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Design of The Frequency-Anpl itude Estinmator Using The Extended Kal man Fil ter

and its Applications

Yong Ju Ro

Department d Telematics Engineering, Graduate School, Pukyong National University

Abstract

The Extended Kalman Filter (EKF) is known as a standard technique used in a nunber of
nonl i near estimation problens. These include estinating the state of a nonlinear dynamic system
and estimating paraneters for nonlinear system identification. Specially, the B has been
applied to the problem of estimating a tinme-varying frequency from a neasured signal wth
noi se. However existing BKF frequency estimators could be driven in a constant anplitude or a
smal | tine-varying anpl itude signal and therefore an additional anplitude estinator is required
in case of alarge time-varying anplitude signal .

In this paper, the EKF frequency-anplitude estimator which could estimate both tine-varying
frequency and anplitude simultaneously from the neasured signal with a relatively large
tine-varying anplitude, is proposed for inproving the perfornance of a tine-varying frequency
estimator. The proposed frequency-anplitude estimator which has a high frequency resol ution
with a high tine resolution. A perfornance of the proposed estimator with respect to input
paraneters is analyzed with regard to Sgnal to Noise Ratio(S\NR) and conpared wth that of
existing methods by the conputer sinulations.

The proposed technique is applied in the Doppler Scanning which estinates the Doppler
frequency shift of moving acoustic target and gives the track of the target geonetrical
position. VMen the noving acoustic target consists of distributed sources wth different
signature frequencies, Doppler frequency shift of each source with time and frequency al ong
A osest Point of Approach(CPA) of moving source are unique and can be functioned wth respect
to each source positions. Therefore, this principle of the Doppler Scanning can be applied to
estimate a relative geonetrical positions of nachinery noise sources such as ship's generator
and propel | er.

The perfornance of the technique is examned by the conputer sinulations and is verified by
an experinent using |oudspeaker sources on the roof of an autonobile.

The proposed technique is also applied to anal yze tine-varying acoustic signatures of a ship

radiated noise. Acoustic signatures of ship radiated noise are inportant passive sonar



paraneters for target ship detection and classification. Awng these signatures a time-varying
frequency is due to the external loading variation in specific nachinery conponent. As an
exanpl e, propeller blade frequency is neasured as a tinme-varying signature and is control led by
a speed governor which is dependent on the propell er resistance to sea surface waves or current
turbul ence. Design paraneters of the BKF are expressed as a function of sea state wave spectrum
to obtain better performance. Tine-varying frequency and anplitude of each tonal of a neasured
surface ship radiated noise i s presented.

In conclusion, the proposed technique shows better performance than that of existing
frequency estimator by introducing anplitude estimator in a relatively large tine-varying

anpl i tude signal due to the short CPA range configuration.

Keywords : Extended Kalnan Filter (BKF), Frequency-Anplitude Estinator, Frequency estinate,
Anplitude estinate, Doppler Scanning, Doppler frequency shift, Source position

detection, ship radiated noise anal ysis.
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k z (k)
z(k+ 1) = f(z(k)+ G(k) w(k) (1)
y (k)= h(z(k)) + D(k) v(k) (2)
k(>0) , z(k) [nx 1] Y (k)
x 1] , wik)  vik) [gx 1] [px 1]
0 1 , G(k) Di(k) [nx q]
p] : f(zk)) h(zk)) [nx 1]
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f(z(k)=f(Z(KK)+ F (K (z(k)- Z(KK))+ ¢(z(K), Z(KK) @)

h(z(k) = h( Z(kik- 1))+ H(K) (z(K) - Z(k/k- 1)) @)
+ x(z(K), Z(kik- 1))

, 2(kik) Kk 2(kik-1) k-1
y (k-1) k
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[mx



@ (z(K), 2(/k))  x (z(k), 2(k/k-1))

, F) H(k) [nx n], [mx m]
fz(k)) h(zk)) z ®) (6)

_ 0f(2)

F (k) = 5

(k)= 2> | . 5)
_ dh(2)

H (k) = : (6)

0z |z= Z(kik- 1)
1) @ k
(ORC)

Z(k/k)= f( Z(k- Vk- 1))+ K(k) {y(k) - h( Z(k/k- 1))} @

Z(k+ Uk)=f ( z(k/k)) @®)

. K (k) [nx m]

k e(k/k)
e(k/k-1) ©) (10

e(k) = e(k/k) = z(k)- Z(k/k) )
e(kik- 1) = z(k)- Z(k/k- 1). (10)

1 ® k e(k) (11)
e(k) = [I- K(KH(K]F (k- 1) e(k- 1)+ r(k)+ s(k) (11)

r(=1[1- KK HKI$(z(k- 1), Z(k- Vk- 1)- K (k) x(z(k), Z(k'k- D)

s(k)=[1- K(KH(K] G(k- 1) w(k- 1)- K (k) D(K) v(k)
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, n.L>0 0<p <1
|
(11) (13)
V(e(k)k)
(12) [27].

ville(k) IP< V(e(k), k) <v, [le(k) |I?

(12)

norm
(14)
ek)

(12)

(15)

(13)

E{V(e(k+ 1),k+ 1)/ e(k) }- V(e(k),k)<p- aV(e(k), k) (14)

E{Ile() I} < E{11e(0) IPX1- o+ 22
. Vi, Vu, Y 0 (i, vu, 4 >0) a 0
(O<a =£1)
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Figure 1. Block diagram of the nonlinear discrete time system and extended

Kalman filter.
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Table 1. Equations related to Discrete Extended Kalman Filter.

State model :

z(k+ 1)=f (z(k)+ G(k) w(k) w(k) ~N(0,1)
M easurement model :

y(k)= h(z(k))+ D(k) v(k) v(k) ~N(0, 1)
Predicted state estimate :

zZ(klk- )= f ( z(k- Uk- 1))

Linear approximation d nonlinear function f (z (k)) :

F(k- =220

0z z= 7(k- k- 1)

Priori covariance matrix :

P(k/k- )= F(k- 1) P(k- Uk- 1) F(k- )T+ Q(k- 1)
Predicted measurement :

y(k)= h( zZ(k/k- 1))

Linear approximation d nonlinear function h(z(k)) :

H (K) = oh(z)

0z z= 7(k/k- 1)

Kalman gain :
K(ky= P(kik- ) H(k) "[H (k) P(kik- ) H(k) "+ R(k)] '
Predicted state estimate on the measurement :
Z(kik)= Z(kik- 1)+ K (k) {y(k) - ¥(Kk}
Posteriori covariance matrix :

P(k/k)=[1- K(K) H(k) ]P(kik- 1)
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Z(0/0)= E[z(0)]

P(0/0)= E [(z(0)- Z(0/0)) (z(0)- Z(0/0))"]

k>0 F k), H (k), P (k/k), Q(k), R(k)
(18) (22) . (1) ¢, X (23) (26)
[1F (k) lI<f, (18)
[IH (k) lI<h, (29)
p 1 <P(kik)<p,! (20)
a1 < Q(k) (21)
r1<R(Kk) (22)
[16(z(k), Z(kIk)) I<xyllz(k) - Z(K/K) ||? (23)
ll2(z(k), Z(kik- 1)1 [I<x, llz(k) - Z(kik- 1) |? (24)
l1z(K) - Z(KIK) [I<e, (25)
l1z(k) - Z(kik- 1) |I<e,. (26)
yfo, e, Py pu, O, My Koy Ky, € 0, € 0 , F ()
k> 0 nonsingular
e(0) (27)
(28)  (29) 0 d ¢ , (9)
(30) (32) (30) (15)
(18) (29)
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O<a <1
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v(k) y (k) = z(k) + v(k)
z(k) = a(k)cos[@(K) KT+ @] f(k)[=00 (kY 2

] a(k)

(Modified Discrete Phase Locked Loop: MDPLL) La Scala Bitmead
(Discrete Frequency
Estimator: DFE) ,

(Discrete Frequency Amplitude Estimator: DFAE)

3.1

(33) (36)
[33- 35].

z()= F()z(t)+ G(t) w(t) (33)
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h(z(t)) = a(t)ycos (2xf t+ z,(1)), D(t) = Vr (36)

10 z (1)

zi(t)  z2(1) w(t) wv(t)
0 1 LY () » a(t)
, fo F (1) a
. G() ¢
D (t)
v (t)
(36) r . (33) (36)
@7) (43) [15,34,36].
z(k+ 1) = F (k) z(k) + w(k) 37)
_ 29 _ WK
29= [Zi0 ] 0= [wi )
2r - T
F (k)= L '[(sl- F(t>>'1]=[1 o e ) (39)
lo e- aTy
- T = Qu(k) Qu(k)
Q= Elwlkwi 1= [$200 o2 (40)
8’ : - 20
Qu(= = [Te- 5 (1= e T+ 5o (1- e )]

Qu(k) = Qu(k) = 47zqw[%(1- e

Qxu(k)=q,(1- e 7

; 1 - 24T,
)- g (1 e ]
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y(k) = h(z(k)) + v(k) (41)

h(z(K)) = a(k)cos (27f ok T+ z,(K)) 42)
R(k)= E[v(k)v(k)"]=r (43)
K L Ts L z(K)
z:(k)  z2(k) L wk)  vK)
0 Qk) Ri(k) [31], y (k)
, a(k)
h(z (k)) (44)
H(k) = [ a(k)sin (2 okTs+ z,(k)) , O]. (44)
(44) ak) 1 (45)
[14,15].
a(k) = gm(k) (45)
m(0) = |y(0)|

m(k) = (1- cgm(k- 1)+ cgly(k)| (k>0)

(37) (44)

2(k) fo
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3.2.

y(K) = z4(k) + V1 v(k)

z:(K)
z1(k) z2(k) (47)

z,(k) = acos[aw(K)KT + &]

z,(k) = asin [w(K) kT + ¢].

k+1 o (k+1)  k

w(k+ 1) = (k) +V g, ws(k)

, Wa(k) 0 1
(o 1), 1
(49)

w(k+ 1) = w(k) Elo(k+ 1)] = E[aw(k)]

(49) k+1 z:(k+1) 2(k+1)

z,(k+ 1) = acos[w(k+ 1) T(k+ 1)+ 4]
~acos[w(k) Tk+ ¢+ w(k) Ty
= acos[w(k) Tk+ ¢lcos[aw(k) T,
- asin[w(k) Tk+ @lsin[w(k) T4
= zy(K) cos[w(k) Ts]- z,(K)sin[w(Kk) T,]
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(46)

(46)

(47)

w (k) 0
(49)

(48)

Co

(49)

(0) (51

(30)



z,(k+ 1) = asin[w(k+ 1) Ty(k+ 1) + ¢]
~asin [w(k) Tsk+ ¢+ w(k) T
= acos [w(k) Tk+ ¢]sin[w(k) T4 . (51)
+ asin [w(k) Tsk+ ¢]cos [w(K) Ts]
= zy(K) sin [w(K) Ts]+ z,(k) cos[w(K) Ts]

k T (k) za(k)
(52) (54)
z,(k+ 1) = z,(k)cos[z5(k) ] - z,(k) sin[z;(K) ] (52)
Z,(k+ 1) = z,(k) sin [z5(k) ] + z,(k) cos[z5(K) ] (53)
Zy(k+ 1) = z5(k) + To/ g, ws(k). (54)
(52) (54)
La Scala
Bitmead (55) (63) [16,28].
z(k+ )= f(z(k))+ G(k) w(k) (55)

z(k) = [zy(k) z(k) z5(K)]"
= [acos(w(k) Tk) asin(w(k) Tk) Tsa)(k)]T

w(k) = [wy(k) wy(k) ws(k)]"

2,(k) coszs(k) - z,(K) sinzs(k)
f(z(K) = | zy(K) sinzs(k) + z,(k) coszs(k) (56)
(1- &,)z3(k)
F(k) = 8fa(Zz)
2= 1 (57)

sin Z;(k/k)  cos Zy(kik)  Z,(k/K) cos Z;(k/K) - Z,(k/K) sin Z5(k/K)

cos Z3(kIk) - sin Zy(kIK) - z;(k/K)sin Z3(k/IK) - Z5(k/K) cos Z;(k/k)
0 0 1- g,
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0
0

Ty q,

G(k) =

O O o
O O o

00 O
00 O
00 q,T2

Q(k) = G(k) G(k) =

y (k)= H(k)z(k) + D (k) v(k)
H(k=[1 0 0]
D(ky=vVr

R(k)= D(k) D(k) "= r

€0 0

[29]. » G

(55) (63)
2(k)
w (k)
(46) a
(64)

z,(k) = a(k)cos [a(K) KT+ ¢]

(48)
a(k) 0
a(k+1)
(66) (68)

, k+1

(65)
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(59)

(60)
(61)
(62)

(63)

z(k)

@ (k)

(46)

(64)

ak+l) k

(0) (51



a(k+ 1) = a(k) +V qaw.(k) (65)

z,(k+ 1) ~z,(K) cos[w(k) T4l - z,(K) sin[w(k) To] + we(k) (66)
w(k) =V gz cos[w(k) (k+ 1) T+ ¢]w,(K) (67)
z,(k+ 1) ~z,(K) sin [w(k) T¢] + z,(k) cos[w(k) T + w(k) (68)
wo(K) =V gasin [@(k) (k+ 1) T+ ¢l wy(k) (69)
, wi(k) 0 1 (67)
(69)
G @ 1) . (55) (63)
67)  (69)
(56)  (57) f(z (k)), F (k)
z (k) : (85) (63)
< 1>
(56) f(z k)) 2 (k-1)
2 (k/k-1) K (k)
y (k) . K (k) (57)
F k) 2(k-1)
(46) (47)

2:K)  z2(k)

La Scala Bitmead (59)
Q) diag(qy, @, g) G:=0e, Gp< s, Ts'Gh < G
L R(K)= T [28].
(59) 0 g O
2 (k) ?
1K) 2:(k)
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La Scala

(Discrete Frequency Estimator:DFE)

67) (69)

(Discrete Frequency-Amplitude Estimator:DFAE)

w (k)

y (k)

(70)

ak)

y(k) = a(k) cos[w(K) kT+ @]+ V rv(k) = a(k)z,(k) + vV r v(k)

, v(Kk) 0 1

. 21(K) 1
L z2(K)  z:(K)

z,(k) = cos[aw(K) kTs+ ¢]

Z,(k) = sin [w(K) KT+ ¢]

k+1 w (k+1)
w (K) a(k) 0

, k+1

a(k+1)

y (k)
(72)

(70)

(71)

(72)

Bitmead

(71)



(73) (74)

w(k+ 1) = (k) + 1 g, ws(k) (73)
a(k+ 1) = a(k) + v g, wy(k) (74)
, Wa(k)  wa(k) 0 1
Co
(@ 1), (71) (74) zi(k+1)  z2(k+1) (75)  (76)

zy(k+ 1) = cos[w(k+ 1) To(k+ 1)+ ¢]

cos[(K) Tok+ ¢+ w(K) T 75)
cos[w(k) Tsk+ @lcos[w(k) Tl - sin[w(k) Tsk+ @]sin[w(k) Ty

zy(K) cos[aw(k) Ts]- z2(K) sin[w(k) Ts]

TR

z,(k+ 1) = sin[aw(k+ 1) Ts(k+ 1)+ ¢]
~sin[w(k) Tok+ ¢+ (k) T (76)
= cos[w(k) Tsk+ @]sin[w(k) Tg + sin[w(k) Tsk+ @] cos [w(k) Ts]'
= 2,(K) sin [w(k) To]+ 2,(K) cos[a(K) Ts]
4 z (k)=[z1(k),z2 (k),zs(k),za(K)]"
k Tsw (k) a(k)
za(k)  za(k) , (73) (76) z (k)
(77) (80)
z,(k+ 1) = z,(k) cos[z5(K) ]- z,(k) sin[z5(K) ] (77)
Z,(k+ 1) = z,(K) sin [z5(k) ]+ z,(k) cos[z5(K) ] (78)
zg(k+ 1) = z5(k) + T/ q, ws(k) (79)
Zy(k+ 1) = z,(K) + V gawa(K). (80)
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(r0)  (77) (80)

(81) (90)

z(k+ 1) = f(z(k)+ G(k) w(k)

(k) = [zy(k) zo(K) Z5(K) Z4(K)]T

=1
=1

w(k)= [wy(k) wa(k) ws(k) wa(K)]'

z,(k) cosz4(k) - z,(k) sinz;(k)
_ k) sinz;(k) + z,(k) cosz,(k)
f(z(k))= zy( 3 2 3
(1- &,)z5(k)
(1- ea)z4(k)
F (K) - _of (z)
0z z= 7(k/K)
cos Z;(kik) - sin Za(kik) - Z,(k/k)sin Zy(k/k) - Z,(k/K) cos Za(k/K)
_ | sin Zy(kik)  cos Za(kik)  Z3(K/K) cos Za(K/K) - Zo(K/K) sin Z(k/K)
0 0 -
0 0 0
00 0 0
00 0 0
G(k) =
(k) 00 Tyg, O
100 0 Va
00 0 0
00 0 0
k)= G(k) G(k) "=
Q)= 6() 6= | 1 15 g
00 0 Ja
y (k) = h(z(k)) + D (k) v(k)
h(z(k)) = z4(k) z,1(k)
H (k) - a_h(l)_l
0z z= Z(k/k- 1)

=[ Za(kik- 1) 0 0 Z;(kik- 1) ]
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cos(w(k) Tk+ @) sin(w(k)Tk+ @) w(k) T, a(k)]T

1- &,

(81)

(82)

(83)

(84)

(85)

(86)

(87)
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D(ky=Vr

R(k)= D(k) D(k) "= r

Qk) diag(0, 0, gz, Q)

CR(K)= T

(86)
2a(k- 1)
2 (kI k- 1),
¢ (k)
2a(k- 1)

(81) (90)
2(k)

34.

3.4.1.

[37-39].
< 1>
K k),

a(k)
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(89)
(90)
0 -G q
T
Qs TR < 0 < O
< 1>
$ (k)
2(k)
y (k)
23(K)
z (k)
2(k)
o (k)

(MDPLL, DFE)



(DFAE)

{0, Q, r}
Qk) Ri(k)
( )
o
%: %:t 4 h".l'i’r*.:
g £ n """'uw,,l.f
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i TR AR
=
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€Y (b)
2 @) (b).

Figure 2. Noiseless measurement signal waveform(a) and time-varying

frequency (b).

AWGN

CRB (Cramer-Rao Bound)

Ts  0.1]msec] ,
fo  60[HZ] a  20[mV]

% 0.7106, Ga 0.2
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G 55610[Hz]
11.2603[mV] G yo 1718
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Figure 15. Estimated results of Doppler frequency shift in air.
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Table 2. Results of the relative range estimate from the simulations in air
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Figure 22. Estimate results of Doppler frequency shift from 988Hz and 800Hz

signals.

4.

T able 4. Results of the relative range estimate in the experiment

1 2
[Hz] 988 1200 988 800
[Hz]| 14529 17.647 14529 11.765
CPA [sec] | 5.367 4914 4717 4.207
[m] 0 2.267 0 2,550
[cm] 0 327 0 61.0
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5.1.

(109)

4 zf , cos
szsz@+——ﬁﬁa—£3hw)

, fu[HZ]
, C[m/ sec]
w[m/ sec]
f,= 2/w h, = 0.005w >
< 5> 1500[m/ sec]

ha[m] fo[Hz]

[46].

(109)  (110)
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[32,43- 45].
(109)
, 0o
(110)
(110)



[4145]. (110

. < 5>

5.
Table 5. Maximum Doppler fluctuation bandwidth of several characteristic

frequencies with respect to sea state.

( : Hz)
Sea | wave height fo [HZ]
State| w [m/sec] 15 30 60 120 240 480 960
1 25720 15656 | 15759 | 15967 | 1.6381 | 1.7211 | 1.8869 | 2.2187
2 46296 0.8890 | 09141 | 09641 | 1.0643 | 1.2646 | 1.6651 | 2.4663
3 6.6872 0.6416 | 0.6851 | 0.7720 | 0.9459 | 1.2935 | 1.9889 | 3.3797
4 8.7448 05224 | 05874 | 07174 | 09774 | 14973 | 25372 | 46169
5 10.8024 | 04595 | 05488 | 0.7272 | 1.0841 | 1.7980 | 3.2257 | 6.0811
6 12.8600 | 04269 | 05429 | 0.7747 | 1.2383 | 2.1655 | 4.0200 | 7.7289
7 149176 | 04129 | 05578 | 0.8474 | 1.4266 | 25850 | 4.9020 | 95358

Q(k) G

Qo (206)
(111)
B w A fd
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0. = Aw(n(dfd;BW)Ts)z

, Ts

5.2.

5.2.1.

800[m]
84[m]

CPA

200
70[m]

6.59[knot] (=3.3899[m/ sec])

9[knot] (=4.6296[m/sec])
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200 m

— - ¥
target ship
velociy : 6.59 knot

CPA : 8B4 mM
measurement ship
receiver depth : 70 m

23.

Figure 23. Measurement Configuration of Moving ship radiated noise
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Figure 24. Time waveform and spectrum of measured ship radiated noise, (a)

Time waveform, (b) Power Spectrum
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12.725[Hz]

0.0288[HZ]
229[H z]
05176[HZ] 1.0552[H 7]
05 6[HZ] . < 6>
6.59[knot] 9[knot] (
2)
0 (105)
0a (101)
r (102)
16[dB]
25
(1) . (2) . (3)
, (4) , ()
152[Hz]
229[H z]
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(

6.59[knot], 9lknot])

Table 6. Theoretical maximum Doppler frequency shift and maximum Doppler

fluctuation bandwidth with

respect to the tonal

velocity: 6.59[knot], wind speed: 9[knot])

frequency

Power Spe ctrum [dE]

MJ ] {H»{M«J@I ‘|M II| -é‘“'!hﬂud :..h«f;-'"'l;ﬁ
. Mﬁwﬁ .

Tonal frequency Max. Doppler Max. Doppler fluctuation

[HZz] frequency shift [Hz] bandwidth [Hz]
25.4500 0.0575 0.9065
63.6250 0.1725 0.9702
1145250 0.2588 1.0552
152.7000 0.3451 1.1189
178.1500 0.4026 1.1613
229.0500 05176 1.2463
L’)} ,,-! J*l% MM ,I'IV ‘*«M."u qmww'%; '

s (1)

25.

100 150 200 250 300 350 400 450 400
Frequency [Hz]

Figure 25. Vibration signal Spectrum of ship
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Time [sec]
=

=}

Frequency [Hz]
26. (10[Hz] 250[Hz])

Figure 26. Spectrogram (10[Hz] 250[Hz]) of measurement signal

255[Hz],
63.6[Hz],
114 5[Hz],
1527[Hz]  178.2[HZ]
229.1[HZ] . 26
1024, 758 10[HZ] 250[Hz]
26 100[HZ]
100[HZ]
5.2.2.
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0.2441[HZ]
4096
3840 <

7> - q

7. -

Table 7. Input parameter values of frequency-amplitude estimator

Parameter
A r
Freq.[HZ] % G
255 1.1561x 10" 3.3268x 10°° 128.7443
63.6 7.4856x 10" 2.7169x 10?2 94 .5505
1145 25377x 10°° 2.9505x 102 97.1585
152.7 46612x 10° 2.6575% 102 105.7026
178.2 6.4803x 10° 2.1706x 10 66.0003
229.1 1.1162x 10°® 2.0465% 102 574111
27 32 -
255[HZ]
27
27 (a) , (b) ,
255[Hz]
0.0575[HZ] 0.9065[H z]
+ 0.2[HZ] . (c) (d)



50
CPA

28

255[Hz]

CPA

CPA

114 5[Hz]

0.2588[HZ]

30

. (©)
CPA

0.9702[Hz]

+ 05[Hz]
(c)

CPA

, 1145[HZ]

(d)

63.6[Hz]

0.1725[Hz]

. (¢)
255[Hz]

(d)

255[Hz]
63.6[Hz]

29
1.0552[Hz]

+ 1[HZ]
- (¢ (d)

152.7[Hz]
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0.3451[Hz]

1.1189[HZ] 3 . 114.5[HzZ]
+ 1[HZ]
CPA . (c)  (d)
178.2[HZ]
31
0.4026[H ] 1.1613[Hz]
3
+ 2[HZ] (¢ (d)
32
229.1[HzZ]
0.5176[HZ]
1.2463[Hz] 2
+ 1[HZ]
CPA
229.1[Hz]
0.5[Hz] . (© ()
30
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8>

on=\ < fo(K)- fo(K)*> fas = max [, (k- fo(KI]
, < 6>
0
MA (Moving Average) , CPA
33
MA
CPA
. 229.1[HZ]
30 : . CPA

MA
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Figure 27. Frequency and amplitude estimate results of tonal signal with
255[Hz] frequency, (a)Spectrogram, (b)Frequency estimate results, (c)
Amplitude Estimate result(0-80 second), (d) Amplitude Estimate

result (40-60 second).
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Figure 28. Frequency and amplitude estimate results of tonal signal with
63.6[Hz] frequency, (a)Spectrogram, (b)Frequency estimate results, (c)
Amplitude Estimate result(0-80 second), (d) Amplitude Estimate
result (40-60 second).

- 66 -



Il:i':- g
I i il Malfli |
E .*IFF 'JFl-llllr:!*l ll:J .
g W iy |II ]
I E‘Il-li HI 1#! 'Ihlr' 1
g ol i
(@)
. S -

[ T~ T

ER
'
.
H
13

Eand Filered Signal & Avplfude Eslimate jri]

a5 5
e el o i v i o e e o
T w ™ m x ®m = mm
Time [zec)
(c)
s 29, 114 5[Hz]
. (b)
(40-60 ).

17T
1E
¥ pol fooA
=1t ol f-_:}"‘-ﬁ,& :
g.m Tk o A """f'g"ﬁ]p J"«"gﬂ}' #‘I\t‘ﬁ;i\'f b
2 ' ’
*
3
m W ®m wm. % @wm ®m ™ m
Time [sec]
(b)
i- ik T ' J
g
£
E I
ol
B

, (@)
. (©) (0-80 ), (d)

Figure 29. Frequency and amplitude estimate results of tonal signal with

1145[Hz] frequency, (a)Spectrogram, (b)Frequency estimate results,

(c) Amplitude Estimate result(0-80 second), (d) Amplitude Estimate

result (40-60 second).
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Frequency and amplitude estimate results of tonal

152.7[Hz] frequency, (a)Spectrogram,

signal with

(b)Frequency estimate results,

(c) Amplitude Estimate result(0-80 second), (d) Amplitude Estimate

result (40-60 second).
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Figure 31. Frequency and amplitude estimate results of tonal signal with
178.2[Hz] frequency, (a)Spectrogram, (b)Frequency estimate results,
(c) Amplitude Estimate result(0-80 second), (d) Amplitude Estimate
result (40-60 second).
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229.1[Hz] frequency, (a)Spectrogram, (b)Frequency estimate results,
(c) Amplitude Estimate result(0-80 second), (d) Amplitude Estimate
result (40-60 second).
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8.

Table 8. Standard deviation and maximum shift of the frequency estimates

( : Hz)
Tonal Frequency Standard deviation Maximum shift
fa (o fa" %
254500 0.0776 0.2169
63.6250 0.2147 0.7096
114 5250 0.3231 0.9808
152.7000 04474 13613
178.1500 0.5280 1.7007
229.0500 04401 15995
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Figure 33. Moving Average results of each tonal frequency estimate, (a)
255[Hz] tonal, (b) 63.6[Hz] tonal, (c) 1145[Hz] tonal, (d) 152.7[HZz]
tonal, (e) 178.2[Hz] tonal, (f) 229.1[HZ] tonal.
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