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becomes unreliable in noisy signals. The TFR will become
ABSTRACT blurred due to presence of noise[5]. Thus how to get noise-
In this paper,. an novel method based on the phaséesistant, accurate, efficient estimation of instantaneous frequency

information of continuous wavelet transform to estimate the i still an open problem.

instantaneous parameter of AM-FM signal is introduced, and We here introduce an efficient method using an iterative
some strategies, including the determination of initial value in@lgorithm based on continuous wavelet transform for
iteration and post-processing to the estimated results, to improvéistantaneous parameter estimation. Owing to the time-frequency
the performance of the algorithm are proposed. Compared téocally filtering property of wavelet transform, the method has
several other instantaneous parameter estimators, such as CD§rong ability to resist significant noise. Since the iteration is a
Teager-Kaiser energy operator, and some TFR-based estimatorBfocedure of automatically optimizing, the method can yield
the proposed method has the advantages of noise resistance aéFurate estimation, and it is also highly efficient and has very
accuracy by exploiting the time-scale localization of the wavelet/ow computation complexity. A distinguished character of the
transform. Simulation results testify that the proposed strategiegnethod compared to other TFR methods is that it is deduced from
improve the performance of the CWT based iteration algorithmthe phase information other than energy of transform coefficients.
greatly, and the method has excellent performance including/Ve also propose some skills for improving the performance of the

robustness and accuracy in noisy condition. algorithm.

1. INTRODUCTION 3.CONTINUOUS WAVELET T RANSFORM,
RIDGE AND INSTANTANEOUS FREQUENCY

AM-FM(amplitude and/or frequency modulated) signals of
the form g(f) = a(f) cosfp (t)) such as chirp signals, are widely In time-scale domain, the scalogram of a FM signal can yield

used in various areas (e.g., seismic, sonar, radar, communicatiorsfidge which corresponds to the frequency modulation law in a
systems, etc.). Also, signals with such time-vary instantaneougionlinear way.[10][11] The generation of the ridge can be
frequency a (t) = @/(t) or amplitude a(t) are often required for explained as follows.

speech modeling. Some bio-signals such as bat echoes are proved Given a FM signal in its analytic f‘””.“

to be of the similar form. Since the instantaneous parameters like () = A(h et @

the frequency modulation law and amplitude modulation law canand suppose that it is time-asymptotic, that is

provide very helpful information for analysis of nonstationary @ )] >>| A (1)1 AW )
signals and estimation of important parameters, such as Dopplehen its wavelet transform with respect to an asymptotic wavelet
frequency associated with radia velocity in radar and sonafynction

situations[6], methods for estimating instantaneous parameters g(t):Ag(t)e“"g(‘) 3)
especially in noisy situations accurately and efficiently are a topic
of increased recent concern.
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2. BACKGROUND ; . 4)
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A variety of methods have been developed for the estimation 2al)-=
of instantaneous parameters. Some of them can estimate the =i J-°° A () A (D0 dt
instantaneous parameters (amplitude and frequency) jointly, such 2a)-- *°7 8
as Teagar -Kaiser Energy Algorithm(TKA)[2], AS(analytic signal) By expanding o, ,(t) into a Taylor series around = tS such
method[4], and some predictive and modeling methods[1][3], etc.
oth . : that ¢; (t)=0,07 (t)#0,

ers are instantaneous frequency(IF) estimators, such as : b
CFD(central finite difference of the phase of analytic signal)[9], Which is called stationary point, we git
and frequency tracking methods based on following the peaks of _ } Ve 12
the ridge on TFR representations like STFT, WVD[5]. Consider Poall) = Pralt) + @ {LJE =145 @ (L)
the frequency estimation performance of these methods, TKA can o, (1) +} o () -t)
yield distortion in some special wideband signals[4], and when ba 2 he
the signal is contaminated by significant noise, the TKA will If the amplitude of analyzing wavelet is gaussian, for example, the
become invalid unless multiband filtering is applied and a specialmorlet wavelet g(t) = g2« , then the wavelet transform is
procedure for determining which filter contains the instantaneousypproximated by a Gaussian integration as
frequency[2]. AS also needs filtering in noisy conditions[4]. CDF
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Ppalte) ] t—p 1 In practice, the algorithm is not always successful due to the

_ As(t)ei o b
WThg=—"——[ AC_ e ? dt ) 1o proper choice of initial value of a. The initial value effect the
= WT(h 4 *02 possibility of convergence and the velocity of convergence. If the
Th . f litud d oh f th let bini'[ial value is proper in the sense that it is not too far from the
fou?\dej):wrf;%?f'llg? of amplitude and phase ot the wavelet can bg. . vajue with respect to the initial frequency of the signal, the
As to FM signal, its energy is concentrated along a ridge on th(_)algorlthm will converge rapidly. Other wise, it may not converge

. . . . . at all or converge to fully wrong results.
time-scale plane of its wavelet transform. The ridge is defined by Given a signal seq):Jenceg we may find its initial seale

a set of points (b,a) such that the stationary pei, a) = b, so obtained through searching the first peak in its scalogram. This

P ats)

from the definition of stationary point we get procedure can be found in [12].This is valid in case that the
o), (t) = (03' t) _%'(ts;b) =0 (7) spectrum of signal is not merged in noise completely.
we can see on the ridge 2. Post-processig of Estimation Results
q%'(o) 8) In noisy conditions the instantaneous frequency estimation
a=a(b =7<0' ®) obtained by the above algorithm is fluctuating. To get the accurate

. > _estimation of some parameters such as the initial frequefgcy
thus the frequency modulation law (instantaneous frequency) is

inversely proportional to the ridge . So the estimation of and fTeq“e“CV raté i_n the chirp signgls, we appl_y data fitting
instantaneous frequency equals to the extraction of ridge. teqhnlque 1o the e_stlmgted_frequenmes. After this, the effect of
noise to the estimation is greatly reduced as proven by

4. RIDGE EXTRACTION AND INSTANTA- experimental results.
NEOUS FREQUENCY ESTIMATION 5 EXPERIMENTAL RESULTS
Next define the wavelet curve as the sets of pofp{s, (b)) In this section, we introduce some experimental results to

on time-scale plane with constant stationary points such thatlemonstrate the excellent performance of the proposed method by
t.(b,a) = by, it is uniquely determined by the central frequency of a applying it to several simulated signals and actual sonar echo data.
set of shifted and dilated wavelets on this curve. The restriction ot’l\{: 93 gsetri?nglt\ilc?nc;glryczlr;n;;g%r; 'ﬁ;ﬁ';‘z rfr?(; giﬁnfggiﬁaﬁguency
the wavelet transform to wavelet curve by setting=p in :

. ) o 1. Wideband FM signal
equation [6] can be interpreted as a superposition of wavelets id h ideband FM si L 3
localized on that curve. Consider the wideban signa(t) =sin(L0t + t° / 6),

The phase of wavelet coefficients on the wavelet curve has thé&etting the time duration T=12s and sampling frequency fs=5f(T),

property as the signal is shown in Figl.a. We first testify the improvement to
dv LW, 9) the algorithm by using the initial value determination.
E! - T a By applying the proposed algorithm and the initial value

. rmination meth intr Ve, Wi in the IF
thus, the ridge can be extracted through the phase of transforr(rj1ete atio ethod introduced above, we obtain  the

- ) . . - .~ estimation of the signal plotted in Figl.b as a solid line. It
_coef'fluents by the flxed-p_omt a_llgorlthm. Usually, the algorithm is corresponds the real IF of the signal plotted as a dotted line
implemented through an iteration way.

. - B exactly. While the estimation by TKA plotted as the dashed line
Given a signal sequence(t,) k=0.12,..N-1.Let g (t))be an o 5o o higher frequency.

arbitrary initial estimation ofa (t,). Then the iteration can be If we choose the initial value arbitrarily , for example, as 50 or
described as 0.01, the iteration will converge to wrong estimation as shown in
w, Figl.c and Figl.d. This prove the significance of our method to

3 (to + KT) T, + KT, a) (10)  determine the initial value from the signal.

Next the noise resistance of the algorithm is proved by adding
a Gaussian white noise to the signal, letting SNR=9dB, the
estimation results is shown in Figl.e. Compared to the real IF (the

(L, +(k+)T) =g (4, + KT
where a (t, + K1) is the converged solution at tirr1g+ kT, and

the convergence criterion is dotted line), the estimation is almost the same except the first
a., - a| < &,an arbitrary small positive number several ponits.
As soon as the ridge is extracted, the instantaneous frequency Wideband FM signals(ssin(iot 18 U6), 12125 k=5

is obtained. Then, the amplitude modulation law can be
calculated by substituting the estimated frequency in the wavelet
transform.

Some skills to improve the performance of thbove algorithm

1.The determinationfahe initial value BN ——
Figl.a The wideband FMghal g(t) =sin(L0t+ t* / 6),T=12s,k=5



compared with TKA
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the parameter estimation performance of the proposed method.
For the purpose of estimating initial frequendy and frequency
ratek , the post-processing method by data fitting is applied to the
instantaneous frequency estimation obtained by above wavelet
based iteration algorithm.

The IF estimation of a noisy chirp with the
following: A=1, f, = 20Hz, k= Q195Hz/ s = Q f= 100Hz SNR=3
dB when defined asiolog1qA? /g?) -is presented in Fig2.a.

Fig 1.b Instantaneous frequency estimation of the above signal. The solid linglthough the IF estimation by the iteration algorithm is
is obtained by proposed method using the initial value determination, thqluctuating as plotted as the solid line, the final estimation shown

dashed line corresponds to the actual instantaneous frequency of the sign

and the dashed line is obtained by TKA algorithm.

estimation

of IF when using a=50 as initial value
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Fig 1.c The instantaneous frequency estimation obtained by the proposed 2o
method without the initial value determination, a}gjis arbitrarily chosen as

50

wideband FM
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signal s(1)=sin(101+173/6), T=125 k=5

Figl.d The instantaneous frequency estimation obtained by the proposec]iOIOg 1q
method without initial value determination, aagis arbitrarily chosen as

0.01
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imation of IF in noise, SNR=9d8

Fig 1.e The instantaneous frequency estimation of the noisy signal obtained by
the proposed method represented by the solid line, the dashed line corresponds

300 200 500 600 700

to real instantaneous frequency.

2. Chirp Signal

We now

take for

example the noisy

Qs dashed line by fitting the estimation to a 1-order polynomial
only has little bias from the true instantaneous frequency of the
signal as plotted with the dotted line.

IF estimation of chirp signal when SNR=3dB
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Fig 2.a Estimation of Instantaneous frequency of the chirp sigmitth
parametersA=1, f, = 20Hz, k= 0195Hz/ sg = Q f= 100Hzwhen
SNRis 3dB

We also investigate the statistical performance of the estimator
under different signal-to-noise ratios with fixed parameters

A f,.k,q - Given a chirp signal sequence with parameter values

as in Fig2.a, the sequence has 512 points. The estimatgslof

are presented in Fig2.b. On the y-axis
1gm is plotted , where@ is the true

Ly @-0y) i P

value of parameters likef, k,q, and 9,3 is its estimate aith

realization, M is the total number of realizations. ®hexis is
. . . X A2 .
the signal-to-noise ratio defined 3%log 10—) starting from

n

0dB to 30 dB in step of 1 dB. There are 100 realizations per SNR.
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Fig 2.b Experimental obtained MSE(mean square errors) for initial frequency
foand modulation ratke of the chirp signal .

k .
s(t):AexpEjzn(fot+§t2)+%E+n(t) where A is the

amplitude of the signal and,k,q are its initial frequency,
frequency rate, and beginning phase, respectivafy) is a zero-
mean complex Guassian noise with variam:ré, to investigate



3. Active sonar echo
Last we apply our methodology to actual active sonar echa3.
to extract the frequency modulation law embedded in it. The
known emitted signal is is a linear chirp with frequency
range 20~ 140kHz, sampling frequency 1MHz, and time 4.
duration 2ms. It is reflected back from the lake bottom and
one sample of echoes is shown in Fig3.a. The instantaneous
frequency estimation of the echo by proposed method is
given in Fig3.b as the fluctuating curve. The frequency -
modulation embedded in echo gained by data fitting from
the estimated instantaneous frequency is also shown in
Fig3.b as that line.It is obvious that the estimation result is

satisfactory.
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Fig 3.a A sample of echos reflected from lake bottom
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Fig 3.b Estimation of Instantaneous frequency of the echo(fluctuating curve

and the modulation law calculated by data fitting(the line) 12.

6. CONCLUSION

In this paper we introduced the wavelet based iteration algorithm
to estimate the instantaneous parameters of FM signal. Two
strategies to improve the performance of the algorithm are
proposed. Compared to other IF estimation methods, our approach
is more accurate, especially to some wideband signals, and less
sensitive to noise. It has the superiority in terms of noise
resistance by exploiting the time-scale locally filtering property of
wavelet transform. The approach we proposed is shown to be very
effective for improving the performance of the algorithm proposed
in [10][11].
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