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Beamformer/Beamvector

Beamvector/Beamformer

y(n) Output

X

—nN

Snapshot

y(ny=a" X,

Beamformer response to an unitary point source, located in the far field and
mono-chromatic impinging the aperture from a given elevation and azimuth.

V,,(N)=a"8

s(g)=exp| J2x.f Sin(‘g)dq.cos@q —¢)
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H
The so-called ARRAY FACTORis: G ((9, ¢) = ‘ a S ‘

The array factor is closely realted with the DIRECTIVITY of the aperture

D(6, §) = Powerat thedirectionsgauremt.  G(6,#)( Aseciive
| Isotropicpowerdensity a"a | 4zr?

This directivity depends on the effective area of the receiver the location
and with the norm of the beamformer, which multiplied by the applied signal
power provides the global transmitted power, and the array factor.

Do not confues D or G with the antenna GAIN. The antenna gain (always is a
loss) equals to one when ther is not mutual coupling between aperture elements

The transmitted power Pt is always less than or equal ( no MC) than the
radiated power.
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ANTENNA GAIN

| X=2ZV
Being vector v the vector - =
containing the signals

H
applied to each antenna, where trl|Z ;) < Q
MC (Mutual Coupling) _

implies that the radiated H

vector x is related to the and E (VV ) R |
original by means of the T (2 =
MC matriz Z Being Q the total number of ante

Since the radiating power is given by:

P, =tr(E(xx") = tr(zEW" 2" )< 4 R Nr{z2")-

Uniform and independent
= = TU ZZ" <P,

Se teﬁggy% allocation M.A. L unas Array Processing
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Example of the MC power loss:

1 0
Z = tr(zz")=2 Trs 1 100%
0 1) == P,

09 0.1
Z:[ j tr(zz")=1.64 "R _082 829%

T

90%

0% (1)
10%
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THE ARRAY RESPONSE

The receiver snapshot for desired interferers and front-end noise is:
NI
Xo=a4(n).Sy +23a(n).s; +w,
=1

The response of a beamformer defined as vector A is:

NI
y(n)=A" X, =a4(n).A" S, + 23 (n).A"S, + A" w,

Using the power of the P, = E[\y(n)ﬂ
beamformer’s output

Together with the

- R=P,$,8" +>P.S, 8" +0?
covariance of the R=Fy.949¢ +§1 LS9 +Oo°.

received snapshot......
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The different contributions at the array output is:

P, = Peia + B

interferencia

Our objectives or goals are; H

0 dB.) AGC Automatic Gain Control

Set to zero or minimize interferers
comntributions

> Minimize norm or minimize response to
undirectional noise or minimiza the area of

I\/IALagunas lRrray ror;:eess (g)nSe

Chapter Il Beamforming
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éy(n) " The phased array

\/\//

Beamvector
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-60 -40 -20 [0} 20 40 60 80
Elevacion en grados

-30 degrees

ULA Array

A
dq — qE
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quiescent response
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TIME REFERENCE BEAMFORMING

output
y(n);
Desired d(t)
Reference
d(t)
@ g(t) error
d(t)-y(t)
linterference
N 2
The MSE at the output is &= E[E(n)-g (n)]: EUd(n) - A" X, }
éanIchj,etSaking expected E=P, "‘AH -B-A‘EH -A—AH P

M.A.Lagunas Array Processing

Chapter || Beamforming 15

September 13



where (d (ﬂ)d (ﬂ)) The power of the desired or reference

E( ) The covariance matrix of the received snapshots
_n_n

| 20
||

The P-vector or cross correlation between
P=E(X,d"(n))

snapshots and the reference.

The gradient of the MSE with respect the conjugate of the desired

beamvector is:
VAH§ ZE'A_E:Q

This provides the optimum
(MSE sense) Time Reference
Beamformer

M.A.Lagunas Array Processing
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MSE Optimum SNR design

The desired covariance matrix Rd =P, S, SdH
The noise plus interference R—-R =R +co?|
Covarinace matrix = =4 = B
A"R A
SNR at the beamformer’s output SNR = v =d
A"(R-R A

The solution of this quotient of two cuadratic forms is (setting constant the
numerator/denominator minimice/maximice the denominator/numerator. This
results in a generalized eigenvalue problem. The solution is the corresponding

eigenvector
R A=4,(R-R )A

—q — max

When the covariance of the desired is rank (Zmax + 1)R A ﬂ*max BA
one, this solution coincides with the MSE .
i M.A.L A P i o
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Thus the optimum MSE can be
Note that P — P S written as:p

A=R'PxR'S,

This last version of the optimum beamformer reveals that using a temporal
reference is equivalent to have the corresponding DOA of the desired to form
the beamformer. Thus, temporal reference is equivalent to spatial reference.
Furthermore both maximices the SNR.

Interestingly, there is also another . ( . )
formula for the optimum beamformer. id A o ﬁ“max R R d A

Note that naming with matrix Ro the

interference plus noise covariance, — ﬂ“max BO A

again for rank one desired, the optimu _1

solution can be written as: B
Ax RS,

Vi BENEFERENIEMANNERS TO FORMULATE THE
Chapter I BesOPTIMUM BEAMFORMER!!
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The relationship between the MSE and the SNR is the following:

Since the error and the snapshot components are

uncorrelated, the error and the output also are uncorrelated,

thus:

s =dm)-y(n) y(n)+e(n)=d(n)=S+&,, =P

> _F g | sNR=tt_g

gmin gmin gmin

This expression can be derived also from the
expression of the minimum MSE: é:min =P, Aopt RAopt
It is also interesting to write the MSE
in terms of its minimum and the
) : _ H
optimum weights (Coments: F=& 4 (_ Aopt) B(A_ Aopt)

Quantization, Quadratic, Weighting

by the covariance) |
September 13 M.A.Lagunas Yemssmsmm=eamamassmam
’ Chapter Il Beamforming
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The impact of coherent multipath

LOS and secondary
arrivals produce two
terms on the P-vector

P=r(0)S, +ar(7)s,

This implies that both directions
are focused by the optimum
beamformer. The low statistical
stability of the reflection
coefficient a produces a

saturation of the BER when To overpass the problem:
increasing the received SNR -Spatial smoothing
-Combined temporal/spatial reference
September 13 M.ALagunas AraProlgrzation diversity 29
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THE REFERENCE LOOP

d(t)+s(t)
— Extract
information —_—
signal s(t)
d(t)+i(t)+w(t)
A
Extract Regenerate
i(t) reference Reference
signal signal

e(t) ‘ a(0

The reference d(t) is framed within the information message s(t). At the
receiver, the reference is de-framed. At the output of the reference block the
reference is regenerated (free of noise and interference thanks to a priori

known properties). Note that the beamformer will steer the direction where

: ; M.A.Lagunas Array Processing
septer@{d)1is coming from. Chapter Il Beamforming 24



% >

“— To reference loop

>

Reference time slot

>

<& N
« »

Information frame with reference included on the middle

TRB- TDD

A

TRB-FDD

\ 4

September 13

\ T Information
—

i signal

| Reference

4/—\__, | signal

25




Single carrier reference loop

v

A "| Reference
dO) =dO+IO+WO| regeneration a0

PLL or Kalman |
g Filter

\ B.';nd-pésé filter dt)

\ I
‘ N

e(t) =d(t) - d(t)

>

M.A.Lagunas Array Processing
September 13 Chapter Il Beamforming



Un-coherent BPSK loop

>

| >

Band
Pass
Filter
to
twice
the
nomi-
nal

> ()°

h 4

PLL or Kalman
filter

£(t) = d(t)—d(t) \: j

September 13

G

d(®)
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CMA-Beamformer

| >

L —

Envelope
detector

O—
£(t) =8(t) —e, €

M.A.Lagunas Array Processing
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Structured reference

v

A
Receiver
g __L To obtain
modulation
Band-pass parameters
filter !

s(t) =d(t)—d(t) \ o

Modulation

Modulation symbols (key)

M.A.Lagunas Array Processing
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SPATIAL REFERENCE BEAMFORMING

Assuming that the steering of the desired AH S 4= 1
is known, the beamformer design will be -

to preserve the desired response (i.e. with Y
0 dB.) and minimize the global output A BA
power with the previous constrain. B

The solution is: H=
Sy

R=ay84.8¢ +R,

Also, assuming that the received covariance is =

Equal to the addition of the desired plus the interference plus noise matrix,
and taking into account the constrain we have:

AN oy S, 8" +50]A:ad +A" R A .
=0 "=d
Which implies that the A _ S H R—l S
Septernber 13 following \expsession is @lsesing =d "=p '=d b
valid for the ez férmeérming




Phased array—Optimum SRB

-100 50 0 00 0 0

Elevacion en

Elevacion en grados

M.A.Lagunas Array Processing
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CONSTRAINED BEAMFORMING

In addition to the DOA of the desired, it may be possible that other
directions where a-priori it is known that interference or clutter impinge
the aperture can be included on the constrains.

When NI directions of
interference are known, the H B
set of constrains will be: A '[§d Sip - Siw ]_ [1 0 . O]

-Note that NI+1 degrees of freedom are used thus only Q-NI-1 interferers

can be attenuated on the adaptive mode of the beamformer.

-With this set of constrains, the beamformer in the quiescent mode will

perfectly null out the NI interferers.

-It is crucial that the set of directions are precise, otherwise degrees of

freedom are consumed without removing effectively the interferences.

-Since nuling an interference, in practice, represents 20 or 30 dB od

attenuation, in order to do not increase the dynamic of the beamformer

weights or to decrease sensitivity to missmatch, it is better to set the
septeAtieuation to some value (0:0chor 0:@01r-greater than cero 4

Chapter Il Beamforming



The design equations are: ;r
AH g _ iH
A"RA
The solution to this problem is: 1 H ——1 1
Aoptimo = B QE B 9 A

The quiescent response, i.e. the beamformer satisfying the constraints and
with minimum response to the front-end noise (minimum norm) is:

1
AH .O'z.lz.A _ 02 AH A HAHZ — Aquiescent = Aq = Q@H g} i

M.A.Lagunas Array Processing

September 13 Chapter || Beamforming
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Derivative Constrains

A

Let us imagine, that the direction of the
interference is not known precisely. In

this case, since the nulls use to be very
deep, the resulting attenuation could be
clearly not sufficient. .

To alleviate this problem it is convenient to set
derivative constraints on the beamformer response.

The original constrains set is:

R .

AT lsy SiI=l B

v 5.(@)=exp i 4, " W.cosfp, )|
M.A.Lagunas Array Processing 36
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Aiming to include derivative
constrains, the derivative of the

H
array factor with respect to the 8A '§i _ AH_a§i _ AH .S-H
elevation at the interference 06 — 00 — =l
location is: ! |

being

S/(q) = ( 27 .d,. ée) -COS((pi—(pq)jexp{j-Zﬂf -dq-senéa)-COS((pi—(ﬂq)}

This can be used also for the azimuth
S7(q) = ( |.27f d, coé ) sen(go )jexp[jz:zf .dq.%(g) cos(go — @, )}

Of course, derivative constrains can be used also in order to ensure

proper reception of the desired when pointing errors occur. Then, the
global set of constrains would be:

September 13 [S — _l\dgiALa has §L|1ayPr SS]”Q [1 0 0 ﬂ 0 O]

Chapter Il Beamforming 37
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The Sidelobe Canceller (SLC)

Jammer

Auxiliar array
————— with very low

directivity.
Secondary beam
Main Beam A or SLC A,
..................................... v I’(t) \
s(t)+i(t) The jammer is sensed
l almost at similar levels on
September 13 M.A.Lagunas Array Processing both beams. 39
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The error between the output of
these two beams is: g(t) =s(t)+y.i(t) - A, _S 0

The secondary beam is designed in such a way that minimizes the
power of this error.

The snapshot on the secondary beam is:

Xon=0q0).Sy +1(1).S; +w, =i(t).S; +w,

Xq =11).S: +w, (1) It is CRUCIAL that the target is
—s:n = =3 not sensed in the secondary,
otherwise it will be cancellation of

it at the global output.

-lps,s"+o%1]'yPS,

Thus, the secondary beamformer is: i

A=tz P'§'S' yPS, = /‘P‘ S,
= o°+QP o +Q.P

M.A.Lagunas Array Processing
September 13 Chapter Il Beamforming 40



The global output is:

s(t) + 7i(t) — AL X s =) +i(t). +w (1) + AL (t)

Note that the jammer is reduced proportionally to its power. In other
words the SLC inverts the original SNR of the jammer that pass to be
1/SNR. This quality sometimes is used to refer the MSE as inverter of
the interference SNR. Not also that the reduction is favored with the
number of antennas in the secondary aperture.

M.A.Lagunas Array Processing

September 13 Chapter Il Beamforming



DOA of the
jammer

Beam of
the

primary \

I I
Retrodirective

/ beam of the
SLC

The SLC forms a retrodirective beam such that the difference of the primary

and the SLC produces a zero on the DOA of the jammer
M.A.Lagunas Array Processing
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Without desired, the SLC
works as a linear predictor

[ Secondary beam or ]

SLC
S0 v () To avoid the cancellation of
e the desired different
directivity can be used for
the primary and secondary
(Example:

Cardiod/Omnidirectional

M.A.Lagunas Array Processing microphones) 43
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THE GENERALIZED SLC or GSLC

Aiming to solve these two problems:
-Change only the degrees of freedom

when the scenario changes. A c T
-A new architecture were adaptive - = _
algorithms are easy to implement.
9 y P AH RA
— min
A new architecture to implement the | 1
constrained beamformer is going to be Aoptimo _ R_l.C.bH R_l.C]

presented based on its design equations

When there is not sources in the scenario,
the so-called quiescent solution is: L
C

Then, it can be assumed that when —d
sources impinge the aperture the optimum
beamformer will be the combination of the

quiescent with an additional, so-called A = Aq + A|

Se tembgrd@ptive beamformer WMA.Lagunas Array Processing
’ Chapter Il Beamforming



Since the quiescent is the vector that, satisfying the constrains is of minimum
norm, a geometric interpretation (for the case of Q=2 antennas) will be:

Constrains plane
quiescent /

Note that the quiescent is orthogonal to
the constrains since its projection on

the plane is zero .
H~|*~H
(1-cle"c)c™ ja, =P ., 0

The adaptive beamformer has to be orthogonal to the quiescent, since this
ensures that the addition of both stay on the contrains plane.

M.A.Lagunas Array Processing

Chapter || Beamforming 45
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Constrains plane

adaptive

Global beamformer
To ensure that the adaptive is

orthogonal to the quiescent a matrix B

is needed. 1
A =|(1-clere) e )|a, B,
H This is the so-called BLOCKING matrix
B C=0 of the GSLC

M.A.Lagunas Array Processing

Chapter || Beamforming 46

September 13



GSLC o,

Constrains Plane

Quiescent| A

ot
.t
o
PO
i
o
I
ot
Ll

Beamformer

Geom.Interpretation
M.A.Lagunas Array Processing
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Architecture of the GSLC

Blocking
matrix

B

*
o+
ol

QNI

Only Q-NC entries to the

adaptive module
M.A.Lagunas Array Processing

Chapter Il Beamforming
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The design of the Blocking matrix

The blocking matrix has to be orthogonal to the constrain matrix, but, at the
same time has to be an orthogonal matrix itself in order to do not introduce
colored noise to the adaptive beamformer. B H C=0

B"B-1

The solution to this problem is easy since the constrains matrix is rank
deficient, i.e. its dimensions are QxNC with NC<Q. Thus, using its svd, it will
be Q-NC null eigenvectors that can be used to form the blocking matrix.

y, - 010 . OTYFT
~uDyV" =y, . TP | I A3
0 . wne|O . OJ_YHCJ

The optimum blocking matrix is:

B=luncu - !QJ

M.A.Lagunas Array Processing

Chapter || Beamforming 49
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When the coloring of the noise constrain is removed (tolerated for the global
performance of the GSLC), there is the possibility of using blocking matrixes
with low number of entries different from zero (low complexity)

Example: Since the DQA of the dgsired is g — §d
always the first constrain, we
start with it. To block this Sy
direction we may use the Aq=—-%3y
following matrix:
1 exp(j(h—4,)) 0 - 0 |
0 1 exp(j(#, ~¢:) . 0
B =|0 0 1 . 0
=d
_O 0 ' 1 eXp(j(¢Q—1 _¢Q))_
7. f
where
(1) ==——d;sin(6, )cos(p, — ¢, )
27z f
September 13 ¢(2’) Akay ﬂ r(SNQ (ﬂd )COS(¢2 o (Dd ) 50
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Now, let us assume that there is another constrain (interference), the new C
matrix will be:
C— Ld ]

Passing the new DOA for the already designed blocking for the desired,

we have:
H : .
Ed §i = Oig The second blocking matrix is
o designed as before, just blocking the
Sid vector.
H

The blocking matrix Eid Sy =0
is formed by the
cascade (_)f the two —_— —
block designed

NOTE that the number of o
outputs for every direction from

— —_/
the constrains, decreases one
reflecting theuseof a degreerLg e Ay Procecein E
SepfraisdiGm . g LT

Chapter Il Beamforming o1



GSLC with pre-steering

444

WITH A SINGLE CONSTRAIN
THE GSLC DOES NOT
REQUIRE OPERATIONS
NEITHER FOR THE

QUIESCENT NOT FOR THE
BLOEKING MATRUX

G(64,94 )= diagonal |- exp(j¢q ) q=10Q]

..........................

M.A . Lagunas—Array-Processing
Chapter Il Beamforming
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QUIESCENT Control

GSLC matched with
phased array quiescent

GSLC quiescent with __—
uniform sidelobe level

M.A.Lagunas' Array Processing
Chapter Il Beamforming
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N Since the desired quiescent may not

Beam with hold the constrains, the closest vector
uniform has to be used in the constrain plane

sidelobe A,

The closest

vector to the

desired
quiescent
holding the

constrains A,

The new
beamvector
has a
component
different from
zero at the
blocking -10
matrix output
Adq -20
-30
H
Aq A qd +C(— ) L g Aqd)_ 40
P A +A )
qd " —q,old 00 50 0

M.A.Lagundl Array Processing Elevacion en

September 13 Chaptel TFBS



GSLC with quiescent control

New “shape”
constrain 10
cH i
SAEAIEE
- Aqd zl o o
e
where
S=AT P A
—qd "= | —qd
40+ i— 1 W
-50 i i i
-100 -50 0 50 100
Elevacion en grados

M.A.Lagunas Array Processing
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ALPHABET REFERENCE

Received

signal y(n)
QAM
constellation

Error signal

| e(n)
Q-r: = NLC UEJ Reference

*

>

—1
Beamformer Ai+1 — k X " Lng

M.A.Lagunas Array Processing
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The BPSK example

Sinchronism
Phase

F
F
.

Error

M.A.Lagunas Array Processing
Chapter || Beamforming
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Beamformer plus forward equalizer

o
ol — Equalizer —
b |
| 2 FIR order M _
oa—
~ M
In - Zb(q)gH Ln—q = QH [X n1Ln 110 X n—M ]QZQH Lng
g=0
In =d l bjg lne =1rac Aln
min (Q,M +1)
A - ﬂ“max QQH + ﬂu|.U_| \LlH
September 13 o M.A.Lagunas Array Frecessing

Chaptertt Beamforming

60



Beamformer plus D

|

oa—
o — N " -
oa

FIR orden M

FE

constrain

Equalizer
b

am=l, _i\n =1, _gH-Xn T glb(p)-ln—p :Z_Eﬁn _§-H-X
p=

n

Where matrix G is the cross
correlation between vector of
reference and the received
snapshot
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Sequence Detectors

Each vertical line
denotes a symbol
interval. From each
node two branches
for “1” and “0”. Each
branch is labeled
with the Euclidean
distance D(.). Bold
face the path
corresponding to the
sequence 1010.

, VI, eA

62



The MDIR Receiver

—>
of €(n)
, Algorith Output
. > N gorithm utpu
| a
|
|
|
- Reference d(n)
.I DIR b

The receiver snapshot and its covariance are:

X, =

[

d,+Xun Y :2.2.2H+

| 7O
| 7O

W
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The generalized SNR at the array output
can be defined as the response to the

a
desired divided by the MSE error SNR =

T
[,
TS
I
|

The design will be to minimize the MSE, yet preserving, as in an AGC

Automatic Gain Control, the power of the desired at the array output. In
summary the design will be:

£=a 'Ra+b"b-a"Gb-b"G"a

== min
st.  a GG"a=k,
The solution is, after deriving the Ra-Gb = l.g.@H
corresponding Lagrangian: o ; -
b=G" .a

Where the beamformer is the H
eigenvector associated with the E-Q—EQ = Zgg a
minimum eigenvalue and the DIR is b-GHa

MATCHED to the array response

M.A.Lagunas Array Processing
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Beamformer response MDIR after perturbation

™\

|

-20 o 20 40 60 80

Escenario
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Beamforming using Cyclostationarity

The acf of a cyclostationary process is:

r(t,7) = Els(t+75).s"(t - %)]: S B (2).6Xp(— jmart)

m=—c0

The property that can be used as reference is:

Els(t+ 74)s" (t - 7).exp(jat) = () = 0

Assuming the cyclic frequency known (usually the baud rate), we
collect the following snapshots from the aperture

ln y Lc,n :ln'exp(jat)

M.A.Lagunas Array Processing
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The objective is to design both H 4
beamformers (vectorsaandc)in ~ &(N)=a . X, —Cc . X |
order to minimice the error......

The constrain will be that the cross-correlation among the output of both
beamformers has to be different of zero when the desired signal, with a
given cyclic frequency, is present.

f=a" Ra+c" Rc-a" R c-c"R"a

= c C "Imin

H
c §:¢o

"R c+c”

II:U

The solution is:

Ra=(2+1R,
Rc=(1+1R'a

=—C

| 70
(@]
N
Yy

Ra=(1+1fR R R"a

\_ J
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The Cyclic Beamformer (SCORE)

output

v

exp(j. @.t)
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Beamformer as Linear Predictor

3 Z Salida=
o Ge_neral
| a On Architecture
I
| PREDICTOR |
of — g P(2)
( £(n)
I Salida‘
For a single . , >’
carrier the exact i B N
predictor is |
simple 3 R Ret_?rdo
( &(n)
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2
Elle" (X, X, ['| -a"PR-R,+R!}a-a"R-2R }a
R +R" )
R ==C =T ) R =E ln'ln—m]
—C 2 =m
H
g 'BC g‘ = ¢0 1 Exact prediction for unmodulated carrier
5| |
ot |
Constrain as AGC
to avoid the trivial dB gt 1
solution
10 1
15 T

_2 1 1 1 1 1 1 1 1 1
-100 80 -60 -40 -20 0 20 40 60 80 100
M.A.Lagunas Array ProcessingElevation in degrees
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INDEX

 Beamforming/Beamvector
* The array response: Directivity pattern
* Time reference beamforming TRB

— MSE Beamforming

— The reference loop: TDM FDM CDM
e Spatial reference beamforming SRB

— Constrained beamforming

— SLC and GSLC

Alphabet reference

Beamforming and equalizers (Forward, Backward and ML)

Beamforming for FDSS
Beamforming for FHSS
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Beamforming for FDSS

Several levels to protect
information and to
combat selective fadding

N, simbols per branch

-

Informatior
symbols

a;

A 4

Coders-t — |

i nm N=0,N,-1
(=
A Chip signal
F ¥4 (1)
v - WA Filter
g \>_<J v, (1)
: Chip signal |
i f Yn (0 |
KON Filter
] Z<J Ym(®
|
|
| Chip signal !
; /Q T (D)
- Filter
g \><J wn(t)
\ y
J
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The Tx signal is given by:

Information
symbol.
Repeated for all
branchs (using

Chip modulation  Band pass filter or
for every branch  shaping filter
implemented with a

a block
repetition code Polyphase network
at the s-t B
¢ ,-B
Jammer I BT
density Jo I

<« - Damaged = —»

: bands Bn
< — = = Global bandwidth = = = — — — — — & = = = = 'S
BT
M.A.Lagunas Array Processing 73
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N
With N bands, the decission variable 7 — Z (a_ E +w )
z will be the adition of the N bands e AR
outputs after chip removal and

matched filter, where Es is the

energy per symbol.

The density of the noise will be No
for the free bands and Jo+No for the
damaged ones.

The SER for the FDSS system is: / \
([ N
E
SER=Q| |—=|(1-p)+—LF
\ Ne 1450
LI NoJJ,
Jammer Lossfor

FDSS \ /
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September 13

J
1+—2
No
P
0 1
A suboptimum receiver is the case
when only the free bands are used. In
this case, the complexity decreases but
also the quality
The goal of beamforming or . Es _
array processing is to use SER = Q N_(l '0)
0

spatial diversity to decrease
the percentage of damaged

bands M.A.Lagunas Array Processing
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At the receiver array, we select two bands: One band free from jamming or
interference and other damaged by the jammer.

Clearly, using a repetition code at the s-t coder

of the transmitter, the desired will be present in

both bands. In consequence, naming Af and a; de ay + ad Bolf a¢ = kte.
Ad the beamformers for each band, the design

constrain will be:

With this constrain and assuming that both beamformers will
produce the desired at their output, the objective will be to
minimize the MSE.

H

e(n)=a; X,

H
& =a; 5 ¢ & T8y
-1

Solving this objective with the )“mm B fd de Bdf
mentioned constrain results on the 9
following solution to the problem: = de Bdf

76
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Free band (desired at broadside)

Beamformer response FD-SS band free

-80 -60 -40 -20 0 20 40 60
azimuth in degrees

15}

20+

25

30 F

35}

Damaged band (Interferer at 20°)

Beamformer response FD-SS band hit
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INDEX

 Beamforming/Beamvector
* The array response: Directivity pattern
* Time reference beamforming TRB

— MSE Beamforming

— The reference loop: TDM FDM CDM
e Spatial reference beamforming SRB

— Constrained beamforming

— SLC and GSLC

Alphabet reference

Beamforming and equalizers (Forward, Backward and ML)

Beamforming for FDSS

Beamforming for FHSS
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Beamforming for FHSS

ﬁ The SER for Coherent (1!!) FH is:

PRN -1
(Code) YO ' SER=(1-p)q == |4 pql S 14 20
NO NO NO

Total Bandwidth BT

< ~ .
l f
Bandwidth

desired Slgnal M.A.Lagunas Array Processing
Chapter Il Beamforming

Jammer

v
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Since the Q(.) function is concave, it verifies that
Q(pxL+(1- p)x2)< pQ(X1)+(1- p)Q(x2)

Q(x2)

Q(x1)

x1 X2

In consequence, FDSS is better than FHSS for any damaged
percentage, i.e. FDSS is more robust to jamming than FHSS.
Furthermore, since coherent hopping is almost impossible the
mandatory use of uncoherent FSK in FH deteriorate the system again
when compared with FDSS

Again the goal of beamforming for FHSS is to
reduce the damage percentage as much as

M.A.Lad@@aﬁsm Processing

Chapter || Beamforming 80
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The idea is to compute, by means anticipated processing,
the covariance matrix of the next hop, i.e. before the Ba
desired hops to the frequency. This covariance is R

When the desired hops to the frequency, the new covariance is R

since 5: Pd§d§gl +5a

Solving the following o Compute the
eigenvalue problem: Egz?;iczﬁgto
* —> >
-1 R'S <
RR "'e=A4__¢ D
——a — max = | Steering of the «——
l desired Frequenc
H -1 | quency
(P,S,SHR *+1k=Ae .

— Y —Y —a =/ - .I fgenerator
Provides the steering of the desired x, R | 4
and the optimum beamformer o S e chde

S ]
e=2t 4 -[+RsiR'S,) N
S|
M.A.Lagunas Array Processing
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DSSS System (CDMA)

et -t et £t et et £ e e -
i User #1 Spread |
i sy't'ﬁbol #
i Symbol #1  Symbol #2 E
: i User & | Data block 1 Data block 2
i (1) | . Pmax
1 - > : Midamble
: é i User#2 | Datablock 1 Data block 2
i ITs = > | User# | Datablock 1 Data block 2
1 i -
i Tg=T¢-Q HH‘H Hmh (1)
! — é
E Q chips :
E__l:j$_e;&2_ .................. .(_j_._._;_(._jjj ......................... ..E_P‘/ﬁ m
1 g ] {_" ' \\i/ "'"'""'C - RF —h
'._._._._._._._._._._._._._._._._._.__._._._._._._._._._._._._._._._._._._! —0)
I_._._._._._._._._._._._._._._._.Ei:). _____ ( -K) ________________________ 1
i User #K ' !
i d . C :
e e e mm et ma e i }ﬁ
Midamble
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DSSS Modulator

> Modulator >
Information
signal rate 1/T PRN Genera.tor with , Code
sequence assigned by
code
ﬁ1 3 iO1
< T
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JoO

BT Global
Bandwidth=1/Tc

After the product by c(t) (the spreading

sequence and low pass filter to Bo, the The jammer plus noise
desired original bandwidth, at the density pass to:
receiver N,+J,0
4 )
And the Ef ] ] \
ER is: — S 0
SER'S SER=Q N l+p N j Jammer loss
ok 0
\_ J

M.A.Lagunas Array Processing
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Plot in green shows that DSSS is poorer than FDSS
at any percentage level of jamming. In other words
OFDM is superior to CDMA in quality.

The aim of beamforming again is to reduce the percentage of
damage bandwidth. The idea is to locally regenerate the reference.
The most difficult part is to get the local spreading sequence in
synchronism with the received when beamforming is still not ready.
The next figure use a double correlation loop to acquire the

September 1smentioned Synchroﬁ@éﬁ;ﬁgunas Array Processing 86

apter || Beamforming



Beamforming for DSSS

Regeneration of reference (assumes PRN
fully synchronized)

F . Output S
ol

|

Low Pass
¢e— > — > ]
@ Filter

F Pseudorandom

¢——9 Generator <«— Code
PN

bt [
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The autocorrelation of c(t)

High
correlation
zone

Low
correlation
zone
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The Synchronism Loop

- Rec(9-0) DIFF

M.A.Lagunas Array Processing
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c(t)
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MAIN 5

SECONDARY LOBES

SUM<Threshold

FREE-RUNNING (Move fast

SUM>Threshold delay or advance the clock)

Enters tracking mode. The clock
moves in the sense of the difference
(normalized by the sum, monopulse
tracking)
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EJERCICIO 1.

Considere un sistema de FDSS con codigo de repeticion (1,M) ancho de
banada BT y con simbolos BPSK de energia Es con DOA situado en el
broadside de una apertura. El ruido del front-end tiene una densidad espectral
No/2 W./Hz.

En el escenario esta presente un jammer situado en un angulo de 60° respecto
al broadside con ancho de banda p.Bt y densidad espectral Jo/2 W./Hz.
Considere que la apertura receptora, para cada elemento produce una senal
zq(n), despues de filtrar en la banda correspondiente, de-scrambling vy filtro
adaptado. El vector que agrupa todas las sefales recibidas de las M bandas
viene dado por:

z,=a(n).E,l+w,  donde a(n)==1

)_ (‘Jo"'No)LpM 9
i Q NOL(l—p)M 1
1.- Calcule el estimador ML de a(n) asi como su sesgo y varianza.

2.- Cual es la tasa de error del detector de a(n).

3.- Demuestre cual es el conformador optimo para bandas libres (f) y para

bandas dafnadas (d).
X =2a(n)sS; +Ww,

E(z,)=a(mELl Elw,w"

—nN —nN

Siendo X 4 = a(nyszorg(nys WS



4.- Demuestre que los conformadores para bandas dafadas y bandas libres son
respectivamente:

5.- Que ventaja representa el uso de secuencias de scrambling diferentes para
cada banda de frecuencia.



EJERCICIO 2

Se desea disenar un conformador por referencia temporal para una apertura de Q
elementos..

El snapshot tiene la siguiente expresion: )( — |(n)S +W,

Donde i(n) es una interferencia o “jammer”, de potencia J e mcorrelado con el ruido
espacial blanco del segundo termino. .
1.- Escriba la matriz de covarianza del escenario =

Si la referencia esta formada por una -
senal s(t), incorrelada con la interferencia d (n) — S(n) T 7/" (n)

2.- Escriba la expresion del vector P a usar en el —

conformador optimo 1 1 p SI SI
Sabiendo que la inversa de la matriz de R ™~ = — | — " —
covarianza es — o 1= l1+o QP|

3.- Escriba la expresion del beamformer optimo.

4.- Escriba la expresion del error resultante entre la referencia y la salida del
beamformer, mostrando que este presenta una reduccion en la interferencia y un
incremento en la potencia de ruido.

5.- ¢ Puede indicar el impacto que tiene la sefal s(t) y su potencia en el objetivo de
reducir el nivel de interferencia conseguido.?
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