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Summary
1. Objective and Importance of Research

Today's communication satellites are called transparent because
they only transfer the arriving signals to a different frequency,
amplify and without further changes emit them. To respond to a
bigger user group, we have to accomplish a way of letting smaller
and more inexpensive each station with small antennas and low
transmission power have access to the satellite system. The low
power uplink has to be compensated inside the system to ensure
the proposed transmission quality. This compensation can be
achieved with the same transmission power by decreasing the
beam zone. To serve the same area, it has to be splitted into
spots and the use of multibeam antennas with a switching satellite
must be made. The move to on-board processing satellite
communications to serve the internetworking needs of distant
small earth terminals for personal/mobile communications and
private business networks becomes more and more justified
whenever terrestrial links become scarce or expensive or fault
prone.

The development of multibeam antenna technology has led to
significant increases in the capacity of communications satellites.
These technologies will improve operational flexibility, increase
overall capacity, and make better use of scarce mass and power

resources of the satellite.
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In this research, the characteristics of several multibeam
communication satellites antennas have been analyzed and a new
multi- beamforming algorithm for suppressing interference coming
from the other directions has been developed and verified through

the computer simulations.

2. Contents and Scope of Research

Introduction to beamforming techniques for multibeam

communications satellite antennas. (e. g. , shaped beam,

scanning beam, beamforming)

e Review of the different design technologies for reflector
systems, active phased arrays, dua reflector systems.

e Performance analysis and theoretical derivation of several

adaptive beamforming algorithms with different performance

measure.

Development of a new adaptive beamforming algorithm.

Proposition of a new array system structure for implementing

the proposed algorithm.

3. Research Results

e |llustration of performance improvement in the multibeam
communication  satellite systems compared with the
conventional satellite system.

e Introduction to generation techniques of multibeam such as



shaped- beam, scanning-beam and adaptive beamforming.

e Performance analysis of four adaptive beamforming methods
using different criteria.

e Development of a new adaptive beamforming algorithm called
LCMV-SE (Linearly Constrained Minimum Variance in

conjunction with Signal Enhancement).

Verification of LCMV-SE algorithm through computer

simulations.

Proposition of the structure of adaptive array processor for

generating multibeam.

4. Applications and Expected Contribution

e Be used as key technologies for development of multibeam
communication satellite array antennas to improve the system
capacity and the quality of communications.

e Be applicable to the smart antenna technologies.

e Be applicable to the construction of the space-monitoring
system for monitoring the quality of satellite communication

Services.
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= Re{( ) e}

Re{} * 7
(24) (

y()= Re{x "w'e™ }= Re{fw" xe'""}

wh ox y(1t) , ¥

[0°1
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¢(9) : y()=Re{¢(1)}

)2y (1) +jy(1) (4.3)

vy oy(t) : X1+ X,

W= Wi+ jw,

= Re{(Wy- jwy) (X (1) +jx,(1))}= wax () + jwx,(t)(44)

Xo(t) = X3(1) ( )™= g(t)

(1)

(2) ( , gradient )
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(z ,

Zp= Xok- 1F | X

Wit jw,

X1
wx = [ W1W2][X2 ]= WX+ WoXp

(4.4)

off- diagonal 0
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Ry(D2E{x()y "(t- 9}
E{ } T

x (1)

Ro(D2E{x()x "(t- 9}

x (1)

x ()= s()+ n(Y)

Ru(D=R (0 + R (29
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R (7) = R «(0)

R xy(z') =R xy(o)

X (1)

X1(1) x4 (1)

x1(1) X2 (1)

Xo(1) x4 (1)

R, = E{x x'} =

Xa(1) X2 (1) e

Xn (1) x4 (1)

Xn() Xz (1)

X (1) Xy (1) E { xi(t) x (1) }

- 44 -
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x1(t) Xn (1)
Xo(t) X (1)

Xn (1) xy (1)

(4.11)

(4.12)

(4.13)

(4.14)



4.9 x (1) n(t)

definite
s(1)
, inphase
R« positive semidefinite
R: 1
(N xN) tapped- delay line
R,(0) 2 E {x (tyx "(t- 7 } (4.15)
x (1) tapped-delay line (
)
tap point NL
Ru(d 2 E {x ()x "(t- 9} (4.16)
x:(t)
Ru(D)=E ‘ x (t-2) [X(t- 9 x'(t- 7= &) w x (t- - (L- 1)4)]
x'(t- (L-1)A)
(4.17)
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(4']'5) 1 RXX(Z-)

R'«w(2) R'w(z+ A) .. R'w(z+ (L- DA)
R'w(z- A7) R w(7)
Ru(2) = (418)
R xx(r' (L - 1)A) R'xx(r)
(4.18) ( NL XNL ) T oeplitz
T oeplitz

R'xx(r) R'xx(r+ A) R'xx(r+ (L - 1)A)

( NxNL ) R «(7)

x (1) y (9

cov [ x(B),y() 12 E {(x(-x)(y(-y)} (4.19)

X =E { x(1) } .,y =E{y(®}

0 =0
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fF(w)y=F { (1)}

O (W) = F{R (D}

norm, gradient,

[1x | norm
[ |2V x Tx
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, gradient
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y Yk
Y = Xt jZy
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gradient : A
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: R, Hermitian

Ry Hermitian - ( Ry * Ry
)
positive definite positive semidefinite
X (t) s(1) n(t)
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extracting impulse "burst"

41)  ( 4.2)

y() = w’ x (1) Cy() = w'oz(Y
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x(9 = s() + n(1

n (t) , ergodic
s(t)
s(t) = Vs e (4.39)
w, (radian) .S
- (
)
s(t)
sT()=1[ Vs ™, Vs "% ... Vs et 1= s (4.40)
v
vig=1 1, %, - cel% (441)
(41
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4.2)

x (1) = s(t) v+ n(t

z()= s(t)1+ n (t)

(442) v 1= (1,1,-,2)"

ni(h=ni(ye'”

Re2 E {s'(t) s'(t) } = Sv vT

R 2 E{n' () n'(t) }
re 2 E { x(t) s(t)y } = Sv'

Ro2E{x () x(t) } = Rs+ Ry
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4.1)

1. Mean Square Error ( MSE ) criterion
2. Signal to Noise Ratio ( SNR ) criterion
4. Maximum Likelihood ( ML ) criterion

4. Minimum noise Variance ( MV ) criterion

criteria

tapped- delay line
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Wiener

1. The Mean Square Error ( MSE ) Performance

M easure
M SE Widrow et. al. [4.7] array
. [4.8],[4.9]
s(1) d(t)
sensor
s(t) d(t)
, S(Y) ,d(Y) s(t)
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—3== Qutput y(t)

Error signal €le)

+

die)
Reference signal

( 4.3)
(
43)
e()=d()- w x(t) (4.49)
()= d2 (- 2d() w' x()+ w' x() x ()w (450)
(4.50)
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E{e?()}= d’()- 2 W' R+ W' Ryw

x1(9)d(1)

x2(1) d(1)

xn (D) d(1)

d(t) = s(t) (4.39) d’(t)= S

E{e®()}= S- 2w  Ry+ W' R,w

W (453)
(4.53) w 2
E{c*(1)} w

(453) gradient

- - -1
Rxx Wopt_ Rxd Wopt_ Rxx Rxd

W gt (4.56) Winer - Hopf
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“Wiener
d(t) = s(t) (4.39), (442 :

R,=E{x d }= Sv

_ -1
Wyse = SR,V

R,  honsingular R o
Wy , (453)
M SE
Emin= S- R 'Ry’ Ry
(453)
e2n=S- 2Ref W Ry, }+ w Ryw
(458)

— -1 .
Wnse = S RV

., (459)

2 _ * -1
€ min = S- Rdexx Rxd
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2. The Signal-to-Noise Ratio(SNR) Performance

M easure

SNR

( 4.1)

s(t) =

si(t)

S (1)

sn(t)

y(t)= wix(t)

s(t)

x(t)=s(t) + n(1)

n(t)=

ys(t)= wis(t)= s'(t)w

ya(t)= win(t)= nT(t)w

ni(t)

ny(t)

ny(t)

n(t)

. [45]
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E{ls()°} = |w's | (4.68)

E{ba(OF}= Tw'n [ (4.69)
SNR
S _ | WTS|2: WT[ ssT]w_ W RgWw
N | w' n /[ w'[ n nT]w_ w' R, w (4.70)
s_ 2z Ru"R4R,"z
N = _ 4.71)
z = R n_nlIZW (4.72)
(4.70) 2 , R V2R R V2
( Ri‘Re) ,
w ( 470)
sn
[4.10].
Rew = (s/n) Ry w (4.73)
s/n
(4.73) (/1) o
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(8/n) ont

opt . ’
R = () R
ss Wopt - (n )opt nn Wopt
(8/'N) opt (4.70) (4.74)
Wi RL W
Ry Wy, = L - B
ss opt W;)rptRnn Wopt nn opt
Re = [ s5s'] (475)
T
S Wq)t
T
W o S
S = = I:znn Wopt

w q)ts
T C
W oot Rinn Wt
1
Wet = (?)R nnlS
(4.39) S Y
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e = c
(s/'N) oot
Ron positive definite
Hermitian ( 44) nonsingular
A

s' = A's (4.79)
n''= An (4.80)

(9
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L my

Iy My

transformation

)

Matrix 5 My /"{"
=)

A

w0

YV

4.4)

E {ly (0} =

4.4) orthonormal

yo= w''s = w ' TA s

ya= w''n = w' TAn
( 4.1)

w = ATW

E{lw ™ n[}= wTE{nnT}w
decorrelate
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n' (1)

E{n'n "} = Iy (4.85)
(4.84) (4.85)
E{lya()1F = w'Tw = [jw]? (4.86)
(41
E{lya(DP} = w' Ry w (4.87)

(4.83) (4.87)

E{ly.(0% = wTA R, A W (4.88)
AR, A = I, (4.89)
Ry = [ATA ] (4.90)
(4.90) A R,
. orthonormal
(4.81) : Cauchy - Schwartz

- 65 -



lys() > = [lw']I* [Is']I? (4.91)

lIs'? = s s, [lw']®P = wlw (4.92)
(4.86) (4.91) SNR
SNR o = |Is'II? (4.93)
479)  (483) (4.93) (4.90)
SNR, = s Rls (4.94)
(4.70)
(v)- VVVV:[%]]VZV ) vvvv—Rvavv (4%)
(4.78)
Wer = aR IV (4.96)
(4.90)
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Rm = [ATA] (4.97)

(4.99)
SNRg = s Ryl's (4.98)
Ry W a\v
( )
SNR  governing performance criterion
SNR
sharping
Wq
( Wq !
)
R, t
Ry, Wg = @t (4.99)
(4.99) (4.96)
(4.95)
¥ 2
dw (4.100)
w R,,w
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SNR criterion

(4.100) (GSNR)
SNR . GSNR

( 4.1) Coherent

Sidelobe Canceller (CSLC) SNR

3. The Maximum Likelihood (ML) Performance

M easure
maximum likelihood estimation
x(t) = s(t)+ n(1) (4.101)
s(t) = s(t)v (4.102)
( 4.1) s(t)

likelihood function

LIx()]=- In[ P{x()]|x ()= s(t)+ n()} ] (4.103)

P{z]|y} y
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(4.103) likelihood funtion

x (1)
n(t) - (
Rnn O )
x (1) s(t) v
s(t)
likelihood function
LLx()]1=cx(-s(hv IR [x()-s(tv ] (4.104)
c x (1) s(t)
likelihood processor (1)
S(t) (4.104)
L x (1) ] s( 1) 0
ﬂas[%)—t)—lz- 2 v RIx()+ 288 v R Iv=0 (4.105)
Lrx(y ] (1)
) viR IV = vIR I (D) (4.106)
v R v (4.106)
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s(t) =

LX) 1=cIx(®-s(hv I Ry [x (- s(t)v ]

(4.108)

” v R,
()= ———, —x(1

T
Wy X (1)

likelihood

(4.104)

(4.106)
§(t) v' R.lv = v'
. n V
- ¥
M v R ,'mlv

T

1

nn

R o' X (1)

(4.107)

(4.108)

(4.100)

(4.110)

(4.111)

4. The Minimum Noise Variance (MV) Performance

M easure

s(t)
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. [4.17]

(42 aigned
v = wlz() = s Bw ¢ wn, (4.112)
n;
1
y( = s(t + win(y (4.113)
unbiased
E {y(9} = s(9 (4.124)

varfy() 1= E{w' n () n () wl= w R, w (4.115)

n (t)
n' (9

n'(ty = @n(t) (4.116)
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i$:
o = . (4.117)
9 i
var[y(t) 1= w' R v W= w' R.,, w (4.118)
wyy 1= 1 (4.119)
(4.118)
1= [1,1,..,1] (4.120)
criterion

Buv = = W Ry w+A[1- w' 1] (4.121)

A Lagrange multiplier . By W

quadratic w gradient v,®yy O
Vu® uv= Rnn w- A1 (4122)
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(4.126)

Wyy= R 12

Wy

wyy 1=1

(4.124) (4.123)

Wy (4.124)
(4.118)

var nin [y(t) ]
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SNR

M SE
(461
Wyse= Rplsv=[sVv v+ Ryl tsv (4.128)
(4.128)
2 -1t T -1
s R v v R
- | sRr nnl' nn nn - r S _ nn1
Ve 1+svTR,'m1v l |_1+svTR,'m1v T Y
(4.129)
(4.129) M SE RV
w= R ,'ml v
So
No= w R,,w= v R;'Vv (4.130)
So= w Rgw= sN?2 (4.131)
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3. (MSE ML )

_ 1 So 1
Wuse = N~ No+ S, R,V (4.132)
Wy = N_lo RV (4.133)
v =1 ML
unbiase
R
LY P s e S Y (4.134)

Linear matrix filter

Scalar processar
e

/ \
[ ] - -
5 s Sun g Su Su? 5, .
" 1 St |
-

( 45) maximum SNR, ML, MV
M SE

M SE ( 45)
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w= ARV (4.135)

s
SNR
sy W Rew _ Fsv (Ru)v vIRu Y
(”) w' R, W )es vT(R,'ml)v*
= Sv RV (4.136)
Wiener
Wiener - Hopf
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(CIN),

(CINg), = Po + G, + (GIT), - L, (5.1)
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5.1 a)

5.3)

RF/1F

5.1].
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RF/IF
5.1 b)
RF BFN
M (
.(  51b)
W
(52
IF



IF Combiner Baseband
E HOE -l 0T

Discrete Time
Complex
Baseband
Array Chstpat

2 AR

u, (1) - i 1

B Weight +— diid
Lo @— L Adjustment
AMaofthm L uio

( 51 a) IF



L
= \/—®73;4‘w— DDC -ﬁ W,
LNA enie
~17 —) i f) | Digital
| Basebandn
| Combiner
|
A ¥ |
| _\_\_}r"“ |
J;f\) X == aD DDC—l—-wu —
i I | » E:
T
wt)

|

|

|

| Discrete Time
| Complex
|

|

|

|

|

Baseband
T . Array Output
i "-\_X_‘
= V?% AD |- DDC TI W,
= 40
u, (1) i e

|
| — Adjustm
Lo QE}———— ) grrimioty SR

(  51b) SDR

( 5.1)
( HDC:Hybrid Downconverter, VGA: Variable
Gain Amplifier )
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(BEN)

W =
w n
. BEN
., BFN
( 54)
Butler
BFN
RF
( 55)

MXM BEN W

u(t

y() = Whu(t

[ Wo, Wy, =+, Wy.1] € c'"
W, BEN n
M M
. BEN

90°

Butler 4x4 BFN

BFN
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A P Hybrid

Coupler

55) 4

, BEN

BFN

2
104.5°

4
41.4°
4x4 Butler
. BEN
BFN
. BFN
A/D
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BFN

FDMA, TDMA

56)

CDMA

BFEN, RF
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MxM
Beamforming
Metwork, T

Received Tor

Lzer 0

Switch
Control

Received for

User k-1

56) M

Swilch
Control

57)




‘<7 Array Processor
-
RCVA / Downconvert i
to Baseband — AT s W
¢
I
L/ -
HEVE / Dovnconvert 1)
to Baseband i R I 1" g?r:ﬁsli
” I
- ll E Demaodulator
. I
- | E
Generafe
l Error Signal o d;'
?7 |
it t T
HCVR / Dovnconvert -]
o Basebarnd | &0 | YW=t E
mor
Ir’ Signal
L | Adaptive |
Algorithm [
( 5.7)
(MMSE) Least Squares(LS) . MM SE
Wi
Wiener
MM SE
JOwe) = E[| wi ui- diil?] (5.3)
k - | k i K,i .
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dei= d (i Ty Ts

(5.3) W

w,=R "p 54)

R=E[uuil], R=E[ud,]

54)

Wiiv1 = Wy~ _%#VJ( Wii) (55)
U
(gradient)
(55) Stochastic
Gradient (SG)

(55)
Wiist = Wy - g(Rwy- p) (56)
= Wy,i- #(E[ uju :-l] Wy i- E[ u;d kl])

(56) (5.6)
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Wi iv 1= Wy i- 4« uie;,i (5.7)

(5.7) LMS
.LS MMSE
(training

sequence)

decision- directed adaptation

decision-directed

K ( 58
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6.1.1

( 6.1
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6.1.2

x (K)

x (k)
n(k)

1(K)

LMS

A A
.k x (k)
2 [xy(ka), Xo(ka), =, xq(ka)]T
1(K)
x(k) = (k) + n(k)
K J-
1 (ko)
: }K
| (ka)
| (k& - 1)
| } K
=1 ka- 9
| (ko - (3- D7)
: }K
1 (ko - (3- DD

(6.1)



TiE DELAY OF
¥ SHCBlE

BRSO

ADMEETARLE
WEIGHTS

* a1 kom0
1

|

LOCE DERECT IO 1 .\
SII}INS.I'I.HI'.I.‘J
MOIEES] () j
i / R
e E R el
HIHSE B ;
MOR-LIGH DHECT DN
HOIEES
(62
k n(k)
w (k)
n(K) = [ny(ka), nyka), = ngka)]’

w(k)= [w;, Wy, = ,wg] € R



KJIXKJ

R,=E [x(k x (kK] € R

KJIXKJ

R.=E [n(k n (K] e R

KJIXKJ

R,=E [I(k I' (k] € R

E[n(k I'(k]=0

R« R,., positive definite

C )

y(k= w x(k= x (k) w

E [y’ (]=E [w x(k) x (Qw]= w Ruw

6.1) j-

(6.2)

(6.3)

(6.4)

(6.5)

(6.6)



KJ- c

¢c/=[0--0,0-0, 11 0--0]
(6.7)
K K i K K
KJXJ C
Ca[ci ¢t tcle R (6.8)
6.1) f
f & [f,if,: -« if;]e R’ (6.9)
(6.6) (6.8) (6.9)
C'w = f (6.10)



subject to C'w= f

(6.10) LMS

Lagrange multiplier H(w)

H(w)= w R w+ A (CTw- f)

A J- Lagrange multiplier

(6.12) w

vV, H=2Ryw+ CA

(6.12)

(6.12)

(6.13)



w=- =R, 'CA

C'w- f=0

=- 2[C'R,'C] 'f

wo= R,'C[CR'C] f

Yo(K) = wox(K)

[13 »

Likelihood Distortionless"

6.1.3

(6.14)

- 2 CRy'CA=

(6.15)

(6.16)

(6.17)

“Maximum



(6.11) w(Q=Cc[C'Cc] f
(gradient)
k- (k+1)

w(k+ 1= w(k)- zv, H=w(k)- xz [Ryw(k)+ CA(k) ] (6.18)

Lagrange multiplier A(K) w(k+ 1)

f=CTw(k+ 1)= C"w(k)- xC'R,,w(k)- zC'CA(K)

A(K) (6.18)
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w(k+ )= w(k)- z [I- C[C'C] 'C" [R,w(K)
(6.19)
+C[C'C] '[f- CTw(k) ]

w(k+ 1)= w(k)- C[c'C] 'CTlw(k) + C[CTC] f
c[C'C] 'CTIR, w(k)

- pll-
K J- g KJIXKJ P
g=acCc[Cc'Cc] '
Paji-c[c’c] c’ (6.20)
(6.19)
(6.21)

w(k+ )= P [w(k)- uRuw(k) ]+ g

RXX

(6.21)
gradient - descent
x(k) x ' (K)

k R«

RXX

stochastic- gradient LM S
(6.22)

w(0)= g
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w(k+ )= P [w(k)- 2x(k) x (Hw(k) 1+ g

=P [w(k - zy(kx(k) 1+ g

) w(0)=g

y(0)= x ' (0) w(0)

) for k=0:n
w(k+ )= P [ w(k)- py(k)x(k) ]+ g

y(k+ )= x' (k+ 1) w(k+ 1)

end

LMS C'w(k+ 1) = f
round- off
x(k)  y(k)

g P

- 12 -



Wo = aR ,'v (6.23)
R = E[x(t) x(t)"] : @
1
Frost a= [ VR V]!
2 (Signal Enhancement Approach)

6.2.1
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6.2].

SE-LCMV SE-MM SE

T oeplitz , positive semidefinite

. (i) Frobenius norm

, (if)
(LCMV, SNR )

Cadzow

Cadzow
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6.2.2

X
(X, d) (metric space) X
d(x,y) X X y
X Sy H,
K Hj|_1 HZ l 1Hk
S = SIS, -+ NSk
S
- ( 6.3) X
yesS

infd(x,y)

ye S
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( 6.3)
inf
(6,25)
(6.25)
Sy
(6.26)

X S, Sy, S;

(greatest lower bound)

Sl! 821 et 1Sk (625)

infd(x,y)

y & Sk

(6.26)

X Gy (%)
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6.4)

Xm+l =

G, :

G =

GKGK— 1

X — G(x)

Sy,

GK GK- 10 GZGl

G,GiX
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(6.27)

G (%)

(6.28)

(6.29)



Gk(x) \

Sk

( 6.4) Sk G (X)

6.2.3
(D M
(2) N
3
1) R
M -N
(2) R  Toeplitz - (
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(3) R Hermitian positive semidefinite

e Rank N
R
rank N . singular value decomposition (SVD)
( 1) Rec"™ svD
M *
R = kzldk U Vi (6.30)
» Ok (o = 0v+1)
Uy Vo R Mx1
singular
[IR- R™ || rank N R M

- 19 -



01

Rank 2

Om

AECMXM

O U Vi (6.31)
k=1
> 0, > 03 = = Om
o 0 0 0 g, 0 0 0
0 (eg) 0 0 0 09 0o - 0
0 0 o ol -0 0O 0
0 0 O O 0 0O 0
01 01 03
Singular value 0
Frobenius norm
M M ) 1/2
1Al = [ 24 216D ] (6.32)
RM= c™(R) (6.33)
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2) Rec"™ R (n)
(N < M)

IR- Ry lle

k=N+1
= G(N)(R)
2
AL > A, > A3 = = Anm
A, 00 0 A, 0 0
0 A, O 0 0 A, O
A= |10 0 A ol - |0 0 2
0 0 0 - A, 0 00
D (6.35) R Ak
_ 1 3
A = M-Nk:;+l/‘lk

(A = Acs1)r Vi Ax
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N

Ak+1

AN +* /‘lN+1 G(N) R(N)

2. (6.35) -
I,
W G (M-N)
c™ Gy ‘0
, (N+1) ( singular value)
Ak
ill- conditioned
T oeplitz
R(T)
M XM Hermitian- T oeplitz
M XM
. T oeplitz

Ry
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( 3) c"™ R, Hermitian- T oeplitz

R IR - Rk M X M

IA

i < M- 1 (6.36)

1 M- i
r, = — 2 r(k+ i,k for 0

a*l bl Cl dl fl a b C d f
b, a, b, ¢, d, b a b c¢c d
R = |c b, ag by cil - |c b a b c
dy ¢, by a, b d c b ab
f*l d; c; b; a f d ¢c b a
r(k, m) R ,r, RO (i+ 1)
G(T) R(T)
RM= c"(R) (6.37)
T oeplitz R (subdiagonal)
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6.24

(Frobenius norm )
Rank N
T oeplitz
- ( 6.5)

Si: Rank M 882 =g
Sz: Toeplitz #E2 HE

(65
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( 6.2 Singular value
1 2 3 4 5 6 7 8
0 13.18867 541117, 104986 102001 0.99205 097500 091482 0.84325
1 13.13156) 551392 004065 002282 001743 001549 0.00886 0.00375
2 13.13097| 551527, 000926 000415 0.0298 000139 0.00111 0.00041
3 13.13094 551533 000437 000177 000112 000062 0.0047 0.00043
4 13.13094 551535 000205 0.0080 0.00052 000030 0.0024 0.00021
5 13.13093 551536 000096 0.0037 0.0024 000014 0.00011 0.00010
6 13.13093 551536 000045 0.0017 0.00011 0.0007 0.00005 0.00005
7 13.13093 551537, 0.00021 0.0008 0.00005 0.00003 0.00003 0.00002
8 13.13093 551537, 000010 0.0004 0.0002 0.0001 0.0001 0.00001
9 13.13093 551537, 0.00005 0.00002 0.00001 0.0001 0.00001 0.00000
10 13.13093 551537, 0.00002 0.00001 0.00001 0.0000 0.00000 0.00000
11 13.13093 551537, 0.00001 0.00000 0.00000 0.0000 0.00000 0.00000
12 13.13093 551537, 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
6.1) 2
Singular value
; 8 , 1000
dB Method |
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2 Singular value

Singular value 0 . ( 6.5)
e Rank N
N

(M-N) . Rank N

(M _ N) “O” «“ 0_?7”
e Toeplitz

( )
off- diagonal
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