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Joint Model Order Selection and Parameter
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Abstract—We consider the problem of jointly determining the
number of harmonic components of a fundamental linear chirp,
and estimating its parameters (i.e., its initial frequency and fre-
quency rate), given time samples of the observed signal. Common
model order criteria select the number of harmonics based on
the maximum likelihood estimator. We develop exact and ap-
proximated maximum likelihood estimators of these parameters.
To avoid an exhaustive search in the initial frequency-frequency
rate space involved by those estimators, we propose an alterna-
tive low-complexity two-step estimation method. The first step
separates the signal to its harmonic components. Then, in the
second step, the parameters of interest are estimated using least
squares method given the phases of the harmonic components.
The method is compared to the exact and approximated maximum
likelihood estimators and to the well-known high-order ambiguity
function based method. Numerical simulations and real data
examples demonstrate that the proposed low-complexity method
can successfully replace the maximum likelihood estimator in the
model order criteria at moderate to high signal-to-noise ratio.
Since the estimates obtained by the proposed method achieve the
Cramer-Rao lower bound at these signal to noise ratios.

Index Terms—Cramer-Rao lower bound, harmonic chirps, max-
imum likelihood estimation.

I. INTRODUCTION

HE problem of estimating the fundamental frequency of
harmonic time-stationary sinusoids has wide applications
in speech processing, communication, radar and sonar, biomed-
ical systems, electrical power, and semiconductor devices
[1]-[11]. The fundamental frequency is assumed to be constant
during the observation segment, and this assumption sets a
constraint on the possible length of the observation segment.
Short segments will ensure that the assumption is valid, but
better estimation accuracy is achieved if long segments are
used as the signal-to-noise ratio (SNR) is increased.
In some other applications the signal is more appropriately
modeled as a sum of harmonic components of a non-stationary
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signal, i.e., a signal that its frequency content is varied with
respect to (w.r.t.) time, also known as a chirp signal [12]-[14].
For example, in active transmission used in tissue harmonic
imaging in ultrasound [15] or by mammals [13], [14] (e.g.,
bats, dolphins, whales) the signal is deliberately transmitted as
a sum of harmonic linear frequency modulated (LFM) chirps to
increase the detectability of the source of interest, e.g., an organ
in ultrasound or a prey in case of mammals. Such harmonic
signals also occur in other applications due to propagation
through a non-linear media including rotating machinery in
vibrational analysis, music and formants in audio and speech
processing, electrical power systems, and target localization
[16], [17]. Harmonics of higher orders of frequency modulated
chirps, known as polynomial phase signals (PPS) [18]-[20],
or non-linear frequency modulated chirps (e.g., hyperbolic
frequency modulated signals [13]), are also used in synthetic
aperture radar [21], biomedical [22], radio communications, or
marine mammals [13], [14].

Estimating the parameters of chirp signals has received much
attention in literature and has a wide variety of applications. It
is used, for example, in radar [23], vehicle tracking [24], sonar
[16], [17], [20] and underwater communication. Methods for
estimating the parameters of a mono-component LFM include
using maximum likelihood [25], rank reduction techniques
[26], [27], ambiguity function [28] and the Wigner-Ville dis-
tribution [29]. Methods for estimating the parameters of a
multi-component LFM are based on combining a time-fre-
quency transform, such as the Wigner-Ville transform, with an
image processing technique (e.g., the Hough transform) [30],
Monte-Carlo methods such as importance sampling [31] or
Markov chain Monte Carlo [32], using time-frequency repre-
sentations such as the fractional Fourier transform [33], which
is suited to LFM chirps, and the high-order phase function [34].

An LFM signal is a specific case of the PPS family. Es-
timating the parameters of a PPS can be done, for example,
using the well-known high order ambiguity function (HAF)
[35] based parameters estimation for mono-component PPS
[18], [19] and for multi-component signals [36], [37]. The HAF
based estimation is an iterative process. In each iteration, the
highest remaining coefficient of the PPS is estimated and then
subtracted. Therefore, estimation errors propagate to the lower
order coefficients. The product high order ambiguity function
(PHAF) method, based on multi-lag HAF, offers improved per-
formance with a minor increase in computational complexity
[23]. The HAF based estimation methods, and specifically the
PHATF, are very popular as they are simple and relatively low
complexity methods. Other methods for estimating the param-
eters of a mono-component PPS include the phase unwrapping
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[38], [39], multi-linear time-frequency representation [40], it-
erative methods [41], Wigner-Ville distribution [42], nonlinear
least-squares (NLS) [43], high-order phase function [44]-[46]
and subspace methods [47]. Solutions for multi-component
PPS include the NLS method [48], separation of the signal
components [20] and multi-linear methods [49].

It is noteworthy to mention that most parameter estimation al-
gorithms for multi-component signals assume that the number
of components, i.e., the model order, is known a priori. Other-
wise, an order selection rule should be applied. Statistical selec-
tion criteria, such as the minimum description length (MDL),
Akaike information criterion (AIC) or maximum a posteriori
probability (MAP) [50], has been successfully applied to multi-
components sinusoids [51], [52] and sinusoids with harmonic
components [53].

In this work we address the problem of estimating the pa-
rameters of the fundamental LFM chirp when the number of
harmonic components is unknown. As opposed to multi-com-
ponent chirps estimation problem, it only considers two param-
eters of interest, i.e., the initial frequency and frequency rate of
the fundamental LFM chirp. Estimation methods of these two
parameters for such model have not been presented in literature
to date, and thus it is the motivation of the current work.

The model of harmonic components of a fundamental LFM
chirp can be considered as a special case of the multi-compo-
nent chirps estimation problem. Obviously, one can argue that
the parameters of each harmonic component can be estimated
using any of the multi-component estimation method mentioned
above. The parameters of the fundamental LFM can then be de-
termined, e.g., by properly averaging the previous estimates.
However, as we later show, this yields a sub-optimal estima-
tion that does not achieve the Cramer-Rao lower bound (CRLB),
even in high SNR.

We start by presenting two model order selection criteria, the
MDL and AIC. Both of them are based on the maximum likeli-
hood estimator (MLE). We then derive the computationally in-
tensive MLE and suggest a reduced complexity estimator. Both
estimators require a two-dimensional high resolution search,
in the order of N* points to achieve the CRLB, where IV is
the number of samples. We present two low complexity sub-
optimal estimation methods. The first is a modification of the
well-known PHAF method for signals with harmonic compo-
nents. We then propose a new estimation method, harmonic sep-
arate-estimate (Harmonic-SEES). It is based on the separate-es-
timate (SEES) approach, used for estimating the coefficients of
a constant modulus signals [20]. The Harmonic-SEES uses the
fast Fourier transform (FFT) to obtain a coarse estimation of the
parameters and separate the harmonic components. Once sepa-
rated, the parameters are estimated using a joint least-squares
(LS) given the phases of the components.

We show that asymptotically, given a large number of data
samples, the Harmonic-SEES estimator is unbiased, and obtain
a closed-form expression for its theoretical covariance matrix.
We evaluate the computation load of all four estimation methods
and show that the MLE involves an order of N® and N® mul-
tiplications per harmonic component for the exact and approxi-
mated solutions, respectively, and the Harmonic-SEES only in-
volves an order of N2 log N multiplications per harmonic com-
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ponent, which is substantially smaller computational load. We
show through simulations that the proposed method achieves
the CRLB in moderate to high SNR and can be used instead of
the MLE in order to estimate the number of harmonic compo-
nents.

II. PROBLEM STATEMENT AND MODEL ASSUMPTIONS

Consider a discrete-time signal composed of A attenuated
harmonic components observed in the presence of noise,

M

Z AmSmn] +v[n], n=20,..

m=1

JN-1 (1)

where M is unknown, a,, = |d,,|e/*™ is the unknown atten-
uation of the rnth harmonic, |a,,| is the magnitude and g, is
the phase, and v[n] is a zero mean white circularly symmetric
Gaussian discrete-time process representing the additive noise
with an unknown variance o2. The rnth harmonic component in
discrete-time is

iboan] =0,...,N -1
smln] = 717, m=1,...,M 2)
where the phase is defined as ¢y, [n] = 2rm(f1n + $65n?)
where §; = Fy/F, and f; = (y/F? are the normalized ini-
tial frequency and normalized frequency rate, where Fy is the
sampling frequency, Fg is the initial frequency of the funda-
mental harmonic, and 3y = B/T is the frequency rate of the
fundamental harmonic, where I3 and 7" are the signal bandwidth
and duration time of the fundamental harmonic, respectively.
Also, N = TF, is the total number of data samples. We as-
sume that the length of the observed signal equals the length
of the chirp, which can be obtained by first detecting the pres-
ence of the signal and then determining its start and end times.
We further assume that F, > 2 - max{M Fo, M (Fy + 5T},
where the first and second arguments correspond to the case
of decreasing and increasing chirp harmonics, respectively. Fi-
nally, note that the differences between the initial (or final) fre-
quencies of the chirps are Fy/Fy (or (Fy + 80T}/ F,) in case
of increasing (or decreasing) chirps. Thus, to ensure that the
harmonic components are well separated, we assume that the
min{Fo/Fy, (Fo + foT)/Fs} > 6, where 6 is a pre-defined
frequency interval.

By collecting the IV samples of the received signal in (1) we
obtain a compact vector-form model given as,

x = Sprap +v 3)
where we define x = [z[0],...,z[N — 1]]¥,Sx =
[$1;--,8a1):8m = [sm[0),-. s sm[N — 1], any =
[a1,...,ax]%, and v = [v[0],...,v[N — 1]]¥. The un-
known parameter vector of the model is 9 = [0 ,a%;,02]7,
where @ = [f1,605]1 is the parameter vector of interest. A

necessary condition to ensure a unique estimate of ¢ requires
that the number of measurements, V, is larger than the number
of unknowns, M + 2. i.e., we assume that N > M + 2. The
problem herein is: Given the observation vector, x, estimate
the unknown parameter vector, %, and the model order, M.
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III. MODEL ORDER SELECTION

When the number of harmonics is unknown, a model order
selection criterion should be used to choose the correct order,
M. Two commonly used criteria are the MDL and AIC [50].
Both have the same form, which includes two terms: 1) the min-
imum of the negative log-likelihood function, #(¢ | m), where
{p is the MLE of 4 and 2) a penalty term, a monotonically in-
creasing function w.r.t the model order designed to prevent over
estimation, p(n). That is

M

argmin

{min Lp|m) + p(m)} .
m=1,....D ¥

= aigimirll){ﬂ(’ll' |m) + p(m)}

“

where D is the highest possible model order.

In the current case, the observation vector in (3) is distributed
as a complex multivariate circularly Gaussian random vector,
x ~ Nc(Smanm, 02Iy), where Iy is the N x N identity ma-
trix. The negative log likelihood function of the signal in (3) is
obtained by taking the natural logarithm of its probability den-
sity function (pdf) conditioned on both the parameter vector, 1,
and an assumed model order m. The minimum of the negative
log likelihood is given by

. 1 P N
[}(1/) | 777,) = FHX - Smam”2 + ? log (UE) + IOg(K) (5)

where K is a constant and (f) denotes the MLE estimate given
a number of harmonics. The penalty terms for each criterion are
given by [54]

p(m) = { 1(2m + 2)log(N), MDL

2m + 2, AIC ©)

where 2m+2 is the number of unknown parameters. A Bayesian
approach can also be used to derive a MAP selection criterion.
However, the result, for this case, is equivalent to the MDL cri-
terion [24].

IV. MAXIMUM LIKELIHOOD ESTIMATION

We present an exact MLE for a given number of harmonics,
which requires an exhaustive search in the normalized initial
frequency-frequency rate space, and involves a large number of
computations at each candidate point in this space. It is known
that chirps with different time varying frequencies are almost
orthogonal. Based on this result and in order to reduce the com-
putations, we further derive the approximated MLE. We term
this estimator as the Harmochirp-gram since it extends the idea
of the Harmogram [7] used for estimating harmonic sinusoids.
This estimator still requires a search in the normalized initial
frequency-frequency rate space. However, the cost function ob-
tained requires less computations at each point in this space.
Simulation results show that the orthogonality approximation
is reasonable as the estimation performances of both estimators
are similar.

A. The Exact MLE

As noted above, the MLE of 4 is found by minimizing
(5). Assuming some model order, n, the MLE of a,,, de-
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Fig. 1. Tllustration of the cost function of the exact MLE.

noted by a,,, is obtained by taking the derivative of (5)

w.r.t. all | and equating the derivative to zero. This results in

a,, = (S,I,{ Sm)‘lsﬁx. Substituting this estimate in (5) yields
~(MLE

the MLE of 8, denoted by 05,1 ),

9ESILE) = argmax {Q.(8) = x"Pg x}
0

(7
where Pg, = S,,(SZS,,) 1S is the projection matrix of
S

InFig. 1 we present an illustration of the cost function, (. (@),
in the (61,#2) space. The cost function is composed from a
narrow ridge, centered around the location of the true parame-
ters and several local maximums at normalized initial frequency
and normalized frequency rates that are half, twice, four times
etc. the true fundamental normalized initial frequency and nor-
malized frequency rate, where in high noise scenario, the esti-
mator may yield false estimates.

Unfortunately, there is no closed-form expression for this es-
timator. Therefore, a two-dimensional exhaustive search in the
initial frequency-frequency rate is required. Finally, taking the
derivative w.r.t. ¢ and equating to zero yields

. 1 -
52 = —XHPém X

v, N (8)

where f’§n =1y — f’s Substituting (8) into (5) results in

. N N )
Substituting (9) into (4) and discarding all constants yields
N 2
M = argmin {log (62.) + —p(m)} . (10)
m=1,...,D i N

B. The Approximated MLE

The basic assumption of the approximated MLE is that for
large number of samples, the cross-product between the £th and
kth harmonic components (¢ # k) is negligible w.r.t. NV, i.e.,
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ZS 01 s§[n]sk[n] € N. We thus obtain that, for large number
of samples, SHS =~ NTI,;. We can then replace the cost func-
tion Q.(8) in (7) by Qu(8) = [|S7x|> = So)_, [sHx[2. We
further note that

2

M |N-1
Qa(ﬂ) = Z Z 527)[”] —J2wrmbin
m=1|n=0
M 2
EE: ‘ :92) (my) ‘ (11)
where
[I;sgz)[n] — T[TL] —J27‘r mbyn? (12)

and 792 (m#) = SN o () [p]e—d2mmérn s the discrete

time Fourier transform (DTFT) of 2 [n] computed at the nor-
malized frequency m#f;. We term the cost function in (11) as the
Harmochirp-gram. In addition, (12) is termed the de-chirping of
x[n] since it transforms a chirp with frequency rate of mfs into
a constant frequency signal.

The estimated parameters using (11) are not the exact MLE
for finite data lengths, but are asymptotically efficient when
the number of samples is large. To obtain these estimates we
actually perform the following steps for each candidate point
(61,05): 1) given 65, we de-chirp the observed signal with a
set of normalized frequency rates {mfs}?{_, which yields the
signals {z6%[n]}2_, ; 2) Taking the DTFT of each de-chirped
signal, e [n], at normalized frequency, {6, }}_,, and com-
bining the absolute values of the A DTFT at these frequen-
cies (the second step is similar to the Harmogram technique
[7] which is used to estimate the fundamental frequency of har-
monic sinusoids).

Observe that by substituting (1) into (12) and assuming that
62 equals the true normalized frequency rate, 8 o, we get that

:17522)[71,] = g, el2Tmbron 4 7o, o 1] + Ve, o ] (13)

where @;9 is the true normalized initial fre-
o1, 2

quency, Vs, ,[n] = 7'[77]6’12” mbz,0m and

ro, (0] = Z -1 aped?m s (k—m)fz0m® 032wk are the

de-chirped noise and ‘the residual term due to de- chriping the
other harmonic components. That is,

£'92)[n)(mby)
> amD(m(f1,0 — 01)) + 7o, o (mb1) + Ty, , (1)

where D(#) = 2" "¢ 727" is the Dirichlet kernel which
equals V at § = 0. Assume that the noise term in (14)
is negligible and consider the case where 61 = ;4. The
first term then equals a,,/N while the second term is ap-
proximately zero according to the analysis in [55]. Approx-
imately, the value of (,(#) in (11) at the true point is then
Qul(f10,020) = N? Z:Ll |a.n|?> which means that the
Harmochirp-gram combines the energies of all the harmonic
components together.

In order to understand how large the number of samples is
required to be in order for the orthogonality assumption to hold,

(14
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Fig. 2. The ratio between the main and first diagonals of S# S.

we wish to examine the ratio between the main and first diago-
nals of SES
2

2 N-1

H

S8 1 : 1o..2

mPm41 —§27(f1n+302n°)
r(@,N) = s | =¥ E e 2

S?nsm n=0

(15)

Note that (15) is independent of m and thus holds for each m =
1,..., M. For s = 0, we get that (6, N) is the magnitude of
the DTFT of a rectangular window with length V. Fig. 2 present
r{@, N) versus N - § for three different values of #5. As it can
be seen, fl; has a scaling effect on r(6, N'). Again, considering
the case of o = 0, then 7(#, N) has a local minimum at N -6 =
k, k=1,2,...,aside-lobe level of —13 dB and side-lobes fall
rate of —6 dB/octave [56]. Hence, in order to assure more than
20 dB attenuation, we require that

3

N > —.

5 (16)

Note that the scaling, caused by #2, means that (16) ensures that
the cross product between two components is sufficiently small
for each #5.

C. Computational Load

We evaluate the computational complexity of the Har-
mochirp-gram and the MLE method by calculating the number
of on-line real multiplications involved in each method. Con-
sider first the Harmochirp-gram in (11). Assume that the
number of possible values of §; and 4 are 1 and ns, respec-
tively. At each point, we perform M times de-chirping and
DTFT at a single frequency. The de-chirping and the squared
magnitude of the DTFT requires O(/N) multiplications. The
total number of real multiplications is O(ny1n2 M N). Note that
in order to achieve the CRLB, n1 and ns should be in the order
of N3/% and N3/2, respectively. Therefore the complexity of
the Harmochirp-gram is O(N®M). The exact MLE involves
the calculation of (7) at each point. This requires inversion of
an M x M matrix and multiplication of an N x M matrix by
M x N matrix. Assuming N 3> M, the total complexity of the
exact MLE is O(N°M).
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V. THE CRAMER-RAO LOWER BOUND

The covariance matrix of any unbiased estimate of 1, denoted
by cov(h) = E[( — 9)(3 — )T], is lower bounded by the in-
verse of the Fisher information matrix (FIM), denoted by J 4,
that is, cov(fp) >J wld), where

Joo Joa 0
Jow=|6a Jaa O (17)
oT oT J,,;z);r,%

where the sub-matrices of Jy o are shown to be given by (see
the Appendix)

B IW, W,
Joo = 3 [Wz WJ (18)
_ 2 [ (S"s), (8%s)
Ja,a - ()'_;2} |:(SHS)Z (SHS)T (19)
2 [2(Uy);  2(U4),
Joa=— 20
2 ﬁ[(Uﬁ (Us), (20)
where x, = R{x} and x;, = ${x} denote the real

and imaginary parts of x, respectively. Also, W, =
1QE+/28Dal2,i = 1,2,3, U; = a¥DTSHQIS,i = 1,2
with D = diag(1, 2, M) and Q = diag(0,1,....N = 1),
where we defined A* = diag(a¥,....a%) for real k. Using the
matrix inversion lemma ([55], App. A) we get that the CRLB
on @ is then given by

.....

-1

cov(0) > (Jo.0 — Jo.adsndg ) @21

where cov(8) = E[(@ — 6)(8 — 6)7] is the covariance of §.

A. The Large-Samples Approximation of the CRLB

Observe that the terms {S# Q“S}2_ appears in the expres-
sions of J ¢ and Jg , via the matrices {W;}3_,, and {U;}2 ;.
The (¢, k)th element of {S#Q“S12_, is given by,

N—1
S?QuSk — Z Tlu()fJQ'r(/ k) 05, on ,jgﬂ([j,k)ﬁllon
n=0
(22)
The value of S# Q“S along the main diagonal is Z 0 n¥

which for N > 1, is approximately N utL/(u + 1). We as-
sume that for N >» 1,87 QuS = 1“+1 I, i.e., we neglect
the off-diagonal terms of the matrix. We thus obtain after few
simple mathematical steps that the different FIM in (18)—(20)
are approximately given as

Jo o 72 N3 %aHD2a NafD?Za -
66 = a2 NafD2a 2aHD2, (23)
2N
Ja,a = —QIZ\J (24)
O-'U
~ 2T N2 TD a?jD
Jﬁ,a = O_g |:__aTD I;_'a’,TD (25)

Substituting (23)—(25) in (21) yields that the large-samples
CRLB on the parameter vector @ is given by,

5 1 o2 24 45
ov(f) > — v e N 26
COV( ) - aﬁDzaAﬂj 7T2N5 |:_-J%\_? ]%2 ( )
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The large-samples CRLB on the estimation error of the normal-
ized initial frequency and frequency rate are,

2402 1 9002 1
E[?] > =2 —_  FE[§2 —_ 27
1] > m2N3 allD2a’ [02] = m2N5 allD2a 27
Observe that a’D%a = Y m2(a,>2 < Y m? =

(M+1)M(2M +1)/6, where the inequality holds for |a,,,| < 1.
By estimating the normalized initial frequency and frequency
rate using all the M harmonic components, we improve the esti-
mation error w.r.t. M 3. Furthermore, the estimation accuracy of
#1 and 9, decrease as 1/N3/2 and 1/N5/2, respectively, which
can be obtained using the DTFT as is being used by the Har-
mochirp-gram.

VI. PRODUCT HIGH ORDER AMBIGUITY FUNCTION

The PHAF method for estimating parameters of a multi com-
ponent PPS was introduced in [23]. It is a low complexity sub-
optimal estimation method that uses multi-lag HAF [18] to re-
duce the dimension of the problem to one dimensional search.
We now wish to present the methods and its application to the
estimation of the parameters of harmonic LFM signals.

The second order ambiguity function is defined as [23]

N-1
Xo(8;7) = Z Zo[n;T]e I2Ten (28)

n=0
where 23[n; 7] = x[n]z*[n — 7] and 7 is a delay, in samples.

The ambiguity function, when applied to LFM, transform the
signal into a complex sinusoids [23]. That is, z:2[n; 7] will be a
sum of M complex sinusoids at the frequencies 8,, = Tmfs.
Therefore, X2(#; 7) should have M strong peaks at the expected
frequencies. Given a set of L lags, T = [11,...,7.], the PHAF
is defined as a product of L scaled second order ambiguity func-

tions
Xo(ti1) =

Xo(O1e/m1;70). (29)

o

=1

The scaling procedure aligns the sinusoids to the same fre-
quency. Hence, X»(#;7) will have very strong peaks at
8 = mb,,...,71M#,. Note that (28) is constructed using a
DTFT. Thus, a high resolution search is still required. However,
as opposed to the MLE, the problem is now reduced to a one
dimensional search. As we showed, the required resolution in
order to achieve the CRLB is 1/N°/2,

Following the estimation procedure for a multi-component
signals from [23], the parameters are estimated as follows. First,
the frequency rates of each component, égl), cee ééM), are esti-
mated separately by picking the A highest peaks in (29). Then,
M de-chirped signals are defined as

_Jzﬂlg(m 2

Emln] = [n]e (30)

Each de-chirped signal should be composed of a complex sinu-
soid in presence of interfering harmonics. The initial frequency

of each component, 0( ) cey 0§ M) are thus estimated as

gt nle—72m0m, 31

= arg max T, |
L4
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Fig. 3. The Harmonic-SEES estimator.

~ M
We define the estlmated parameters vectors 0( -

[0('") H<m 1%, 1,...,M. We define a mapping of

the components numbers, f o+ [L,M] — [1,M], such that

é§f<”) < 95“2)) < < é§f(M>). Then, the parameters can
be estimated by solving the following LS problem

~(PHAF

0( ) arg min || A8 — 0| (32)

o
where
gn Oa
Ay = , 33
M |:0l1 g } (33)

O,L is the n x 1 vector with all elements equal to zero,

[1,...,M]T and 8, = [§FHD, . 4LED) gLran,
9“ (M ] . Solving the above problem ylelds
(PHAF) 1 1 Sn )
[ (A:‘I\}A w) A0y = o mzz:l ma" (34)
where CA,‘\/[ = Zi\njzl HL = é(M + 1)]\4(2]\4 + 1)

AT)

Once § is estimated, 0 can be substituted in (8) instead

of the 9(MLE) in order to estimate the conditional negative log-
likelihood and select the number of harmonics according to (10).

A major problem with the PHAF based estimation is that the
parameters are estimated separately. Therefore, the estimation
error of the frequency rate will propagate to the estimation of
the initial frequency [23].

A. Accuracy Analysis

For a single LFM component at high SNR, the PHAF method
is known to achieve the CRLB [23]. That is, we assume that
m

. o ) ..
the estimated parameters of each component, 8 , 1s given

by 9(“’”)) = mf + ") where (™) is a zeros-mean Gaussian

process with a covariance given by the CRLB for a single LFM.
Therefore, according to (26), we assume that

1 o2 94 _45 ]
. (m)) v,m |: N
cov ( 45 90
| [ T2N? | =% e

where 02, accounts for the additive noise and the interference
of the other components. We further assume that the errors of
any two components are uncorrelated, i.e., E[(e(™)7(¥)] = 0
for m # k. The estimations of each component actually are cor-
related but we model that as an interference that contribute more

(35)
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noise. As noted in [23], analyzing o2
can therefore conclude that

is very complicated. We

v, m

. 24 mr72
Var(el) O\[ﬂ- N3 Z |(1m|2 (36)
M 2
N 90 m Ui) ,m
var(fl2) = Cy72N® Z | |2 G7)
K m=1 ki

In order to compare the PHAF estimator to the optimal esti-
mator, we examine the ratio between the variance of the MLE
and that of the PHAF method

5(PHAF M :
var (H,E )) ) mrr?[,,m/ \am|? Z\I m2|an 2

var (HAIEMLD) Cum a2
M 2 2 A
. Ym—1 mgv/ |G| Z;‘f:l m?2|am,|?
Cum o3
m 1 777/ |a"l 2
= Z T)’I2|(Lm|2 (38)
M
= C Z m® + Z mp?|ay, ) am|?
M m=1 mzEp
S Z?j:l m®  3M M+1
Somoam? 2 2M 1
3M M+1  3M
* (39)

2 2M+2 4

for K = 1,2. The MLE is asymptotically efficient. Therefore,
from the last result, we get that for M > 2 the PHAF estimator
cannot, even in high SNR, achieve the CRLB. As shown before,
the MLE error improves by a factor of M3. From the last result
it seems that the PHAF estimator improves only by a factor of
M?. Generally, since 02 ,,, > o2, this is not a tight lower bound
and the actual error should be even higher.

B. Computational Load

The construction of the PHAF in (29) involves calculation of
a DTFT L times, each requires O(/N) multiplications per fre-
quency. The number of frequency rate candidates required to
achieve the best possible approximation is in the order of N%/2.
The total number of multiplications required to construct (29) is
therefore O(N7/2L). Next, M DTFTs, one for each de-chirped
signals are required. The number of frequencies in this step is
in the order of N3/2. The complexity of the initial frequencies
estimation is therefore O(M N%/2). The last step, the LS, re-
quires O(M ) multiplications which is negligible. To conclude,
the PHAF method involves O(N7/2L) multiplications. Since
L should be a small number, this is substantially less than the
complexity of the Harmochirp-gram estimator.

VII. THE HARMONIC SEPARATE-ESTIMATE METHOD

The use of the DTFT, as demonstrated in the numerical re-
sults, makes it possible to achieve the CRLB. However, it re-
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Fig. 4. Scheme of the separate step.

quires large number of computations. This complexity can be re-
duced using the discrete Fourier transform (DFT) which is more
attractive due to its efficient implementation, the FFT. However,
the frequency resolution of the DFT is limited proportionally to
the inverse of the number of samples, i.e., 1/N. To overcome
this resolution limit but still exploits the low complexity of the
DFT, we suggest a suboptimal estimator, the Harmonic-SEES.

We suggest a two-step method to estimate §; and A5 of the
harmonic chirps (see Fig. 3). First, separate the signal to its
harmonic components and then jointly estimate the #; and 65
from the phases of the signals using a LS approach. The com-
putationally efficient DFT is used in a separate step to obtain
a coarse normalized frequency rate estimate, and this estimate
is further refined within the second step using the LS principle.
We show that asymptotically, that is, given large number of data
samples, the Harmonic-SEES estimator is unbiased, and obtain
a closed-form expression for its theoretical covariance matrix.

The outputs of the separate step are M reconstructed har-
monic components of the original signal. We design M pro-
cessors where each processor is composed of three blocks (See
Fig. 4): 1) de-chirping; 2) frequency filtering; 3) reconstruction.
The first block eliminates the quadratic term of the phase of
the mth harmonic component and retains the linear term of the
phase only. The second block transforms the de-chirped signal
to the frequency domain using DFT, and removes interferences
from other harmonic components using a filter which is tuned to
the frequency of the mmth complex exponential. In the third block
the de-chirped and filtered signal is back transformed to the time
domain using inverse DFT (IDFT), and is multiplied by a chirp
with a normalized frequency rate equals to the de-chirping fre-
quency rate used in the first block of the mth processor. This
processing chain assumes that the de-chirping value is given.
Hence, we first perform a pre-processing step where we select
the suitable de-chirping value. We next describe the separate
step in details.

1) De-Chirping Selection: We define a set of L
de-chirping normalized frequency rates (L > M) de-
noted by @ = {621,...,02}. For each fo, € Q, we
define a corresponding harmonic de-chirping set, denoted by
Q = {024,2024,..., M85} and define the mth de-chirped
signal, denoted by X¢.;m = [Z¢.m[0], ..., Zem[N — 1]]*, where
m=1,...,M as

X/,,m = D(mﬁu)x (40)

D(mbz ) = diag (1, ey efj?ﬂ%me“(‘w*l)z) 41)
If 65, equals the true normalized frequency rate, we get
an attenuated complex exponential in the presence of
other interfering harmonic components and noise. We
thus compute the DFT x¢,,[n] at the kth frequency bin as
Temlk] = 22:01 :l:gm[’rL]e’j%T?k",k =0,...,N — 1. By
defining the DFT vector X¢m = [Ze.m[0], ..., Zem[N — 1]]7
we obtain,

Ko = Wxpp > 20 WD (mfly,)x (42)
where W is the N X N DFT transformation matrix. If the
de-chirping set 2y = {62,202, ..., M85 ;} equals to the true
set of normalized frequency rates of the A/ harmonic compo-
nents, given by {f2.0,2020, ..., M#bs o}, then Xy ., is the sam-
pled Dirichlet function where the value of the peak of X 1, is
N|am| (neglecting the noise). By summing the values of all
peaks together, we obtain a value equals to N2 Z:Vn[:l |am|?,
which is the energy of the harmonic signal. Any other hypoth-
esized normalized frequency rate will result in a smaller value.
Hence, we need to define a criterion for selecting the suitable
de-chirping value. One possibility is to select the normalized

frequency as,

M
f> = argmax T m k‘,(;“x) f2.¢ ‘ 43
> = oz 3 [ 0] @)

where ¢, [k (65.¢)] is the maximum value of % ., [£], and

the location of the maximum is,

k(mﬂx)(QQ) = argmax \fz,m[]fﬂ-
k

‘m (44)
Another possibility is to use a Harmogram-like criterion
that will exploit the relationship between the expected

{kfﬁ”dx) (f2)}. The normalized frequency is selected as
M

Gy = argmax max Z |Z ¢ m [ K]
02,0€Q k ’

(45)

m=1

Other possible selection criteria can be based on computing the
sparsity of Xy ., €.g., its Kurtosis [57].

2) Separating the Harmonic Components: Given 05, We
filter Xy ,,, in the frequency domain with a bandpass filter of
length & (a pre-defined frequency interval that ensures the
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harmonic components are well separated) expressed by the
matrix,

A
— I T T 0T
Yo = diag ([Okfsz'“)(ézw/f 1s ’OME::‘“)(éz)—é/z} >
(46)

where 1,, is the n X 1 vector with all elements equal to one.

As mentioned above, when €~2 = f,, then x4 ,,, is a complex
exponential whose DFT, X/ ,,, is a Dirichlet function. How-
ever, this is not the case in general. The mth component in
X4, should be an LFM with a very small bandwidth. Assume
that the search grid {62 ,}% | is uniformly spaced such that
d = 83 441 — 02 ¢. Then the bandwidth of the LFM should be no
more than Nd. Therefore, in order to avoid filtering the desired
signal, the length of the filter should satisfy § > Nd. However,
increasing the filter length introduces more noise into the fil-
tered signal which can cause poor estimation.

The filtered signal in the frequency domain is,

by (42) Y, WD,, (még )x.

gm - mef,m (47)
Ideally, this process retains an attenuated complex exponential
with a frequency equals to the normalized initial frequency of
the rnth harmonic component. To obtain the original harmonic
component of the chirp, we perform an IDFT followed by a

chirp multiplication, i.e.,

by (47)

$m = D(mbs)EWHs,, W =" G,.x (48)
where by substituting (47) into (48) we define
G,, = D(’NLéQ)HWHYmWD(’NLéQ). (49)

We thus obtain a set of M reconstructed harmonic components,
{81,...,8a}, of the observed signal.
Assume that {8,, }2/_, are filtered without interference from

other harmonic components. We therefore get that,

37,1(n)|ej‘?’m["]

mn] = lam|e?™ smn] + em[n] = (50)
where |8 (n)| and ¢[n] are the absolute value and
phase of §,,[n], respectively, e,,[n] is the nth element of
G, v. Assuming that small errors are present, i.c.,
lem[n]| < |am|,m = 1,..., M, it can be shown using a first
order Taylor series that the magnitude and phase in (50) are
approximately,

€,y =

|Sm ]| = l|am| cos(@m[n] + pm) + Riem[n]}
+ jllam|sin(¢m[n] + ptm) + S{em[n]})]
> |gp| + R {fim [n]e—jume—m",,[n]}

: _1 {(sin(@m[n] + pm) + S{em[n]}
bl = e (e )
= Q0] + fim — sin(@m[n] + ) R{em[n]}

+ co8(dm[n] + pm ) S{em[n]}
= dpnln] + pm + S {em [n]e*j“’me*j%" ["‘]} (52)

(51
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We assume the magnitude of the filtered signal §,,[n] is ap-
proximately |a,,|. The information on the normalized initial
frequency and frequency rate is hidden in the wrapped phases
{bm [n]},/\L:—Ol,ﬁil However, to estimate the normalized ini-
tial frequency and frequency rate, we need to consider the
unwrapped phase.

A. Phase Unwrapping

First, we present parameters estimation given the unwrapped
phases of {¢m[n]}2_4, denoted by {d,,[n]} 2. In case of
LFM signals, the unwrapped phase can be found by integrating

the second derivative of the phase of the signal [38] given by

A2, [n] = qgm [n] — 2(73,1,, [n—1] 4+ qgm [ — 2]

= arg(,m[n] (35, [n — 11)%8m[n — 2]))  (53)

forn = 2,..., N. The motivation is that the second derivative
of the phase of an LFM is constant and as such, can be extracted

from the signal. By integrating A%@,,, [n] we obtain

A(;Nﬁm [n] = A2¢~5m [r] + AqZ)m [n—1] (54)

where we define A¢,,[1] = arg(8,,[0]3%[1]). And the un-
wrapped phase is given by

¢m[0] = arg(5,,[0])
= ¢m(0) mod 27
bm[n] = Adm[n] + dm[n —1], n=1,...,N.

(55)
(56)

We further assume that the noises are small enough such that
they do not cause any 7 jumps in the unwrapping procedure.
The unwrapped phase at the end of this step is

- N 1
dm[n] = dmn] Z pm + 27w (91n + 592’”2) + &[]
(57)

where we define the error term £,,[n) =
${em[n]e IHme d9mInY - Define  the  vector  of
phase measurements obtained from the mth reconstructed
harmonic component, §,;,, by ‘Z’m 2 [(/;m [0,..., (/7)m [V -1]]T.
Collecting all the measurements in (57) we obtain an
approximate linear model for #; and 6, given (/7),,1 [n], ie.,

¢, = iy +2rmHO+€,,m=1,.... M (58)
where H = [hy, hy] withh; = [0,1,...,N —1]7, and hy =
[02/2,1%/2,... (N — 1)?/2]T.

Also, €, = [gn[0], .- e[V —1]]T = S{e Itmsk e, }
where @ is the Hadamard (dot) product. The unknown parame-
ters {f4m }M_, and the unknown vector @ are estimated using a

LS method as follows,

o ekl
[ }2-r.0"
M -
= argmin Z||¢,m—/1,,,,L1N—27rmH0H2 (59)
{llnz}%:l,a m=1
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Taking the derivative of (59) w.r.t. j1;,, and equating the result to
zero yields that fi,, = (1%1x) 11%(6,, — 2rmHE). Substi-
tuting fi,, into (59), taking the derivative w.r.t. # and equating
the result to zero yields that the estimate of € is,

0= H'PIH) 'H P{¢ (60)
where P+ = Iy — In(15158) 115 0 = [0[0],..., 0[N —

M p
1]]T = Qﬂé’M Z’m:l m’¢m'

B. Joint Phase Unwrapping and Least Squares

The phase unwrapping process as described above assumes
that the unwrapped phase does not change by more then 7
between two consecutive samples. That is, we assume that
Ay, [n]] < 7. If |A¢y,[n]] is close to &, the processes be-
comes very sensitive to noise [39].

To overcome that problem, a joint phase unwrapping and pa-
rameters estimation method was proposed in [39] using a re-
cursive processing. This eliminates the need to perform phase
unwrapping prior to the estimation process. Rather, the unwrap-
ping is performed sample at a time given the current estimation
of the parameters yielding a more robust process.

Let #fn] =  [a%[n), 8 [2)]7, where A[n]
[fia[n], ..., fias[n]]¥, be the estimated parameters at
the nth step of the filter. Then, the phase is given by

o[n] = H[nl]qj[n] + €[n] (61)
where
[ 27n wn® "
Hin] = Iy : : (62)
[ 2eMn  wMn? J
9] = [Bilnl, ... dueln]]” and efn] = [eafil, .., as[n]] .

The phase error of the #nth harmonic component is defined as
em = S{e Indiag(s?,)em}.

The algorithm is initialized with an estimate given L > M +2
samples of the unwrapped phased using a conventional unwrap-
ping algorithm, as suggested above,

-1

(L] = (H{H.) Hi¢; (63)
where H, = [HY[0],..., HT[L — 1]]T and ¢, =
T T
[@ [0],....,¢ [L — 1]]¥. Following the initialization

process, the algorithm iterates through three steps for
n=L+1,...,N - 1.
1) Predict: ¢[n + 1|n] = H[n + 1]ij[n] A
2) Unwrap: bmn + 1] = arg(8m[n + e I®mlntlinly 4
bl + 1]n] A
3) Update: fj[n+1] = f[n]+ K1 (p[n+1]—H[n+1]7[n])
where K41 = (H}H,41) "H”[n + 1]. Note that
K, +; is not data dependent and can be computed off-line.

The estimated parameters are obtained from the final step,
- (SEES
0( - O[N — 1]. The recursive processing used for the

parameters estimation is equivalent to a batch LS estimation
given the unwrapped phase [58]. That is,

72 AN - 1] = (H'H) 'H ¢ (64)
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Fig. 5. RMSE for the exact MLE, approximated MLE and Harmonic-SEES
including the CRLB vs. the number of samples.

where H 2 Hy_ 4 and&ﬁ 2 (}5N71.
. ~(SEES) . .
Again, once 8 is estimated, the number of harmonics

can be selected by substituting the estimate into (8) instead of

-~ (MLE)

the 8 for each possible value of M.

C. Accuracy Analysis

We evaluate the bias and covariance of the estimate 7 given
in (64) when it is estimated in the presence of noise. Since both
estimation method are equivalent, the analysis should hold to
the estimate in (60). Substituting (58) into (64) yields that the
estimate of i is given by

i=n+HH) 'H'e

where € = [e7]0],....eT[N — 1]]¥. Note that E[e,,] =
E[3{e st ©en}] = e st © G, Ev]} = Oy,
where we substitute G,, v instead of e,,. This means that
Ele] = Ox s and therefore 4 is approximately unbiased.

The covariance of 9, is given by

(65)

cov() = (H'H) "H  cov(¢)HH"H) '

= (H"H) 'H'cov(e) HH'H) ' (66)

The covariance of the noise, cov(e), is a NM x NM block

matrix composed of N2 blocks of M x M matrices of the form

cov(e[n]ef[k]). Using the facts that E[S{v}R{v}7T] is a zero

matrix, while E[R{vIR{v}7] = E[3{v}3{v}T] = 02 /21y,
it can be shown that
2

Elemem] = %?R{diag(s* )G,,GH diag (sZ,)}

m T/ (67)
Substituting (67) in (66) yields the covariance matrix of 9. In
the simulation results we show that the asymptotic covariance in
(66) coincides with the CRLB. However, this covariance result
only holds for large N and small noise.

D. Computational Load

The first step in the Harmonic-SEES method is to create the
vector X¢,,, in (42). This is done by multiplying the input with a
diagonal matrix DD, which requires 2N multiplications, and per-
forming DFT (using FFT), which involves O(N log N) multi-
plications. This is done M times for each possible value. The
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TABLE I
COMPARISON OF THE FOUR ESTIMATION METHODS. THRESHOLD SNR AND
EFFICIENCY FROM FIG. 6

Method Complexity ThgeI\SIllleId %S%Eg::)ct;c
MLE O (N°M) -10dB Yes
Harmochirp-gram (@] (N SM ) -10dB Yes
PHAF O(N7/2L) 13dB No
Harmonic-SEES O (N?logN M) 5dB Yes

total number of real multiplications required for the de-chirping
selection is O(N log N - LM). Since the de-chirping process
and the DFT block in the frequency filtering part is already
performed in the de-chirping selection, no more multiplications
are required. Next, the vectors §,, are created in (47) by multi-
plying each harmonic component with a diagonal matrix Y ,,,
which requires 2N multiplications. The reconstruction of each
harmonic component is O(N log N) multiplications, similarly
to the de-chirping selection. Therefore, the complexity of the
separate step in total is O(N log N - (L + M )M ). Finally, the
estimation of both parameters is done by the recursive process.
Since the gain is not data dependent, it can be computed off-line.
Therefore each iteration requires O(M?) multiplications. since
there are /V iterations, the total complexity of the estimation
process is O(N M?). Combining both steps and assuming L >
M results in a total of O(N log N - LM ) multiplications. The
de-chirping selection is only a rough estimate of f3, therefore
there is no need to search with resolution that corresponds to
the CRLB and L can be in the order of /V. In that case, the total
number of real multiplications for the Harmonic-SEES method
is therefore O( N2 log N M ) which is substantially less than that
of the Harmochirp-gram. A comparison between computational
complexity of each method is presented in Table I.

The low computational complexity of the proposed algorithm
makes it more suitable for real-time applications. Furthermore,
due to the recursive implementation of the estimation step, the
estimated parameters can be updated on-line.

VIII. NUMERICAL RESULTS

We present numerical examples that compare the perfor-
mance of the MLE, Harmochirp-gram, PHAF and the proposed
Harmonic-SEES methods. We start with synthetic simulations
and then present real data results.

A. Simulations

In each simulation we consider M = 3 harmonics.
The amplitudes of the harmonic components are given
as @y, = 2V"eltmom = 1,....M, where [, 18
a uniformly distributed phase. The noise power o2 is
adjusted to glve the desired SNR defined as SNR =
1010g10(2m Llaml/o2) [dB]. In each simulation we

evaluated the root mean squared error (RMSE) defined as
RMSE(fy) \/\Okp Z e"" 6’;@ —6,)%, k = 1,2 where
91,5 and 92.% are the estimate of #; and 6y at the ith trial,

respectively and N, = 500 is the number of Monte-Carlo
independent trials. The phases of the amplitudes are generated
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once for all trials. For comparison, in each simulation we
compared the results with the associated CRLB.

First, we wish to examine the orthogonality assumption, pre-

sented in Section IV-B. The parameters of the fundamental chirp
are given by #; = 0.05 and #; = 10~ and the SNR is set to
15 dB. The requirement of the number of samples in (16) in
this case is N > 3/6 = 3/68; = 60. The filter’s width for
the harmonic components separation was 6 samples. We ex-
amine the performance of the exact and approximated MLE for
number of samples ranging from N = 16 up to N = 128,
The RMSE for both parameters versus the number of samples
is presented in Fig. 5. It can be seen that when the number of
samples satisfies (16), the Harmochirp-gram performs similarly
to the MLE. The Harmonic-SEES method requires more sam-
ples and performs well in this case for N > 96. This is because
for smaller number of samples the harmonic components are
not well separated and cannot be properly filtered. The peaks of
the PHAF becomes wider as the number of samples decreases.
For the specified number of samples the peaks were not sepa-
rable and the PHAF method was unable to detect the three com-
ponents. Therefore the results are not presented for this case.
Next, we compare the RMSE of the estimated normalized ini-
tial frequency and frequency rate versus the SNR for the MLE,
Harmochirp-gram, PHAF and Harmonic-SEES methods. The
parameters of the fundamental chirp are given by #; = 0.1 and
65 = 10~ . The number of samples is N = 512, far more than
the requirement in (16). For the PHAF method, L. = 4 lags are
used with 7 = [50,100, 150, 200] samples. We consider SNR
values from —15 [dB] to 21 [dB] in steps of 2 [dB]. Those
settings are used in the simulations hereafter unless otherwise
stated. The RMSE results are presented in Fig. 6. The CRLB
and the theoretical lower bound of the PHAF method, according
to (38), are also plotted for both parameters. The MLE and Har-
mochirp-gram perform similarly and achieve the CRLB for both
parameters. For SNR above 5 [dB] the Harmonic-SEES method
also achieves the CRLB. The PHAF estimator does not reach its
lower bound. This is expected as it is not a tight bound. The error
seems to converge to around 1.5 times the lower bound for SNR
of 13 [dB] or more.
_ Fig. 7 present the scattering of the estimate errors, i.e., €1 =
f1—01,e0 = 92 — @5, of the MLE and Harmonic-SEES methods
along with a theoretical and actual 50% confidence level ellipses
for SNR values of —1 [dB] and 7 [dB]. For the lower SNR value,
the Harmonic-SEES method does not achieve the CRLB and
thus the actual confidence level ellipse is larger than the theoret-
ical one. For the higher SNR the ellipse of the Harmonic-SEES
coincides with that of the CRLB.

We now compare the performance of the model order
selection using the MDL and AIC criteria for the MLE,
PHAF and Harmonic-SEES methods. We evaluate the prob-
ability of deteq‘ging the correct model order, p; defined as
Da = %}\p > 1y, ,, where 1 is the indicator function.
The py versus SNR results are presented in Fig. 8. For both
MDL and AIC criteria, the model order estimator that uses the
Harmonic-SEES always estimates correctly for SNR values
of 5 [dB] or more. Not surprisingly, this is the threshold SNR
for which the CRLB is achieved. The AIC performs slightly
better then the MLE for both MLE and the Harmonic-SEES
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Fig. 6. RMSE for each estimator including the CRLB vs. SNR. (a) 81, Nor-
malized initial frequency, (b) #2, Normalized frequency rate.

estimator. The PHAF method achieves perfect selection at
around 11 [dB] with both criteria perform equally.

Finally, we evaluate the sensitivity of the Harmonic-SEES
method and the MLE to vibrations in the frequency. The th
harmonic component is simulated with an instantaneous fre-
quency given by fin[n] = m{6:1(1 + 67 - sin(2x f,n)) + Oan).
The SNR is fixed to 10 [dB] and we examine different values of
both parameters, ¢ and f,,. The RMSE versus 65 is presented in
Fig. 9 for both estimated parameters, where each plot shows the
error for different values of f,,. The PHAF performed poorly in
this case and the results are not presented. Clearly, the estimator
is very sensitive to changes in the assumed frequency model.
The performance of the estimator is better for higher values of
f». For the highest value of f,,, the proposed method performs
similarly to the MLE for é; < 0.3, which is 30% from the ini-
tial frequency.

B. Real Data

We demonstrate the model order selection and the parameter
estimation of a recording of an echolocation call produced by an
E. nilssonii bat [59]. The signal is sampled at 125 kHz and di-
vided into segments of V = 300 samples. In each segment, the
parameter and model order were estimated using the AIC cri-
terion. A spectrogram of the signal is presented in Fig. 10. The
signal seems to have four harmonic components but the last one
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is very weak and is hardly detected. The estimated frequencies
are plotted in dashes line on top of the spectrogram and the se-
lected model order, using the AIC criterion, is plotted above.
The results for the MDL were very similar and thus not pre-
sented. The markers on the spectrogram corresponds to a peak
detection at each time frame. Clearly, the fundamental chirp is
less dominant, yet it is detected the entire time.

Next, we demonstrate the model order selection and the pa-
rameter estimation of a recording of an echolocation call pro-
duced by a G. melas whale [60]. The signal is sampled to 44.1
kHz. Again, the signal is divided into segments of N = 300
samples and the results are presented in Fig. 11 in the same
format as the previous example. Once again, the AIC and MDL
performed similarly and the latter is not presented. The funda-
mental frequency line is always detected. The higher harmonics,
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Fig. 10. Model order selection and parameter estimation of an echolocation
call produced by an E. Nilssonii bat. The diamonds mark peaks detection in the
spectrogram.

starting from the 5th, are very weak and not detected most of the
time. The first part of the signal contains an interference which
is not detected. The interference is relatively strong, comparing
to each harmonic component, but not strong enough when com-
bining all the harmonic components together.
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Fig. 11. Model order selection and parameter estimation of an echolocation
call produced by a G. melas whale. The diamonds mark peaks detection in the
spectrogram.

IX. CONCLUSION

We have considered the problem of estimating the funda-
mental initial frequency and frequency rate of harmonic linear
chirps when the number of harmonic components is unknown.
In order to estimate the number of harmonics, we presented a
model order selection criteria based on maximum likelihood.
The exact and approximated MLE have large computation load
due to a two-dimensional exhaustive search in the parameter
space. We suggested a two-step estimation method that first
separates the signal to its harmonic components, and then
estimates the two parameters of interest using a joint least
squares method given the phases of the harmonic components.
The computational complexity of the proposed estimator is
much smaller than that of the maximum likelihood estimators.
We also presented the PHAF method and compared it to the
proposed method. Simulations show that the proposed two-step
estimator achieves the CRLB at moderate or high signal to noise
ratio and that the suboptimal estimators can be used instead of
the MLE in order to estimate the number of harmonics. Real
data examples demonstrate the performance of the proposed
method on echolocation calls.

APPENDIX

In this Appendix we present a detailed derivation of the sub-
matrices of the FIM in (17) following [54]. The (1, 1)th element
of Jp g is the FIM Jg, o, = ZR{a” % %a} where
9S/001 = [0s1/064,. .. ,é)éM/af}l]. By substituting s,,, we
get that :

29> = J2mmq © s,,, where q = 0,1,...,N = 1]7.
Substituting Js,, /00, in 9S00, results in 52 = j2rqp” ©
S, where p = [1,2,...,M]T and ® is the Hadamard (dot)
product. Using S /96, yields,

¢

2 . 872
Tno = (2" @ S)all” = "o |QSDal? (68)
where in the second transition we used the result (qp? ®S)a =
q® (SDa) = QSDa, and in the second transition we used the
identity a @ b = diag(a) ® b for two vectors with identical
dimensions, a and b.
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The (2, 2)th element of Jgg is the FIM Jg, 4, =
ZR{a HDSGZ Ss-a} where
05/092 = [0s1/0fs,---,0s8)/365]. By substituting
Sm we get that Js,, /08 = jmmu © s,,, where u =
[0,12,..., (N — 1)%]T. Substituting 9s,,/d0> in 9S/96
ylelds 88/092 = jmup? @ S. Using 9S /99, yields,

2 2 T 2 2r” 2 2
Jowa: = —5(m2|(upT © S)al* = Z||Q*SDal®  (69)

where in the second transition we used a similar result to the
identity expressed in (68) where the vector q is replaced by the
vector u.
The (1, 2)th element of Jgg is the FIM Jy 49, =
o H o
ZR{at 58— L3 a}. Using 9S /86, and 0S /96, yields,

1

Tovo, = —(2m)(m)R{a (@p” © 8)" (up” © S)a)

472 .
= 5 1lQ*/*SDal? (70)
O-'”
We next derive the sub-matrices of the FIM J, ,. We use the
identity R{jx} = —3{x} for a complex scalar x.
The upper left sub-matrix of Jaa is Ja. a, =

ZR{ 0(523 gzar = = S)‘E{SHS} Similarly, we define the

other sub- matrlces of J aa- The upper-left sub-matrix of Jg 5

‘R{ Seal) 98a) = & (‘{aHDTSHQS} where
we used the expressmn of 38/ 061 Slm1larly, the upper-right
sub-matrix of the FIM Jg, is Jg, o,. In a similar way we

derive Jy, 5,. The lower-left sub-matrix of the FIM Jq , is

Jon = ZR{2G27 581 = 25{all DTSHQS} where
we used agaln 9S/065.Ina s1m1lar way we derive Jg, ,,. This

concludes the derivation of the FIM.

18Jg, a, =
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