switched beam formlnd

Temporal Spatial Blind
Butler Bless reference reference N
matrix array
Adaptive DOA
algorithm algorithm

Alind BF: weights are computed without reference. It is maximizing the output
and interference suppression( needs DoA algorithmséami blind BR

In general, adaptive BF; ABF has different modes,

desired signal maximization mode,
Interference signal minimization and cancellation mode

28




Cochannel User Slglldl

interferer /
\

Interferer #2

[nterferer #1

Cochannel
\ interferer
_—
-
5 Interferer #2 /

nferferer #1

) Cochannel
Switched

interferer Adaptive

scheme

Select the strongest The beam pattern is adjusted in real time according to:

beam pattern

scheme

eithera part of the desired signal is knowthrough the

training sequence ( Temporal BF )

or thetransmitting DOA is setso that the beam is
maximized toward the desired angle ( Spatial BF2)9




AIARTRERRIERRG s
Switched Adaptive

High cost

Easy to implement

Less hardware redundancy

Difficult to distinguish

between the desired signal Focusing is narrower
and interference - Capable of nulling the
Does not react to the interference signal
movement of interference

Adaptive Array

Switched Beam

Adaptive Array

Switched Beam
Conventional _wm
Sectoring N s

Low Interference Environment High Interference Environment




Example

3-5isotropic elements in

linear array with

different phase
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5 ks space - 10 ot phas ey - 5 3 elements, phas@.5
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5 elements, spacing = 10, relative phase delay =-10
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