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.1aphat B 2DPDan AR .1 MY
Fig 1.1: The basic structure of the filter.
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y(i) =

X ()« w () = X'GY ¢ WGY = W) - XG)
k

1

1.3

(1,1)



W, (5)
x ()
w1
) z y(3) £ (i)
w,(3) | | '
xy(3) aGj)

L0YAN 7TIR 1.2 110X
Fig 1.2: Model of the system.
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d(3) - y(3) = dG) - W) « XG) =

e(j)

di) - XT(3) -+ W (1.2)

NP N7YIIIN AR2APA
e2(3) = d2(§) - 24(§) X' (§) - W) + W () - XG) - X'(G) -

* W) (1.3)
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MSE = E[e2(j)] = E[d2(3)] - 2E[d()X (I)] * W) +
+ W) - BIXG) -+ XT()] ¢ W) (1.4)

(21X A21AANY AD2100 NP 1P AYTNVIP-PRIIEA 0Py AR 17T

AN GY] [ (1)

P AE[d(j}X(j)] = E . = . (1.5)
d(j)xy( dx N

$WWND

E[A()X ()] & ¢4, (K) (1.6)

107130 MIN Y XTNIFD DYOWB NN IPTAS AT Nyl

BICIE3TC) PITITRey x1(3) %y (57
RAEIXG) » X (G = E [xa(Ixa()eeeennnnn. x2(3)xy(3) | =
ENME)ETYC) IO X,y (5% (32
¢xx(0) ............ ¢xx(N-i—-
= d:xx(l) ¢xx(0) ...... ¢xx(N—2] (1.7}




a1 .

Elx ()« X, (D] A6 (3K) = ¢ (k-1) (1.8)
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SaNan Am¥a (1.4) AN Dyd oiedY? oM

E[c2(j)] = E[d2(j)] - 2PT + W(§) « WI(j) * R - W(3)  (1.9)
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LDINT IANIIZAT DYYIADD DNTYIAIR ANTAPR Y¥ DINTTIAD 1IwR 717

DINTTIAA MM 7apnn (1.9} 1inn

v 4 . = -2P + 2R -+ W(j) (1.10)

[=

= W(J)

1.4
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-2P + 2R+ W* =0 (1.11)
We =R P (1.12)

- Nhnra7An AYXIRRD DTN ANTART 1YAY 71030 72pnn (1.9) 1dn
: (Minimum MSE - MMSE)

MMSE = Min E[e2(j)] = E[d2(j)] - P| « W*
- 23 T | p-1
= E{d*(j)] - P <« R°* =P (1.13)

W* PP #7¥1Iwn M1YA Wiener-Hopf nxiiwn nxopa (1.12) annen
(1.12) nx D1y 1n°3 . (The Wiener Solution) - 1171 %¥ 111nad XIPa
;NI NYIX2 0A

N

i§1 Elx, (3)x;(3)] w§ = E[d(3)x (3)] (1.14)
s'ragna (1.8) -1 (1.6) nIvTaaa vinte 1n N

N - -

i§1 b (k1) W (i) = oy (K) (1.15)

91D JIIN 7Y A73A0 17N OWND AOPRA DR LNPUMNIND Qanan L,PY1TaYv 177avn
9212 AT AERa .072717130 3wt IpATN m1vab '3 Xy 1aonn e
etnn (1.15) nN Dy

o

Do (k-3) o wh(D) = ¢ (K) » wh(k) = ¢ (K) (1.16)

j=—m



:¢Xx(k) Y oz DIBNAD ADYIIN NIN 7P 7ADAN DIIWPID AN 12TA2
S_(z) & 7 4. (k) -z (1.17)

2Pz DINAAD A71¥1A AATANAT ARPTING MK 172 01RPaR-DIFN X 977A411
:¢dx (k)

Sge(2) & I 4y G - 27 a (1.18)

= =00

SN0 12D0nn VY NPT U9 NMIDHNR NPXPI1D
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Fig 2.3: Model of the adaptive system with signal components
at the reference input.
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Fig 2.4: Cancelling periodic interference with adaptive filter.
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Fig 2.5: Possible structure of the adaptive filter for cancelling
single sinusoidal interference.
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Fig 2.6: Filtering noise fromspeech signals with adaptive filter.
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Fig 2.7: Filtering periodic interference from broadband signal with-
out an external reference source.
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Fig 2.8: Adaptive filtering and tracking of periodic signal immersed
in broadband noise.
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Fig 2.9: A basic scheme of an adaptive equalizer.
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Fig 3.1: The adaptive noise cancelling system which was simulated
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Fig 4.10: Realization of the adaptive algorithm for updating the coefficients.
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Fig 4.12: Timing d:iagram:
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3. Clock 3 for the ring counter.
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Fig 5.1: Arrangement for measuring the adaptive filter performance
without using a reference source.
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Table 5.1:
to noise ratio,

:5.1 n7ap

———— - pa——

Qutput signal to noise ratio depending on input signal

fs=20kc, f.=100Hz, NBW=5kc,

b,=10, u=2"12 10 mipixm nsaynr 22103

;
v, [dbm] 0 0 0 0 0 -10
Vnin [dom] -20 -10 -6 ¢ +3 0
S
(R i [db] 20 10 - 6 0 -3 -10
Ve LRMS] 0.29 0.29 0,29 0.26 0.26 0.18
y [RMS] 0.048 0.062 0.080 0.116 0.140 0.145
Nout [dbm] -24 _22 =20 -16.5 -15 -14.5
[RMS] 0.286 0.283 0.280 0.232 0.220 0.105
Vsoutr (dbm] -9 -9 -9 -10 -11 -17.5
S
) oyp [4P) 15 13 11 6.5 4 -3
i

-+ y + + -
-10 -3 +6 +10 +20 S
.1 4 {ﬁjin
[db]
.IP7131 pYI7 MR PN’ MR 110RA AN?Y¥CY WYY NIX pn? o :5.3 117X
Fig 5.3: Qutput signal to noise ratio versus input signal to noise ratio.
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Table 5.2:

:5.2 abav

Output signal to noise ratio depending on input signal

frequency.
£.=20ke, NBW=5kc, vg, =0 dbm, vn, =0 dbm, 4 =16, p=2"12 cproTen 23im

£ [Hz] | 20 50 100 200 500 1k 2k 5k
Vout [RMS] 0.24 0.24 0.26 0.21 0.24 0.21 .18 G.105
[RMS] 0,105 10,105 (0.116 [0.077 10.10 0.10 0.077 10.063
Vnout [dbmj -17.5 [ -17.5 { -16%5 -20 -18 ¢ -18 -20 -22
v {RMS] 10,216 {0.216 10.232 j0.195 |0.218 [0.185 0.162 1 0.084
Sout [dbm] -11 =11 -10 -12 -11 -12,51-13,5 §-19.5
5
= . . 6.5 7 5.8 6.5 2.5
N)out [db] 6.5 6.5 8
outf [db]
101
8 +
* -
6 -
4 J
24
' * + + } 4 + i N
10 20 50 100 200 500 1K 2K 5K 1
[Hz]
MIKD MY°TN1 MmN 737087TRA T1IDAA DN?Y¥?1 WYY DIN DN? :5.4 117X

LTUNAN

Av?3123 1 T0AN

Fig 5.4: The adaptive filter output signal to noise ratio versus
frequency of the periodic¢c input signal.
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Table 5.3

f =20kc, f.=100Hz, vg. =0dbm, vpn. =0 dbm, NBW=5kc,
5 i in n

°&R

LDINA ND7ADT NN al?idA 172 NNXAaAR SR

NIN DN?2 700 1107 AN D?9NAND 5.5 117¥1 5.3 n%ap

TERSh

LAAT?2TAN AWRD T7¥ILR DIVRA *0R"D N

1

7PN n1YNa ANvx?a pyaY

Output signal to noise ratio depending

mN pnz

on the delay A

:5.3 n7ap

R

p=2-12a% 13 31

A 16 8 4
o 2 0
“}
Vour | [RMS] 0.26 0.26 0.31 0.28 0.44
’ [RMS] 0.116 0.13 0.13 0.13 0.195
Nout  [dbm] -16.5 -15.5 -15.5 -15.5 12
. [RMS] 0.232 0.225 0.28 0.25 0.39
Sout  [dbm] -10 -10.5 -9 9.5 -6
s
@) gy (90 6.5 5 6.5 6 6
s
(ﬁaout[db]
8
6
4
2 .
+ oLl
) 5 s 16 R
:5.5 317¥

,&R A77AP01 N1 11pnA AN?TY?] pYIY7 NIN pRe

Fig 5.5:

Qutput signal to noise ratio versus delay A

R
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Table 5.4:

f =20kc, f.=100Hz, vg. =0 dbm, v
5 1 in

:5.4 pYav

Output signal to noise ratio depending on input noise band-
width NBW.

nj

=0 dbm, 4,=16, u=2"12

AT*ING 21102

i ; ! {
NBW  [Hz] 500 1k 2k | 5k 10k
;
E
Vour LRMS] 0.39 i 0.31 0.26 0.26 0.31 .
i ]
o [Rus] 0.240 |  0.195 0.145 0.116 0.085
out {dbm] -10 -12 -14.5 -16.5 -19
b . ' oa om e cme—a i H
v [RMS] 0.307 0.240 0.216 0.232 0.298 ;
Sout [d¢bm] | -8 | -10 -11 -10 -8.5 )
' H ¢ ]
: | |
v [ N R k |
(P oue (901 2 : 2 : 3.5 5 6.5 é 10.5 ;
H ‘ k .
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Fig 5.6: Output signal to noise ratio versus input noise band-width
NBW.
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Table 5.5:
f _=20kc, f.=100Hz, vg. =0 dbm, vy, =0 dbm, NBW=5kc, A,=16aF>Tha *11M)

s 1 in R

:5.5 1710

Output signal to noise ratio depending on the step-size yu.

in
U 2-12 2-11 2-10 2—9 >-8 2-7
Vour [RMS] [ 0.26 0.28 0.28 0.31 0.31 0.28
[RMS] | 0.116 | 0.130 = 0.130 | 0.145« { 0.145 { 0.140
Nout [dbm] | -16.5 |} -15.5 | -15.5 | -14,5 | -14.5 -15
y [RMS] 0.232 | 0.25 0.25 0.274 | 0.274 | 0.24
Sout [dbm] -10 -9.5 -9.5 -9 -9 -10
S
oy [4P] 6.5 6 6 5.5 5.5 5

.fS JN7ATH NTN2 TADRA NNTYTA BV NN DN MYD MR NONAn 5.6 n7av

.fs ANZATA TN DIYNa 2370BTNR 130N IINX7] wy17 mx on-
Table 5.6:

:5.6 n71p

OQutput signal to noise ratio depending on the sampling
frequency fs'

= = = = = =7-12

fi 100Hz, NBW=5kc, Vsin 0 dbm, Vni, 0 dbm, ﬂR le, p=2 AT?ThAN 21103

£ [ke] 10 20 40

v [RMS] 0.31 0.26 0.24
out

v [RMS1 0.140 0.116 0.105
Nout [dbm] -15 -16.5 -17.5
y [RMS] 0.274 0.232 0.216
Sout [dbm] -9 -10 -11
S

D e 190 6 6.5 6.5
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Fig 5.7: Arrangement for measuring the adaptive filter performance
when a reference source correlated with the interference is
available.
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Table 5.7: Output signal to noise ratio depending on input signal to
noise ratio. The signal and the interference are sinusoidal.

£ =20ke, t(vb ,)=250Hz, £(vn, )=1.2kc, a=6db, A =8, u=2- L2910 23vm

Viger [dbm] 0 0 0 0 0 -6
Vni, [dbm] -20 -10 -6 0 +6 +6
S k “ _ _
), [db] 20 10 6 0 6 12
v [RMS] 0.78 0.78 0.78 0.78 0.78 0.39

out
v [RMS] 0.030 0.030 0.045 0.060 - 0.122 0.122
Nout [dbm] -28 -28 -25 =22 -16 -16
» [RMS] 0.78 0.78 0.78 V.78 0.77 0.37
Sout [dbm] 0 0 0 0 0 -6.5
(Rﬂout[db] 28 28 25 22 16 9.5

(a) (n)
(b) (2)
(¢) ()
(d) (1)

(106 71yl P179) ATYPDTINR 7387 :5.8.1 117X
Fig 5.8.1: Before adaptation (details on page 106).
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Fig 5.8.2:

During adaptation (details on page 106).
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Fig 5.8.3:

End of adaptation (details on page 106).

(x)

(2)

(x)

(1)

(n)

(2)

(a)

(1)



- 106 -
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.0 db K31 pY17 N Pn? ,550 Hz 3TN2 B°P137?D nninn
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B71ER0 IRY 7P MNABA z (L) NOAYAND ANTYYR MK LT

Fig 5.8.1-5.8.3:

Input and ocutput signals in the adaptive noise cancelling system:

d.

The combined signal at the primary input - a periodic 85 Hz
triangular wave and a periodic 550 Hz sinusoidal interference.
Signal to noise ratio is 0O db. -

Reference input signal - periodic 550 Hz interference.

The transversal filter output y(t) which is an estimate of the
interference.

The system output z(t) which is an estimate of the triangular
wave,

5 .
AP out ldb]*

.
4 4
v ! } + dmm e
=12 -6 4] 6 10 g 20

LIP7121 BY¥I7 NIX DAY3 N17N2 D2yha NN?X?1 ¥ NIR DNY :5,.9 117X

Fig 5.9: System output signal to noise ratio versus input signal
to noise ratio,
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Table 5.8:

fs=20kc, f(vnjn)WI.ch, Vsig© 0 dbm, vninﬁo dbm,

Output signal to noise ratio depending on input signal

frequency.

a=6db, A.=8, u=2-i4

R

108 -

:5.8 n73v

WTPINA a1

|
£(vs, ) [Hz] 20 501 1001 200} 500 1k 2k
Vo [RMS]i 0.78 | 0.78 | 0.78 { 0.78 | 0.78 | 0.76 | 0.70
v [RMS]} 0.060; 0.060{ 0.06%| 0.060{ 0.078} @.085{ 0.105} 0.195
Nout [dbm]{ =22 w22y -22 -22 -20 L. -19 ] -17.5
[RMS]{ ©0.78 1 0,78 | 0.78 | 0.78 } 0.77 } 0.75 | 0.69
YSout [dbm] 0 0 0 0 0 ! -0.5% -1
S
() out [4P] 22 22 22 22 20 | 18.5 ] 16.5
S, ldb]
(NJout ﬁ
2544
[ 1 —s ——
20
161
124
8
44
0 + ¥ + 4 + + + + - [HZ]
10 20 50 100 200 500 1K 2K 5K fve. )
5in

Fig 5.10:
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System output signal to noise ratio versus signal frequency,
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Fig 5.11.1:

Before adaptation (details on page 111).
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Fig 5.11.2:

During adaptation (details on page 111).
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Fig 5.11.3: End of adaptation (details are following).
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Fig 5.11.1-5.11.3:

Input and output signals in the adaptive noise cancelling system:

a.

The combined signal at the primary input: a periodic 85 Hz
triangular wave and 1 kHz band-limited pseudo-random noise.
The signal to necise ratio is 0 db.

Reference input signal: 1 kHz band-limited pseudo-random noise.

The transversal filter output y(t) which is an estimate of the
noise.

(x)

(1)

(a)

(1)

The system output z(t) which is an estimate of the triangular wave.
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Table 5.9: Output signal to noise ratic depending on input signal to
noise ratio.

£ =20ke, f;=200Hz, NBW=lkc, a=3db, ap=2, u=2-12 sATTIND 73103
Vs;, [dbm] 0 0 0 0 -6 -10
Vng, [dbm] -20 -10 -6 0 0 0
)
- @Ps,  [db] 20 10 | 6 o -6 -10
Vour LRMS] 0.80 0.80 0.80 0.80 0.45 0.37
v [RMS] 0.077 0.077 0.120 0.216 0.23 0.24
Nout [dbm] -20 -20 -16 -11 -10,5 -10
y {RMS] 0.80 0.80 0.80 0.77 0.39 0.28
Sout [dbm] 0 0 0 0 -6 -9
S
@ out [db] 20 20 16 11 4.5 1
s, [db]
(N)out %
—
—t + + + e
-10 -6 0 +6 +10 +20 .
(ﬁiin[db]

.AD?321 PYIT NIN DRT1 DITRA AN2X?2 BYYY NI DR 5,12 11X
Fig 5.12: Output signal to noise ratio versus input signal to noise ratio.
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Table 5.10: Output signal to noise ratic depending on the delay 4
(negative values of bp correspond to delay &p) and

depending on input noise band-width NBW.
fSEZOKC, fiZZOOHZ, u=3db, vsinzo dbm, Vnin=0 dbm, +ATIRN 3Vh)
~9-12
u=2

{ I
: By -8 -4 -2 0 2 4 8
Vout [RT15] § 0.78 % 0.80 |=0.80 0.80 0.80 0.80 0.80
5 |, [Rus}]o.24 i 0.195/ 0.216| 0.24 | 0.34 [ 0.45 | 0.50
~ |"Dout[dbm] | -10 -12 -11 -10 -7 -5 -4
. [RMS] f 0.74 | 0.77 | 0.77 | 0.76 | 0.72 | 0.66 | 0,62
2 Vsout {dbmj | -0.5 0 0 o | -0.5] -1.5] -2
S
oy [e0 ] 9-5 12 11| 10 6.5 | 3.5 2
v e [RMS1}0.78 | 0.78 | 0.78 | 0.80 | 0.80 | 0.80 | 0.78
9 [RMs] | 0.2751 0.26 | 0.22 | 0.28 | 0.39 | 0.50 | 0.52
= |Mout[dbm]| -9 ) -9.5 | -11| -9 -6 -4 | -3.5
; ,. [RMS])0.73 § 0.73 | 0.74 | 0.74 1 0.70 | 0.62 | 0.58
2 |Ysout{dbm] [ -0.5 | -0.5 | -0.5 | -0.5 | -1 -2 | -2.5
S
) gue [0P1| 8.5 9 | 10.5 | 8.5 5 2 1
Ve TRMS]} 0.78 | 0.78 | 0.80 | 0.80 | 0.80 | 0.78 | 0.78
9 [RMS]| 0.41 | 0.37 | 0.34 | 0.39 | 0.45 | 0.50 | 0.55
1 "nout [dbm]| -5.5 | -6.5] -7 -6 -5 -4 -3
; v. [RMs]| 0.66 ; 0.69 | 0.72 | 0.70 ] 0.66 | 0.59 | 0.56
@ | "Sout[dbm]{ -1.5§ -1 | -0.5| -1 | -1.5 [ -2.5| -3
S
@ oue[@0I] 4 5.5 | 6.5 5 3.5 | 1.5 0
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Fig 5.13: Signal to noise ratio inprovement versus delay A
ﬁp with 3 different input noise band-widths NBW.
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Table 5.11: OQutput signal to noise ratic depending on the step-size
U.

f_=20ke, f.=200Hz, vg. =0 dbm, v,. =0 dbm, o=3db, :073I0XK AT>TA 21INI
s 1 mn 1n
&P=2, NBW=1kc

y 212 | 2-11 2-10 7-9 28 2-7
v [RMS] 0.80 0.78 0.78 0.78 0.78 0.78
out

[RMS] ¥ o0.216 | ©0.22 | o0.225| 0.24°] o0.255] o0.27

YBout [dbm] -11 -11 -10.5 | -100- -9.5 -9

. [RMS] 0.77 0.75 0.75 0.74 0.73 0.73

Sout [gbm] 0 | -0.5 -0.5 -0.5 -0.5 -0.5

s

= . } .5

(F) oue L4P] 11 | 10.5 10 9.5 9 8

11T DNINIKD BYY 1IDRD nayha Dg?Tl 5.4

BYY 11D NIA NIYI9A 7101% N1P00TNA NOYRD YU Orreyan D'WIRCEA TAN
2708TNA TIDAA PYI¥TA DR D?ATAY nIa 7Y .2 {193 11e1aY 793 L1137 nNINn
717¥1 D°¥INY OXDAL I¥X11 07710230 .O77RYA 0779071 18DA IVYIY LAT evneY
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Fig 5.14: Cancelling noise from speech signals.
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Fig 5.15: Measuring the adaptive equalizer performance.
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Fig 5.16: a. Bit response of the simulated channel.

b. Frequency response (ampliftude and phase)
of the channel,
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c
C ##%##® ADAPTIVE FILTER SIMULATION  ##3###
L
DIMENSION W{100), XN(1100), FX{1100), EJ(1100)
REAL MU
INTEGER X{ 1100}
CALL INQUTCL, "OUUT PRED FILE: ", 1)
CALL INCUT(Z, "OUT ERR FILE: ", 1)
CALL INOUT(Z, "0OUT WEIG FILE ". 1)
CALL INOUT(4, "INPUT FILE: ", 1)
CALL INQUT(S, "IN NOISE FILE:", Q)
CALL INOUT (4, "OUT MSE FILE. *. 1)
C *
C ##### ACCEPT INPUT PARAMETERS  ###3#a#
r
ACCERPT "% OF WEIGHTS = 7 ", NW
ACCEFT "# OF DELAY ELEMENTS = % “,ND
ACCEPT "# 0OF CUTPLT POINTS = 7 ", NP
ACCEPT “"STEFP SI1ZE = 2 ", MU
ACCERT “# OF SAMPLES/FERICD = 7 ", NSP
ACCERT "# OF FIZ POINTS = 7 ", NFP
ACCEPT "AMPLITUDE FACTOR = 7 ", A
ACCERPT "GAIN FACTOR = 7 ", GF
ACCEPT "ALGORITHM CODE (O)=LM&, {(1)=GIGN “, M
[ X 83
L=0
NF 1 =NP =200
NP Z=NF ~NFF
FI=4 #ATAN(1. )
TML=Z2. #MU
0
C ###%¥ SET THE FILTER COEFFICIENTS T¢ ZERO  s##d4
(.
OO 10 I=1. MW
10 W(i)y=0
0
NWO=NK+ND
NWD 1 =NWD-1

FNSP=FLOAT ( NGF )

[t A

ek EVALUATE INPUT SAMPLES #asas

00 1% I=1, NWID
FI=FLOAT(I) :
READ BINARY (D) XN(I)
FXCTY=GIN(Z #PI#FI/FNSF)}+A#XN(T)
XOI3=INT(FX(I1)#Z048 ;
15 WRITE BINARY(4) X(I)



C say

C %434

20

O HeaEH

C st

C e

C ##%es
35

- 124 -

MAIN LOOP  #asdn

ng 100 I=1, NP

YJ=0,

EVALUATE ONE QUTPUT SAMPLE  ###%#

00 Z0 IJd=1,NW

C=FX(Id)#W(TI)

Yd=GF#{+Y

CONTINUE

IYJ=INT{YJ®2048 )

SHIFT INFUT SAMPLES AND GET CONE NEW INFPUT SAMFLE
L=i_+1
OO 30 Il=1,NWDi1
FXCII)=FX(II+1)
FI=FLOAT{NWD+L)
READ BINARY(S5) XN{NWD)

FX(NWO)=GIN{Z #PI#FI/FNSF)+A#XN(NWD)
X{NKWD)=INT(FX(NWD)}#Z042. )

WRITE BINARY(4) X {NWD)

EVALUATE THE ERROR SAMPLE  ###x+s
EMIY=FX(NWD)=Y.]
IEJ=INT(EN{ I} #2048 )

IF (L. LT.NF1) GO TO 35

WRITE BINARY{(1} IY.

WRITE BINARY(Z) IEJ

WRITE BEINARY(3) (W(J), J=1, NW)
CHOOSE THE ALGORITHM  sstexs

IF (M. EG 0O) TMUE=TMU#EJ(I)

IF (M EQ 1) TMUE=TMU#ZSIGN(1. ,EJ(]))
D 40 K=1, NW

IF (M EQ O) TME=TMUE#F X ()

IF (M ER 1} TMS=TMUE*SIGNCL. , FX(ED)
W{K)=W(K)+TMS

CONTINLE

EVALUATE THE MEAN SOUARE ERROR  ##3#u

0g z00 I=0, NFPZ

FPI1Z=0.

oo 150 J=1, NFP
PIZ=PIZ+EJ( I+ D #EJ{I+.)
CONT INUE

F1Z=FI1Z/NPF

WRITE RINARY(&L) FIZ
CONT INUE

TYPE "MSE=",PIZ

END

o6 46 3 36 46
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TMMANR Q¥R TIDAG ?Y1XTA Ty DY1XT7INTDO MINYID

,u TYXH DTpna niynl T7nnnn axhy 1197 E{(s-y)?] -1 E[e2]
LMS DAZI1AYNL PIA7P] L,0D?131 07219 wY17 DIN 2Dn7a
.SIGN an»11a7x

:B.1_n720

Table B.1l: 5[52] and E[(s-y)z] near to the steady state, versus step-size
u, at different inputesignal to noise w¥atios when using the
LMS algorithm and the SIGN algorithm.
] 0.00025 | 0.001 .004 0.016
[ﬁjin = wdbl E[e?] 0.716E-11 0.205E-3 .405E-7| 0.214E-12
on>1a7x| Noise power{ E[(s-y)2]| 0.716E-1| 0.203E-3 A405E~7| 0.214E-12
=0
LMS (%ain = 8db| E[e?] 0.1813 0.1202 .1237 0.1570
Noise power| E[(s-y)2]| 0.0672 0.0124 .0148 0.0392
= 0.077
{%ﬂin = wdb| E[e?] 0.344E-5] 0.473E-4 .807E-3} 0.296E-1
an*11a78} Noise power} E[(s-y)2]] 0.344E-5| 0.473E-4 .807E-3} 0.296E-~1
= 0
SIGN (Eain = 8dbf E[e2] 0.1225 0.1202 .1642 2.1049
Noise power E[(s-y)2]1] 0.0132 0.0227 . 0449 2.0222
= 0.077
fs
= 12, 4 =4, N =12 :AP?TAT TNAD
in

Signal power

= 0.500




N 0 °nTEnn 19pna miyna TeRns a¥n? 21w E[(s-y)%] ~1 E[&?]
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:B.2 nhav

LSIGN BA?711ATN2Y LMS On?1aA%Na @7phnen QUKD

E[£2] and E[(s-y)2] near to the steady state, versus the
number of coefficients N, when using the LMS algorithm
and the SiGN algorithm.

]
N 5 12 24 48
- E[e?] 0.1202 0.0981 0.0909
oA ITAYN = *
E[(5-y)?] 0.124E-1 0.477E-2 0.352E-2
LMS
s
& out 16db 20db 21.5db
E)e?] 0.1202 0.1138 0.1038
DA?TI1ATN
| Flis-y)2] 0.227E-1 0.202E-1 0.197E-1
SIGN  §
S ]
: (X out 5 13.5db 14db 14db
fS
A = 4, u = 0.001, Fo= 12 (777 TA0 7NAN
in
Signal power = 0.500 3
(Fin = 840
Noise power = 0.077
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TWND LA A7ITARAN 271A1 M2 TUnnn o a¥n%? 2a1aF 1Iohn cyix?a :B.3 a73v

LSIGN DN?11A%811 LMS Dn211aA98) nzennen

Table B.3: The filter performance near to the steady state, versus
the delay A, when using the LMS algorithm and the SIGN
algorithm,

A ! 2 4 8 16
1 E[e2] 0.1219 0.1202 0.1121 0.0973
CR?IATN
LMS E[(s-y)?] 0.0121 0.0124 0.0117 0.0121
E[e?] 0.1300 0.1202 | 0.1163 0.1018
i HERTPYL
S1CN E[(s-y)?] 0.0215 0.0227 0.0151 0.0152
f.":'»
v = 0,001, N = 12, 7= 12 :AP7TIN NAN
in

i = 0.5

Signal power = 0.500 (%.in - 8db
Noise power = 0.077

NI L,AD7320 NIN TN m1%na TUnna axn% a1y 1apna 7vix’a :B.4 avav

LSIGN DDA LMS une9iaxa oownnen

Table B.4: The filter performance near to the steady state, versus
input signal frequency, when using the LMS algorithm
and the SIGN algorithm.
fs
AN 6 12 24

in
2
an21Y AN Ele=] 0.1219 0.1202 0.1019
LS El(s-y)?] 0.0270 0.0124 0.0127
.2 :
ON? 11K Ele4] 0.1181 0.1202 0.1065
16N E[(5-y)2] 0.0304 0.0227 0.0161
N =12, A= 4, p = 0.001 $AIP?TAN PRIN
Signal power = 0.500 5 _
(N in 8db

Noise power = 0.077



,i1P7122 8221¥ wy17 NIX ?DPN?2 TPhNR AXhY% 21 1aPRa V1Y

- 128 -

LSIGN ON711A7N2Y LMS BN?1ATNY O79RNRn BND

Table B.5: The filter performance near to the steady state at
different input signal to noise ratios when using the
LMS algorithm and the SIGN algorithm.
3 sdb 8db -2db
N7 in
Input 0 0077 0.775
noise power
2 -
an? 19 E[e?] 0.205E-3 0.1202 1.1505
LMS E[(s-y)2] 0.205E-3 0.0124 0.1082
& 34db 16db 6.5db
N-out ’
Input
noise power 0 0.077 0.775
E[e?] 0.473E-4 0.1202 1.1803
an?Ma7N
SIGN E{(s-y)2] 0.473E-4 0.0227 0.1089
e 40db 13.5db 6.5db
N”out ' )
N=12, A =4, ¥ = 0.001 :AP?727 7RIN
fs
- =12, Signal power = 0.500

in

:B.5 aap
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just_prier to the next clock transition (ie.. one sampie
period of delay). QOutputs trom succeeding taps occur
at the appropriate additional number of delay pericds
later, as shown in Figure 5 Tne required acquisition
"window” includes the acquisition or setup time T,
prior to a clock transition and the aperture time T, fol-
lowing a clock transihion before the selector switch
effectvely disconnects the capacitor from the input.
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Fig. 6 _Tes! Chouit Uped for Obtaining tve Performance Charecierisiics

PEAFORMANCE

Performance cata were obtained with the device in the
gircuit of Figure 6. A simple transversal filter with unity
tap weights was selecled as an example to show the
transfer function and noise characteristics. However,
the-device has many applications Figure 7 depicts the
transfer characteristic and Figure 8 depicts the noise
versus the clock frequency. The spec/fied dynamic range
extends from a maximum outpu!l of one voit rms 1o the
noise output with no input. The input corresponding to
maximum output is typically 3.5 volts rms. tnput signals
larger than approximately 3.5 volts rms appear distorted
in the output.
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RECOMMENDED CIRCUIT

Figure 9 shows a simpie circuit to implernent a trana-
versat fiter. Here, to obtain the waighting coefficient for
each of the taps. the appropriate resistor valuss are
seiected and inserted 1n senes with the operational
amplitier. By selecting terminal A or B the coefficients
can either be plus or minus. (Note that tor highest ac-
curacy values must be adjusted for inputs to terminal
B. or a more complex circuit used because terminal B
> not a feedback summing node comparsble to termina!
A In most applications, this simple weighting technique
15 sutficient: however, there are applications whera poles
are desired n the transter function. To obtain poles,



the gesigner can feed the appropriate tap back into the
input through an operational amplifier. The weighting
coefticient is selected by adjusting the gain and polarity
for the magnitude and sign of the coefficient.

PARALLEL OPERATION

Theinput to each TAD-12 is sampled at each clock
transifion, with the period between samples (cailled
sample period) equat to one-half ciock period. Thus the
Nyquist frequency capability at any one tap output is
equal to the clock frequency However, the incremental
deiay between taps is two sampie periods (one compiete
clock penod), thus limiting the overall filter's Nyguist
frequency to one-half the clock frequency. Substantial
increase in performance and speed may be obtained
by operating two TAD-12 units in parallel as illustrated
in.the, simplified schematic of Figure 10. The effective
number of taps may thus be increased to 24 while at
the same time the incrementai tap deiay may be reduced
to one sample period toc give an overall Nyguist fre-
quency equal to the clock frequency. (Note, however,
that the filter factors are usually dominant: the simple
transversal filter of Fig. 7 has a first theoretical null,
with equal tap weights, of fainek/24))
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Fig 10 Sdoch Dimgram for & Simpie Filier Exsgie Showing Two TAD-11 Unila snd
WMuihpd tor intertesving Odd snd Even Taps

The parallel interleaved operation is accomplished by
taking the output of tap #1 of the first TAD-12 and feed-
gt into the input of the second TAD-12. Figure 5
shows the timing relationship between the input pulse
signal and the subsegquent outputs of each of the taps
ot _the tirst TAD-12 relative to those of the second
TAD-12
ar—gperational amplifier, DAt in Figure 10 has the fol-
lowing functions:
a} Butfer the cutput of Tap #1
b)) Amplity Tap #1 quiput to obtain unity gain as meas-
Jred from the input of the first TAD-12 to output
of the amplifier OA1
c} Translate the output level obtained ‘rom QA1 to
zero volts

Adjustable bias is provided through the inverting side of
amplitier OA1 while signal buttering is provided by the
high impedance of the non-inverting side.

An operational amplifier OAZ2 is used on the output to
sum the weighted outputs trom all the taps from both
TAD-125 and to provide the proper bias to the output
FET (shown in Figure 4). This bias agjustment is ac-
complished through the non-inverting terminal of QA2
The weighting coefficients may ba selected to be either
positive or negative by using either A or B terminais. As
before, when terminal B is used. the approximation is
poorer unless adjustment is made to counteract the
poarar summing action at terminal B. If weighting resis-
tor values are large compared to the value of the bias
resistor, relatively good approximation may be cbtained
without further complexity.

EVALUATION CIRCUIT

A TC-12 Eyaluation Circuit is availabie from Reticon to
permit simple implementation and evaluation of the
TAD-12 \n some of the many circuits for which it is
applicable The circuit is similar »n function to that of
Figure & but adapted to CMOZS logic. It provides the in-
tertace from an external TTL clock to the required 2-
phase clock at MOS levels. Other inputs required are
*3 volts at 8 ma. +15 voits at Yima, and -15 volts at
22ma. The operational amplifier on TC-12 provides
summing junchons for various desired weighting con-
figurations. and does so at the correct operating bias.
Each TAD-12 output tap is effectively the open-ended
source terminatl of a P-channel FET with the stored sig-
nal applied to its gate and Vpp (-10 volts) applisd to
its drain Thus the output load resistor should return to
+5 volts (commaon), as accomplished by the Operational
ampiifier arrangemaent of TC-12. The weighting coeffici-
ents are determined by the values of the resistors se-
lected. and by whether connected to the inverting or
noninverting operationat amplitier terminal. A photo-
graph of the TAD-12 in the TC-12 Evaluation Circutt is
shown in Fig. 11

&

M

Fig. 11 TAD-12 in thee TC-12 Evslustion Circull Bosrd
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CASCADED OPERATION Or
The TAD-12 may easily be applied singly or in parallel. ;?L’E"smncf,:"
it also may easily be applied to cascaded filters, with the s
attendant reduction in sidelobs level. Figure 12 shows
the. application to a simple bandpass filter, and Figure c -1of
13 shows the response comparing the performance of a =
single section filter vs two in cascade. These measure- ?20’-75- /
ments were made using TAD-12 in the TC-12 peripheral g .
board {as in Figure 12) without great effort to provide 201 ™
precise weighting - resistor values were simply selected '. !
from stock. 25 &i’ } f\,
e T = A
et - - - o /\
1 JCLCK | CLocH Sl N N \\/ \,
| e | Coee ¢ I8 15 26 25 30 35 A5 A%
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Fg. 14. TAD-12 Pathage Oullime — 12 -pin [P
SPECIFICATIONS
Absolule Maximum Rating Min Typ Mex Units
Voltage on any terminal with respect to common =20 Voits
Storage Temparatura ~55 +125 *C
Temperature under Bias -55 +85 °c
Drive
Clock Freguency 2x10° 5x10¢ Hz
Clock Amplitude*”® -1t -15 -18 Volts
Clock Line Capacitance 20 pf
DC Power Dissipation 4 mwatts
Vdd (Bias)** -1 =15 -18 volts
input/Output
Number of Taps 12
Input Capacitance 25 pf
Qutput Capacitance of Each Tap 10 pt
Input Bias*"* -10 Volts
input Signai*” -10 Volits
Performance Characteristics
lnput Sensitivity™ {tor S/IN = 1) 35 mv
Dynamic Range*® 40 db
Transter Function See Figure 7
Noise Versus Clock Frequency See Figure 8

*Tastd orwier the conditiou o Figum §.
"~ AR vollaga evels rbrsnced 8 coOmmon,

Copynght RETICON Corporstion 1974 Coments may not b reproduced in whote or m part without the weitten coneen? of RETICON Corpormtion.
Sowcicaon arg sDWCt 10 Changs without notce Prnded in U S A ST180
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TYPE
MOS
INTEGRATED CIRCUHY
) ADVANCE DATA :
Y MOS BUCKET BRIGADE DELAY LINE ~370 MAX ——+
E The Amperex type M317 is an MOS integrated circuit intended for use as a charge ’
i transfer analog shift register utilizing p-channel MOS technology. 200
.? % MAX
‘& ABSOLUTE MAXIMUM RATINGS
SYMBOL VALUE rr
« —Molages V{ 110 -20V
- V1.10; V2.10; V3-10; V4-10; V5-10; 10 LEADS 0.5 wh-
: V-10; V7.10; VB-10; V910 221 ia ' MIN <l
Minimum Load Resistance R2.70: R4.10 40k3 *
Storage Temperature Tetg —5510+4125°C.
Cperating Temperature Ta 0 t0-+75 OC

ELECTRICAL CHARACTERISTICS (Tp = 25°C uniess otherwise noted)
Measured in Test Set Up of Fig. 4

R - S Reih s B L R SR

SYMBOL MIN TYP MAX  UNITS
Clock Voltage, high VE.10; Vo-10 - -10 -16 V
i  Clock Voltage, low Vs.io;Veg -6 -10 -7 V
; Clock Frequency
4 Ta = 0to +25°9C fe 7 - 100,000 Hz
Ta = 759C f 10 - 100,000 Hz
'i Bandwidth BW 0 - 50 kHz
3 Harmanic Distortion diot - 0.5 - %
f=1kHz
insertion loss - 6 - dB
Output stage only _ JEDEC TO-74
Signal fo Noise Ratio S/N - 66 - dB OUTLINE DRAWING
Tetrode Bias {Note 1) Vg.10 - -9 - Y
Input Bias (Note 2) V§-10 - -25 - A
NOTES

1. The bias voltage at pin 8 should be 1 ta 2 volts less negative than the low level of the clock lines.
This bias can be adjusted for optimum step response.

2, The bias voltage at pin 6 should be adjusted for maximum signal swing.

3 To calculate the length of a delay line, use the formula n = 4 Bt where n = the number of buckets,
B = the signal bandwidth and t = delay time,

4.  Typical Clock Pulses: v Agens ¢’ ¢ 1iIPS for lsras)
i Tea LTD.
1oV i Eleci aonnnts Dlvislon
| Pin & | |
| ! | ! R Al | 1
-1V ‘ﬂ.phone CoaT s e T e

Mareh 1972
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Signat to Noise Ratio {dB)
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Fig. 1 Signal to noise Ratio vs. Number of M31 circuits in series.
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Fig. 2 Total Harmonic Distortion vs, Peak 10 Peak Input Voltsge '
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Fig. 3 Schematic Diagram of MOS Bucket Brigade Delay Line
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The Reticon TAD-12 is a monclithic integrated circuit
which contains 12 discrete-time analog delay lines. The
unit is designed specifically for use in the realization of
nonrecursive of transversal filters but it Is likewise ap-
plicable 1o other filter types. Kay features inciude:

* Monolithic constructien

¢ Self-contained sampie and hold

* 12 squely spaced \aps which are net only specifi-
calty useful for nonrecursive fillers, but aslse mppil-
cable t0 recursive or combined recursive and
nomrecursive filten

* Buttered outputs

¢ Inherent tuning capabillity with continuously veriable
delay

s Direct convoiution or correlatieon—no need for
transformation

¢+ Simple I/O and clock circuits

+ Low power dissipation

¢ 22-pin dusi in-line package B}

GENERAL DESCRIPTION

The TAD-12 is a monolithic integrated discrete-time
tapped analog delay circuit which permits storage of
analog signals with recovery of the analog signals at
multiple separate outputs at successive delay times
later. The device periodically samples an input analog
signal and stores each sample simultaneously in each
o 12 delay lines. The samples are then sequentially read
out of the 12 lines to reconstruct the input signal with
delays of 1, 3, 5, . . . 23 sampie periods. Figures 1 and
2.show the pin configuration and equivalent circuit,
Figure 3 shows the functionai organization, and Figure
4 shows the organization of a single delay line.

M, T - Ty HE e
EA A S ST U R s
T - rap-; Tap- 3 TAP 11 TAP -1}
i 2 : r [
L1 L3 L " "
Fig-1 TAD-12 Equivaieni Cleowit
Akl ad EAfr | RE PR GE4
N oSN A W
v
.____m_._. _ - N AR WO AT
o AP —m e e e s ue o AT

a = . i, RE L

Fig 3 Etective Organizatien of TAD-1%

Each delay iine contains its appropriate number N of
capacitive storage elaments and each ha. an input and
output ling with access switches to connect the storage
elements sequantiaily to the input and output lines.
The switches are operated by a ring-connected shift
register which simultaneously switches the input to
element k and the output to element k+1. Each delay
line thus introduces N-1 sample periods of deiay.

W TCm
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b,
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ONmEtn
TPt
BUFF TR &

——— e J
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Fig. 4 imiernal Organiaption hor ¢ Sivgle Doty Line wi TAD-12

Each element has an output buffer amplifier to provide
a zero-order hold of the sampied signal and thus inher-
ently produces a sampled-and-held output. In addition,
the amplitier provides & low source impedance to drive
the externai circuits and thus minimizes the required
external circuitry.

The lirst delay section (Figure 2} provides a delay equal
to one sample period. each remaining section adds two
sampie periods of delay.

Complementary clocks (@, and @, Figure 1) are re-
quired for the TAD-12. The input is sampled and new
{delayed) output samples are provided at each clock
transition. The timing relationships are shown in Figure
5 upper portion. Two units may be connacted as de-
scribed under PARALLEL OPERATION, with the second
un* contributing the waveforms shown in the lower
porhon of Figure 5

The analog value sampled s that value which was in
existance just prior to a clock transition; the cliock tran-
sition locks that value on the holding capacitor, and the
value then appears at the output of Tap-1, immediately
tallowing the clock transition. and remains fixed until

RETICON CORPORATION « 910 BENICIA AVE. » SUNNYVALE, CALIFORNIA 94088
TELEPHONE: (408) RET-ICON » (408) 738-4266 ¢+ TWX 910-339-9343
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ABSTRACT
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In this project a study and a realization of adaptive filters for real-

time signal processing applications is carried out.

Adaptive filters are filters that are self-optimizing accorrding to a
given criterion, usually the criterion of minimum mean square error.
The filter adjustment is based on estimated statistics of the input
and output signals. In contrast to the conventional filters, their
adjustment is not based on explicit measurement of the statistics, but

is done sequentially by means of a recursive algorithm.

Adaptive filters have many applications, such as adaptive modeling of
systems, adaptive prediction, noise cancelling, etc. The constructed
filter was examined for adaptive noise cancelling applications and as

an adaptive equalizer for equalization of digital communication channels.

The method of adaptive noise or interference cancelling uses a "primary"
input which contains the desired signal and additive noise (or interference),
and a '"reference” input which contains noise that is correlated to the
primary input noise but is not correlated to the desired signal. The
adaptive filter output is an estimate of the adaptive primary input noise
and is subtracted from the primary input signal, resulting in an error

signal which is an estimate of the desired signal.

Even if a suitable reference source is not available, it is possible, in
some cases, to apply the adaptive noise cancelling technique by sufficien-
tly delaying the primary input signal.

By adding a suitable decision circuit at the output of the adaptive filter

we can obtain an adaptive equalizer operating in a decision directed mode,

Adaptive filters are usually implemented as transversal filters with

adjustable coefficients.
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The response of such a filter is exclusively controlled by its

coefficients.

The results of the examinations of adaptive algorithms were used to
design and construct a hybrid adaptive filter with 12 adjustable

coefficients controlled by a simple recursive algorithm,

The constructed filter combines analog and digital circuits, resulting
in a relatively simple realization. The transversal filter uses a
tapped analog delay line which is implemented by a single integrated
‘device. The filter coefficients are stored and updated digitally, to
obtain sufficient accuracy. The multiplication’ of the analog singal
samples by the digital coefficients is performed serially by a single
multiplying D/A converter. The filter coefficients are updated at
each iteration step by a constant value, the direction of which is

opposite to the estimated gradient vector of the mean square error.

In its present form, the adaptive filter can operate with sampling rates
up to 40 kHz allowing to process signals in frequency range of up to
5 kHz.

The constructed adaptive filter was examined with deterministic and
random signals, stationary or quasi-stationary. The signal tc noise
ratio improvement is in the range 7-22 db, depending on the application
of the filter and on the input signals characteristics. When using the
filter as an adaptive equalizer, a significant reduction of the error
rate is obtained, if the error rate prior to equalization is less than
20%.





