Sparsity-Based Time-Frequency Representation

of FM Signals with Burst Missing Samples

Vaishali S. Amin, Yimin D. Zhang, and Braham Himed

Abstract

In this paper, we present an effective time-frequency (TF) analysis of non-stationary frequency
modulated (FM) signals in the presence of burst missing data samples. The key concept of the pro-
posed work lies in the reliable sparse recovery of non-parametric FM signals in the joint-variable
domains. Specifically, by utilizing the one-dimensional Fourier relationship between the instantaneous
auto-correlation function (IAF) and the TF representation (TFR), the proposed approach iteratively
recovers missing samples in the IAF domain through sparse reconstruction using, e.g., the orthogonal
matching pursuit (OMP) method, while maintaining the TF-domain sparsity. The proposed method,
referred to as missing data iterative sparse reconstruction (MI-SR), achieves reliable TFR recovery from
the observed data with a high proportion of burst missing samples. This is in contrast to the existing
sparse TFR recovery methods which work well only for random missing data samples. In particular,
when applied in conjunction with signal-adaptive TF kernels, the proposed method achieves effective
suppression of both cross-terms and artifacts due to burst missing samples. The superiority of the proposed

technique is verified through analytical results and numerical examples.
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I. INTRODUCTION

Many practical signals are non-stationary in nature. An important class of non-stationary signals is the
frequency-modulated (FM) signal that is characterized by their time-varying instantaneous frequencies
(IFs). FM signals are found in a wide spectrum of applications in the areas of seismic, radar, sonar, wireless
communications, image processing, speech processing, and biomedical applications [1]-[4]. The time-
frequency representations (TFRs) of FM signals bear significant practical importance. For example, in the
field of radar signal processing, time-frequency (TF) analyses and IF estimation are crucial for various
important applications, such as target detection and tracking [5]-[9]. In recent decades, TF analyses have
received considerable research interests for the characterization, parameter estimation, and IF estimation
of various non-stationary signals [10]-[16]. In this paper, we focus our discussion on the quadratic TFRs.

In practice, the problem of missing data samples is commonly encountered in many real-world signal
processing applications due to sensor failure, removal of noisy and jammed measurements, line-of-sight
obstruction, destructive multipath fading, and logistics in data sampling and storage [17]. A number
of publications have addressed the TF analysis in the presence of random missing samples [18]-[24].
Generally, these approaches are developed based on leveraging compressive sensing (CS) techniques by
exploiting the sparsity of the signals in the TF domain [25]. The proper use of TF kernels, which are
originally developed for cross-term reduction, also mitigates the effect of artifacts due to missing samples
[18]. In general, adaptive (data-dependent) TF kernels, such as the commonly used adaptive optimal kernel
(AOK) [26], [27] and the recently developed adaptive directional TF distribution (ADTFD) [28], generally
outperform fixed (data-independent) TF kernels in terms of cross-term mitigation, while preserving high
energy auto-term signal signatures. CS-based TFR reconstruction has successfully found applications in,
e.g., radar, communications, direction finding, satellite navigation, and observational astronomy [29]-[39].

Compared to the random missing sample case, a more realistic and challenging scenario is that the data
contains burst missing samples, i.e., the missing samples are clustered as consecutive bursts. Such burst
missing samples may be observed, for example, in the above mentioned interrupting examples where
the interference or fading lasts much longer than the sampling interval. It is clear that, compared with
the case with random missing samples, such burst missing samples would make the TF analysis and
IF estimation much more difficult. As we will see, unlike the random missing sample case where the
artifacts due to missing samples are uniformly distributed in the TF domain, burst missing samples cause
artifacts that are highly localized around the true IF signatures, obscuring the identification of true signal
IF signatures. Burst missing samples also make signal filtering and interpolation less effective.

In [40], resilient TF analysis of non-stationary FM signals in the presence of burst missing samples is



considered. In this method, the missing data iterative adaptive approach (MIAA) [41] is used to iteratively
compute the TFR of the FM signals from the instantaneous auto-correlation function (IAF) with missing
entries due to the burst missing samples. The MIAA was originally developed for the recovery of station-
ary signals with random or burst missing data [41] and works on the principle of sequential estimation
of the Capon spectrum estimator and missing data recovery through data interpolation/extrapolation. As
the MIAA is designed for stationary signals, it does not work properly when it is directly applied to
non-stationary FM signals with burst missing data. However, the IAF of non-stationary FM signals is
stationary with respect to the lag and is associated with the TFR through a one-dimensional (1-D) Fourier
transform with respect to the lag. As such, the MIAA is found effective in reconstructing the TFR as
well as filling in the missing IAF entries in the time-lag domain [40].

In this paper, we further extend this study and aim to provide a comprehensive analysis of TFR
reconstruction in the presence of burst missing samples under the sparse reconstruction framework. We
first examine the effects of burst missing data on the IAF, ambiguity function (AF), and TFR. We then
develop a non-parametric iterative CS-based algorithm, referred to as the missing data iterative sparse
reconstruction (MI-SR), for reliable TFR reconstruction of FM signals in such situations. Our main
motivation behind this novel algorithm lies in the fact that, usually, FM signals are sparsely represented
in the TF domain. In this scenario, various CS-based techniques, which exploit the signal sparsity, can
be used for TFR reconstruction. Amongst various compressive sensing based approaches, we choose the
orthogonal matching pursuit (OMP) in this paper for its simplicity [42]. Other CS techniques, such as
LASSO and Bayesian CS [43]-[47], can also be used in lieu of the OMP technique.

The proposed MI-SR iteratively updates the missing information through spectral estimation obtained
during subsequent iterations. By utilizing the 1-D Fourier transform that relates the IAF and the TFR,
rather than the two-dimensional (2-D) Fourier transform relationship between the ambiguity and TF
domains as in [25], [48], the proposed MI-SR technique presents significantly lower complexity and better
control of the spectrum sparsity over each time instant. The effectiveness of the proposed algorithm is
verified by comparing it with the kernel-based approach [18] and the MIAA-based approach [40]. The
analytical and numerical results provided in this paper clearly demonstrate the superiority of the proposed
MI-SR technique over these methods in terms of the TFR reconstruction performance, artifact suppression
capability, and reduced computational complexity, mainly benefited from the effective utilization of the
high sparsity of the FM signals. The proposed MI-SR method can also be applied to kerneled IAF for
further cross-term reduction and performance improvement.

The remainder of the paper is organized as follows. We provide the signal model in Section II and

consider a detailed analysis of the effects of burst missing data samples on the IAF, AF, and TFR



domains along with demonstration examples in Section III. The proposed MI-SR algorithm for sparse
signal recovery is derived in Section IV, followed by simulation results in Section V. Finally, concluding
remarks are provided in Section VI.

Notations. A lower (upper) case bold letter represents a vector (matrix). (-)*, (-)T, and (-), respec-
tively, stand for complex conjugation, transpose, and conjugate transpose (Hermitian). F,(-) and F;(-)
respectively express the discrete Fourier transform (DFT) and inverse DFT (IDFT) with respect to s.
[| - |lo and || - ||2 respectively denote the ¢y-norm and ¢9-norm of a vector. In addition, §(¢) and (¢, 7)

respectively denote 1-D and 2-D Kronecker delta functions.

II. SIGNAL MODEL AND JOINT-VARIABLE DOMAIN REPRESENTATIONS
A. Signal Model

Consider a discrete-time signal, s(t),t = 1,..., 7', which consists of a single or multiple non-stationary
FM signal components. The observed signal, denoted as 7(¢), contains a total number of B bursts of
missing samples. The missing sample bursts are randomly distributed over time and are assumed to be
mutually non-overlapping. Denote N as the number of missing samples in the bth burst forb = 1,2, ..., B.
The total number of missing samples is N = 25:1 Ny, with 0 < N < T.

Denote S C {1,...,T'} as the set of observed time instants with a cardinality of [S| = 7'— N. Similarly,
we define the set of missing entries related to the bth burst as S, = {tp1, ..., tpn, } for b =1,2, ..., B, and
denote S = Ule Sy as the complete set of missing samples with |S| = N. Then, the observed signal,

r(t), can be expressed as the product of s(¢) and an observation mask, R(t), i.e.,

r(t) = s(t) - R(1), (1)
where
R = 1, if t es, 2
~lo, iftes.

Similarly, the missing data can be expressed as the product of the original signal, s(t), and the missing
data mask, M (¢), i.e.,
m(t) = s(t) - M(t), 3)

where the missing data mask is defined as

B N, N
M(t)=S@t) = R(t) =3 3 6(t—twm)=> d(t—t;), tn €S, t €S e
b=1n=1 i=1

The original signal mask, S(¢), is an all-pass mask, i.e.,

Sit)y=1, Vvt )



From (3) and (4), the missing signal is expressed as

B N, N
=) 5(ten)d(t —ton) = > s(t)5(t —ti), ton €Sp, ti €S. (6)
b=1n=1 i=1

The observed signal can be expressed as the difference between the original signal and the missing

samples, i.e.,
B N,
r(t) = s(t) - )= D> s(ton)o(t — tyn)
b 1 n=1 (7)
= s(t) — Z (t:)o(t —t;), twm €Sp, ti €S,
=1

It should be noted that the random missing sample scenario can be considered as a special case of the

underlying burst missing sample scenario with B equal to N and NV, equal to 1 in the above expressions.

B. Joint-Variable Analysis in Different Domains

In addition to the joint TF domain, non-stationary signals can also be represented in other joint-variable
domains. The other two commonly used joint-variable domains are the ambiguity domain and the time-
lag domain (also referred to as the IAF domain). From the perspective of TF analysis of non-stationary
signals with burst missing samples, signal representations in these join-variable domains are effective,
attributed to the different features offered by these domains. For example, for each time instant the IAF
of a non-stationary FM signal is stationary with respect to the lag. This fact is used to obtain robust TFRs
from the IAF through the 1-D Fourier transform or the corresponding sparse reconstruction. On the other
hand, TF kernels can be conveniently designed as multiplicative functions in the ambiguity domain, as
opposed to a convolutive function in the other domains.

The IAF of s(t) is defined in the time-lag (¢-7) domain in terms of time ¢ and lag 7 as
Rss(t,7)=s(t+71)s" (t—71). (8)

The Wigner-Ville distribution (WVD) is the simplest, yet one of the most popular members of the
Cohen’s class of bilinear distributions [16]. It can be obtained by taking the 1-D DFT of the IAF, R4(t, 7),

with respect to 7, and can be expressed as
ss(t f) T ss t T ZRSS t T g47rf7-, (9)

where ) = +/—1. Note that, in the above DFT expression, 47 is used instead of 27 because only integer

valued lags, 7, are used in (8).



The AF of a signal is a joint representation in the #-7 domain, where 6 is the frequency shift and 7
is the lag. The AF is obtained by applying a 1-D DFT to the IAF, Rgs(¢, 7), with respect to time ¢, and
can be expressed as

Ass(0,7) = FilRas(t,7)] = Y Ras(t, 7)e ™. (10)
t

Consequently, the WVD can be interpreted as the 2-D DFT of the corresponding AF of the same signal

under consideration.

C. Time-Frequency Kernels

The problem of interfering cross-terms arising in quadratic TFRs is a major drawback that prohibits
straightforward interpretation of signal energy distribution. An effective measure for cross-term reduction
is to apply TF kernels, which are 2-D multiplicative functions in the ambiguity domain that provide low-
pass filtering characteristics. Conventionally, TF kernels are designed to attenuate undesired cross-terms
while preserving the signal auto-term components.

The choice of a particular TF kernel function, which identifies the specific TF distribution, depends
on the application and the class of the signals under consideration. So far, various data-independent
and data-dependent TF kernel designs have been proposed. The Choi-Williams distribution kernel [49],
the cone kernel [50], and the Born-Jordan kernel (sinc kernel function) [51] are examples of popular
data-independent TF kernels. On the other hand, data-dependent kernels are optimized based on the
signal characteristics and have generally shown superiority over data-independent kernels in terms of
performance. The AOK is a popular choice of data-dependent kernel and is developed based on a radially
Gaussian kernel with an angle-dependent size. The AOK is obtained by solving the following radially
Gaussian kernel optimization problem defined in the polar coordinates for each time-localized, short-time

ambiguity function (STAF) [27]:

27 0
maX/ / |A(er, )W (a, )P dox dop
v Jo Jo

a2

bject to ¥(a,p) =€ ( — 7), 11
subject to ¥ (a, ) Xp 2(5) an
and 1 : (@) dp <
] 2 0 — Y

where 8 > 0 is a trade-off between the auto-component smearing and the cross-component suppression.
In the above expressions, A(«, ) is the AF in the polar coordinate, ¥(c, ) is the kernel function, and
o(p) is the spread function that controls the spread of the Gaussian at the radial angle ¢. The radial

angle ¢ and the radius « are related to lag 7 and frequency shift § as ¢ = arctan(7/6) and radius



o = /62 + 72. The time-localized TFR corresponding to each optimized AOK is computed by taking
the 2-D FFT of the product of the corresponding STAF and the AOK obtained using (11).

It is demonstrated in [18] that the use of AOK improves the TF recovery in the presence of random
missing samples. On the other hand, the artifacts in the ambiguity domain due to random missing samples,
particularly those concentrated along the 7 = 0 axis, may misguide the TF kernel optimization to favor
such artifacts and generate highly distorted TFRs [22]. Such artifacts can be mitigated by attenuating the
presence of the AF along the 7 = 0 axis. For burst missing samples, as we will see in the following
section, the artifacts in the ambiguity domain spread around the auto-terms and thus are much more
difficult to suppress. Such fact motivates us to develop other sparse reconstruction based techniques to
obtain robust TFRs in the presence of burst missing data samples. Our proposed approach, in which
the missing data recovery is performed in the IAF domain, overcomes the limitation of the AOK and

provides robust TFR reconstruction.

I1I. QUADRATIC TIME-FREQUENCY REPRESENTATIONS WITH BURST MISSING SAMPLES
A. Effect of Burst Missing Samples

Missing signal samples in the time domain produce missing entries in the IAF of the received signal
with two diagonal missing lines corresponding to each missing sample, meeting at the temporal position
of the missing sample [18]. The TFR and the AF are related to the IAF through a 1-D Fourier transform,
hence the random missing entries in the IAF induce undesired noise-like artifacts in both the TFR and
the AF.

For burst missing samples, however, the characteristics of the yielding artifacts are different. In the
following, we provide detailed mathematical analysis related to the effects of burst missing samples on
the entries of the IAF in the time-lag domain.

From (1) and (8), the IAF of r(¢) is expressed as the product of the IAF of s(¢) and the IAF of the
observation mask R(t), i.e.,

Ry (t,7) = Rss(t, T)Rrr(t, 7). (12)

In this expression, the IAF of R(t), Rrr(t,7), is a binary masking function and can be decomposed

into the following terms:
Rrr(t,7)= Rss(t,7) + Rum(t,7) — Rsm(t, 7) — Rus(t, 7), (13)

where Rgs(t, ) and Ry (t, 7) are the IAFs of the all-pass mask S(t) and the missing data mask M (),
respectively, and Rsas(t,7) and Ryzs(t, 7) are two IAF cross-terms between M (t) and S(t). Using (4)
and (8), the cross-term IAF Rgps(t,7) is given by



Rsy(t, 1) = s(t+ 7)ot —t; — 1)

iM-
=

b

Il
M=
]

s(t+7)0(t — tpy — T)

I
o
3

=1
B[N T (14)
=> 5(t —to, T — to + ton)
b=1 Ln=1to=1
B
== Z RSMb(t7 7—)7

T
X

where t; € S and ty, € Sy, and Rgpy, (¢, 7) = Zfil Z;‘C:l d(t — to, T — to + tpy) is a rectangular strip
with width N}, and is diagonally placed with a positive slope. Similarly, the cross-term IAF Rys(¢, 7)
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where Rys, (t,7) = Zf:];l 22:1 d(t — to, T + to — tpy) is a rectangular strip with width N, and is
diagonally placed with a negative slope. Therefore, these two IAF cross-terms, Rgas(t,7) and Rys(t, 7),

form B pairs of missing strips, each with width Nj. On the other hand, Ry (¢, 7) is expressed as

N N
Rapa(t,7) = 6t —ti+7)Y ot —t, —7)

i=1 k=1
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Note that the entries of the Delta function in the last line take non-zero values only when ¢ ,,— tp,n,
is zero or an even integer. These entries defined in the above expression (16) can be classified into two
groups. Entries in the first group belong to the same bursts and are clustered around the time axis (i.e.,
7 = 0 axis), whereas those in the second group correspond to different bursts and are clustered away

from the time axis. These two groups of entries are respectively expressed as



R]V[M(t,T) = R%ﬁ(t T) + R%;I(])\Sf(t T)
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For illustration purposes, examples of missing mask entries are depicted in Fig. 2(d) where the auto-burst
terms are depicted in red, whereas the cross-burst terms are depicted in yellow.
As a result of the above discussions, the overall difference in the mask IAF due to the missing data
samples can be defined as
Rp(t,7) = Rss(t,7) — Rrr(t,7),
= Rsn(t,7) + Rys(t,7) — Ry (t, 7).

The missing entries of IAF, located at positions of unit-valued entries of Rp(t,7), induce a high level

(18)

of undesired artifacts in the WVD of the received signal. Each missing IAF strip causes a convoluting
sinc function applied to the original WVD. As a result, the missing samples yield sinc-like artifacts in the
WVD. Therefore, due to the superimposition of different sinc-like patterns created by the combination
of different bursts of missing data, these artifacts are manifested as a highly aliased structure near the
true signal IF signatures in the WVD, thereby greatly obscuring the proper identification of the true TF
signatures. In the underlying burst missing data case, the clear patterns of the artifacts, with the energy
highly localized around the true IFs, greatly differ to the results caused by random missing samples,
as reported in [18], where the artifacts are uniformly distributed over the frequency. The burst missing
samples in the IAF also cause sinc-like artifacts in the ambiguity domain. As we discussed earlier, this
fact makes the suppression of artifacts due to missing samples more difficult through simple ambiguity-
domain filtering. Also note that, unlike additive noise, the effects of these artifacts cannot be mitigated
by increasing the signal power.

In practice, the length of the rectangular window along the lag (7) dimension varies as a function of
t as follows,

Qt)=T—|T+1-2t], t=1,..T. (19)

Due to zero-padding created by this window effect, the total number of non-zero entries of Rgs(t,7) is
reduced to Q(t) at a given time ¢. Thus, for s(¢) with T samples, the total number of non-zero entries of
Rss(t,7) will be equal to T2/2 if T is even, and (T2 +1)/2 if T is odd. Similar to the uniform missing

data case [18], for an even value of 7', the number of unit-value entries of Rp(¢,7) in the presence of



N missing data samples will be equal to the number of missing entries in R, (¢, 7), which can be well
approximated as

N = NT — N?)2. (20)

B. Demonstration Examples

To visualize the above discussions regarding the effects of burst missing samples, we consider a single-

component FM signal, for which the instantaneous phase law is given by,
H(t) = 0.05t + 0.05t%/T + 0.1£3 /T2, (1)

where t = 1,...,T, with T being selected as 128. In order to clearly demonstrate the effect of burst
missing samples on the IAF, the TFR, and the AF, we only consider the noise-free case.

Fig. 1(a) shows the real-part of the original signal waveform without missing samples. Fig. 1(b) shows
the IAF magnitude of the original signal. In Fig. 1(b), due to the windowing effect created by zero-
padding of the time-domain data, the non-zero entries of the IAF are shown in the diamond shaped
region, as depicted in (19). The magnitude of the IAF is constant within the diamond-shaped region,
because the underlaying FM signal has only one component. Fig. 1(c) shows the corresponding WVD. In
this figure, the WVD is able to obtain a clear TFR, except for some cross-term distortions in the center
region due to the bilinear nature of the WVD corresponding to the underlying non-linear FM signal. Fig.
1(d) shows the AF whose magnitude is symmetric about the origin.

In the following, we present several examples to demonstrate the effects of burst missing samples. In
all these examples, the total number of missing samples is 48, which amounts to 37.5% of the data length.
We first consider 6 missing bursts with an equal width of 8 samples. We then consider two different
cases, which respectively have 3 missing bursts with a burst width of 16 samples, and 12 missing bursts
with 4 samples in each burst, to examine the effect of the burst width. Finally, we consider an example
of 6 missing bursts with mixed burst widths.

1) Missing Bursts with Equal Widths: In the first example, we consider missing data bursts with an
equal number of missing samples in each burst. The missing samples form 6 bursts in total, with 8
samples in each burst.

Fig. 2(a) shows the real part of the received signal with 48 burst missing data samples, where missing
data positions are marked with red dots. Fig. 2(b) shows the corresponding IAF magnitude. The missing
entries of the IAF are related to the burst missing samples, and appear grouped as well, as each missing
sample in the time-domain waveform causes two diagonal missing lines in the IAF. From (20), the total

number of missing IAF entries in the diamond shaped region is 4992, which amounts to about 61% of
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Fig. 1  The original signal: (a) Real part of the signal; (b) The IAF; (c) The WVD; (d) The AF.

the total entries of the original IAF. Fig. 2(c) shows missing IAF entries of the aforementioned received
signal, marked in yellow color. These unit-valued entries denote Rp(t,7), as defined in (18). Fig. 2(d)
illustrates different mathematical terms related to these missing entries, defined in (14)—(16). The green
and blue rectangle strips respectively show the components of Rgas(t,7) and Ryss(t, 7), whereas the red
and yellow diamond shaped regions respectively correspond to the auto-burst and cross-burst intersections.

Fig. 2(e) shows the corresponding WVD. The aliasing structure created as a result of superimposed
sinc-like artifacts patterns, induced due to different groups of burst missing data, is clearly visible in
Fig. 2(e). Because each missing data burst has the same width, the artifacts are linked with a single sinc
function. Fig. 2(f) shows the AF which, when compared to Fig. 1(d), is clearly blurred around the auto-
terms. Note that, unlike the random missing sample case, where strong artifacts exist along the 7 = 0
axis, such artifacts are spread around auto-terms in Fig. 2(f) with a convolutive sinc function, making
the auto-term identification and artifact mitigation difficult.

2) Effects of the Burst Width on the TFR: In this example, we demonstrate the effects of the burst

width, Ny, on the corresponding TFRs. The same signal as defined in (21) is assumed, and missing bursts
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Fig. 2 The received signal with 48 (i.e. 37.5%) missing samples, with 6 bursts of missing samples, each burst
having width of 8 samples: (a) Real part of the signal; (b) The IAF; (c) Missing entries of the IAF; (d) Explanation
of different terms regarding missing IAF entries; (e) The WVD; (f) The AF.

with an equal width are considered. To clearly examine the effects of the burst width, the total number of
missing samples, N, is kept the same. We consider two cases, respectively, with the burst widths equal to
16 and 4, and compare the findings with the results obtained in the previous example, where the missing

bursts with an equal width of 8 samples are considered.
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Fig. 3  The received signal with 48 missing samples, with 3 bursts of missing samples, each burst having width

of 16 samples: (a) Real part of the signal; (b) The IAF; (c) The WVD; (d) The AF.

Fig. 3(a) shows the real part of the received signal with 48 burst missing data samples, where the
missing samples form a total of 3 bursts, with 16 samples in each burst. Fig. 3(b) shows the IAF with
clear burst missing entries. Figs. 3(c) and 3(d), respectively, show the WVD and the AF where aliasing
structures due to sinc-like artifact patterns are clearly visible in both plots. In Fig. 3(c), the artifacts
with as high energy peaks as the true signal components are closely concentrated around the true IFs,
making the identification of the true signal components challenging. Because of the wide missing sample
burst width, the sinc function has a narrower spreading. The artifacts in the AF are clearly visible and
are highly concentrated near the auto-terms with comparable amplitudes. We will see in the subsequent
section that this poses a great challenge for TF kernels in terms of cross-term suppression and auto-term
preservation, resulting in poor TFR results.

Fig. 4(a) shows the real part of the received signal with 48 burst missing data samples, where the total
number of bursts is 12, with each burst containing 4 missing samples. Figs. 4(b) and 4(c), respectively,

show the corresponding IAF and the WVD. As seen in Fig. 4(c), the aliasing structure is created as
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Fig. 4 The received signal with 48 missing samples, with 12 bursts of missing samples, each burst having width

of 4 samples: (a) Real part of the signal; (b) The IAF; (c) The WVD; (d) The AF.

a result of superimposed sinc-like artifact patterns, which are spread with a greater separation in the
frequency domain because of the narrower missing data bursts. In this case, the multiple resolved aliasing
components are clearly observed. Similar observations can be made for the AF as shown in Fig. 4(d).

These examples confirm that, for the same number of burst missing samples, the given FM signal can
be better reconstructed for the higher number of missing data bursts with a small number of missing
samples in each burst, compared to the case that involves a smaller number of groups of the burst missing
data with larger widths. The bursts of missing data with larger widths also adversely affect the shape of
the reconstructed signal, along with quality.

3) Missing Bursts with Varying Widths: In this example, we consider missing data bursts with different
number of missing samples in each burst, i.e., the width NV, varies for different bursts. For comparison
purposes, we consider the same signal as defined in (21), and the total number of missing samples remains

48. The 6 missing bursts respectively contain 11, 9, 4, 6, 8 and 10 missing samples.
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Fig. 5 The received signal with 48 missing samples, with 6 bursts of missing samples, each burst having different

number of missing samples: (a) Real part of the signal; (b) The IAF; (c) The WVD; (d) The AF.

Figs. 5(a)-5(d), respectively, show the real part of the received signal, the corresponding IAF, the
WVD, and the AF. As seen in Fig. 5(c), the WVD of the received signal is comparable to the WVD of
the Fig. 2(e). However, the varying widths of the missing data bursts make the artifacts more random.

In this case, the AF shown in Fig. 5(d) also becomes blurred with an unclear structure.

IV. SPARSE RECONSTRUCTION USING MI-SR

In this section, we describe the proposed MI-SR approach for sparse TFR recovery. At each time
instant ¢, we denote x(*) as the P x 1 TF vector, and y*) as the Q(t) x 1 IAF vector, where Q(t) is

defined in (19). These two vectors are related by the following formula,
y? =D)x", v, (22)

where D(t) is the Q(t) x P dictionary matrix performing 1-D IDFT. Note that D(¢) is time-dependent

because of the different zero-padding patterns at different time locations. The objective of the MI-SR is



to provide a robust reconstruction of TFR vector x() from y®), where y® is subject to missing entries
as discussed in the precious section. The MI-SR works well for both random as well as burst missing
data sample scenarios. Note that the TFR matrix is obtained by horizontally concatenating the vector x(*)
over all time instants t = 1,2, ..., T as X = [x(1), x® . ()],

As all the operations in this section are performed at each time instant ¢, we omit superscript (¢) from

the expressions of x() and y() for notational simplicity. Similarly, we also simplify D(¢) as D, and

Q(t) as Q.

A. Problem Formulation

The MI-SR is applied in the IAF domain because the IAF of FM signals is stationary. Denote P
as the number of grid points in the frequency domain with f,, p = 1,..., P, being the corresponding
frequencies. Consider a K -sparse vector x(*) with K < P, where the sparsity K is assumed to be known
or can be estimated. On the other hand, the vector y consists of two components. The first component
is vector Yy, = [Ur,, Yrys ...,yrQT}T which contains (), measured IAF elements which do not change
during the MI-SR operation, whereas the second component is Vector y,;, = [Ym,, Ym,» -+ Yma,, ]7 which
contains @, = @ — @, missing IAF entries and will be iteratively updated. These two components are,
respectively, represented as

yr =TIy, ym=Tny, (23)

where I', is a @), x Q masking matrix that extracts the measured elements from vector y, whereas I';,
is a Q,, X (Q masking matrix that extracts the missing elements.

Similarly, we can separate the dictionary matrix D into two parts, where the (), x P matrix D, = I",.D
extracts the rows of D corresponding to the measured IAF entries in y,, and the @Q,, X P matrix
D,, =T',,,D contains the rows of D corresponding to the missing IAF entries in y,.

Based on the measured data entries while excluding the burst missing samples, (22) becomes,
yr = D,x. (24)

Considering the sparse nature of the signal in the TF domain, the non-zero entries of x can be estimated

using sparse signal recovery techniques, as a solution to the following £y-norm minimization problem:
X = argmin ||x||p subject to D,x=y,. (25)
X

The above problem can be solved using greedy algorithms such as the OMP. With burst missing
samples, however, the direct application of sparse reconstruction in the above expression does not yield
robust TFRs. In the following, we propose a new technique that iteratively reconstruct the TFR and then

estimate the missing IAF entries.



B. Proposed MI-SR Algorithm

The concept of exploiting iterative frequency spectrum estimation and missing sample filling is inspired
by the MIAA [41] which was developed for the spectrum estimation of stationary signals. In each iteration,
sequential estimation of the Capon spectrum is performed to minimize the weighted least squares between
the received signal vector and its estimates. Then, missing samples are recovered based on the estimated
frequencies and their coefficients. The Capon spectrum estimation and missing sample recovery are
iterated for performance improvement. While the MIAA cannot be directly applied to FM signals which
are non-stationary, we can take advantage of the stationary Fourier transform relationship between the
IAF and the TFR and thus apply the MIAA in TFR reconstruction using these two domains [40]. In this
paper, we use OMP, in lieu of the Capon method, for the spectrum estimation in each iteration. Because
of the clear sparsity of the TFR structures, the proposed method yields more effective TFR reconstruction
and better performance. For each time instant ¢, the entire process of the proposed MI-SR algorithm is

summarized below:

(i) The outer iteration counter, j, is set to 1. Based on the available IAF entries at time ¢, the input
vector and the corresponding dictionary matrix are, respectively, initialized as yfqo) =y, and D,(no) =
D,. Similarly, the missing data vector and the corresponding dictionary matrix are initialized as
yﬁ,?) =ym and D£2) = D,,, respectively. The signal sparsity K is assumed to be known or can be
estimated.

(ii) The residual vector and the index set are, respectively, initialized as ey = y(j ~1) and ®y = (. The

inner (OMP) iteration counter ¢ within each outer iteration is set to 1.

(iii)) The index ¢; is deterministically obtained as a solution to the following optimization problem:

¢; = arg max

el a1, (26)

where dl()j s the pth column of the dictionary DU—1),

(iv) The index set is updated as
Dy = 0; 1 U{¢i}, (27)

and the dictionary matrix of the selected columns is updated as

i

f)(j?i) = [f)(j;ifl) d((bjfl)] (28)

Note that the total number of columns in the full column-rank dictionary matrix DU is i, with

DUY) indicating an empty matrix.



(v) At each inner iteration, a new signal estimate is uniquely obtained from the following formula based

on the available dictionary matrix:
X; = arg rr}l{m lyV=1 — DU x|, (29)

(vi) The new estimate of the IAF vector, v;, and the residual vector, e;, are obtained at each round as
| (30)
e; =yl —v,.

Note that the residual e; is always orthogonal to the columns of D). Ideally, in order to recover

the entire signal with probability one, the residual ey after the Kth inner iteration should be zero.
(vii) The inner iteration counter ¢ is incremented by 1, and steps (iii)—(vi) are repeated until ¢ = K.
(viii) At the end of the jth outer iteration, the value of the ¢;th non-zero component of the estimated

signal xU) is given by the ith component of %X;. Using the relationship shown in (22), the new

estimate of the IAF vector y(/) is obtained as

) = Dx\). (31

Note that only the missing entries of the original IAF vector, yﬁg), are updated with the corresponding

entries of the above new estimated IAF vector, i.e.,
y9) = Tny". (32)

(ix) The outer iteration counter, 7, is incremented by 1 and steps (ii)—(viii) are repeated until the squared

error between two subsequent signal estimates falls below a predefined threshold value, ¢, i.e.,

159 = xU=V|)3 <. (33)

C. Applying MI-SR to Kerneled IAF

Note that cross-terms are a byproduct of bilinear operation in the quadratic TFR which exist even
when there are no missing samples. Therefore, while the proposed MI-SR is effective in mitigating the
effects of missing samples, it cannot suppress the effects of cross-terms. However, we can combine the
TF kernel operation and the proposed MI-SR algorithm. In so doing, the combination of TF kernel and
MI-SR yields superior performance in IF signature estimation as it mitigates both effects of missing
samples and cross-terms.

Once we apply the TF kernels as described in Section II-C by taking the AOK as an example, we

transform the kerneled AF to kerneled IAF by performing the 1-D Fourier transform with respect to



frequency shift 6. In this case, each column of the obtained IAF matrix is the IAF vector y(*) corresponding
to time instant ¢, and the procedures described in Section IV-B can be applied.

It is noted that, after applying the kernel, the IAF matrix generally no longer contains missing entries
because the kernel effectively performs convolution with respect to ¢ and thus fills the missing positions
based on the unkerneled IAF values of the neighboring time instants. However, as we can see in the
simulation results in the next section, the values in these originally missing entries filled by the AOK
alone are not accurate and still suffer from the effect of missing samples. Updating using the proposed
MI-SR can mitigate the effects due to missing samples. In this case, the MI-SR is used only to update

the IAF entries at positions that are missed in the unkerneled IAF.

D. Computational Complexity

For a K-sparse signal in R? with K < d, the computational complexity of the MI-SR is given
by O(L,, .. K?dInd), with [

. [ _sn Deing the number of iterations. The computational cost of the AOK

for each time instant is in order of O(I,, C?), where I,

oK ox 15 the required number of iterations to

solve the optimization problem given in (11) and C denotes the number of angle and radius samples
in the polar-coordinate STAF. Typically, C' = 27" is considered, and in case of the MI-SR, d = T
is used. Using this information, the computational complexity of the MI-SR and the AOK respec-
K2?TInT) and O(I,,4T?). The computational cost of the MIAA is given by

tively becomes O( oK

oI

MIAA

IMI—SR

[2P(Ng)?+ (N,)3]) [52], where, for the time-domain MIAA, N, = T'— N is the total number of
observed data samples. When the MIAA is applied to the IAF, N, becomes the total number of available
IAF entries described in (19) and (20). Because the value of /N, obtained in the IAF domain is much
higher than that obtained in the time domain, the computational complexity of the IAF-domain MIAA is
high. The MIAA typically requires 1,

MIAA

= 10 to 15 iterations to converge [53], whereas I, .. and I, .
typically assume small values. With this information, we can confirm that the computational complexity
of the MI-SR is considerably lower than that of the AOK and the time-domain MIAA, whereas its

computational advantage to the IAF-domain MIAA is even more pronounced.

V. SIMULATION RESULTS

In this section, we present the performance of the proposed MI-SR algorithm applied to both unkerneled
and kerneled IAFs. These methods are compared with two existing approaches, namely, the signal-
dependent AOK approach [18] and the MIAA based on data interpolation [40]. For reference, we
also show the TFR results obtained by applying the MIAA to the time-domain data. To emphatically

demonstrate the effectiveness of the proposed MI-SR in the presence of burst missing samples, TFR
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results obtained using these approaches are compared in Section V-A. Further, quantitative evaluation and
comparison in terms of their root mean square errors (RMSE) and energy concentration measures are
respectively provided in Sections V-B and V-C. In Section V-D, we analyze the effects of the percentage
of the burst missing samples on the TFR reconstruction performance. TFR reconstruction in the case of a
multi-component non-linear FM signal is considered in Section V-E. In addition, the required execution

time is compared in Section V-F as the measure of the computational complexity of these approaches.

A. Comparison of Reconstructed TFRs

Figs. 6-9 provide qualitative comparison of the TFRs obtained using different approaches in the
presence of 48 missing data samples, and these results respectively correspond to the received signal
depicted in Figs. 2-5 with different burst missing patterns. In each figure, the sub-figures (a) through
(e) respectively show TFRs obtained by applying the MIAA to the time domain signal, by applying the
MIAA in the IAF domain, using the AOK, the MI-SR and, finally, by applying the MI-SR to the kerneled
IAF.

Fig. 6 shows the TFRs obtained using the 5 different approaches, as mentioned above, for the received
signal from Fig. 2(a) with 48 missing samples grouped in 6 bursts, each having a width of 8 samples. As
seen in Fig. 6(a), the MIAA approach, when applied to the time domain data with burst missing samples,
fails completely to obtain a clear TFR of the non-stationary FM signal because the MIAA is designed
to handle stationary signals. The artifacts are scattered around the true IFs in the TF domain, obscuring
identification of the true IFs. With the MIAA applied in the IAF domain, the TFR in Fig. 6(b) shows
significant improvement, benefitting from the stationarity of the IAF with respect to lag, 7, at each time
instant. However, cross-terms are observed in the center region due to the bilinear distribution nature. In
Fig. 6(c), when the AOK is applied, excessive thickening of the TFR is observed in the center region and
aliasing at both sides remains an issue. As seen from Fig. 6(d), the proposed MI-SR overcomes these
shortcomings and produces superior TFR, except a small number of TF points with insignificant biases.
As shown in Fig. 6(e), the results are further refined by applying the AOK method before performing
the MI-SR technique.

Fig. 7 compares the TFRs obtained from the same five different approaches for the signal depicted in
Fig. 3(a) where the 48 missing samples are clustered into 3 bursts, and each burst contains a high number
of 16 missing samples. As explained in the previous section, in this case, the relatively large widths of the
missing bursts pose challenges in the TFR reconstruction. In Fig. 7(a), the aliasing components around the
true IFs are less structured, making it even more difficult to recognize the true signal signatures. In Fig.

7(b), and unlike Fig. 6(b) where the cross-terms are predominant in the center region, the cross-terms are
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Fig. 6 Scenario 1: Comparison of TFRs obtained using 5 different approaches, applied to the received signal
depicted in Fig. 2(a), where the 48 missing samples are clustered into 6 bursts, each containing 8 missing samples.
(a) MIAA applied to the time domain data; (b) MIAA applied to the TAF; (c) AOK; (d) MI-SR; (e) MI-SR applied
to the kerneled IAF.

more severely scattered, causing blurring of the true signal signatures. Excessive broadening and blurring
is observed in the TFR of Fig. 7(c), obtained using the AOK. In Fig. 7(d), the MI-SR gives improved

reconstruction results. It is clear from Figs. 7(b) and 7(d) that the signal IF signatures reconstructed from
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both the MIAA and the MI-SR are less perfect because of the insufficient number of IAF entries owing
to the long missing bursts. When applying the MI-SR to the kerneled IAF, as shown in Fig. 7(e), we
successfully recovers the TFR with a consistent IF signature, although there is a minor IF bias in the
beginning at around ¢ = 25.

Fig. 8 shows the TFR reconstruction results for the signal depicted in Fig. 4(a), in which the 48 missing
samples are clustered into 12 bursts with 4 missing samples in each burst. When comparing Fig. 8(a) with
Fig. 4(c), the direct application of the MIAA to the time-domain data slightly reduces the aliasing but
the TFR is more distorted for the portion with £ > 60. Fig. 8(b) shows the TFR obtained by applying the
MIAA in the IAF domain, in which excessive interfering cross-terms are observed in the center region.
Fig. 8(c) shows that the AOK produces consistent TFR for all the time instants, while the frequency
resolution is limited and there are aliasing components located in both sides of the true IF signature.
Fig. 8(d) shows that, with the use of the proposed MI-SR, a distinct TFR signature is achieved and the
undesired effects of the artifacts observed in Figs. 8(a)-8(c) are mitigated as a result of interpolation of
the missing IAF entries. The proposed MI-SR recovered the IF signature except a few sporadic points
scattered in the cross-term region. In Fig. 8(e), the combination of the AOK and the proposed MI-SR
yields perfect cross-term mitigation and IF signature recovery. Compared to Figs. 6 and 7, it can be
observed that the case presented in Fig. 8 with short missing data bursts results in more consistent TFR
reconstruction with less distortions.

In Fig. 9, we present the TFRs produced using the aforementioned approaches for the signal depicted
in Fig. 5(a), where the 48 missing samples are grouped into 6 bursts with a varying number of missing
samples in each burst, ranging from 4 to 11. Overall, the results are closely comparable to those depicted
in Fig. 6 for the case that the missing samples are clustered into 6 bursts but with the same cluster width.
In Fig. 9(a), obtained from the direct application of the MIAA to the time-domain data, the aliasing is
less structured, whereas slightly lower cross-terms are observed in Fig. 9(b) when the MIAA is applied
to the IAF. The result obtained from the AOK, depicted in Fig. 9(c), shows a similar pattern where
the true IF is relatively concentrated and is flanked by artifacts on both sides. As shown in Fig. 9(d),
the proposed MI-SR provides consistent IF estimation performance except for several TF points with
insignificant biases. When the MI-SR is applied to the kerneled IAF, as shown in Fig. 9(e), the resulting
IF estimates are consistent without interruptions.

All these examples, which contain sufficient variety in terms of the number of missing data bursts and
their widths, confirm the superiority of the proposed MI-SR technique over the MIAA and the AOK, in
terms of the TFR reconstruction results. We also demonstrate that the few cross-term points observed

in the TFRs obtained using the MI-SR alone, which are inevitable due to bilinear nature of the TFRs,
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Fig. 7 Scenario 2: Comparison of TFRs obtained using 5 different approaches, applied to the received signal
depicted in Fig. 3(a), where the 48 missing samples are clustered into 3 bursts, each containing 16 missing samples.
(a) MIAA applied to the time domain data; (b) MIAA applied to the TAF; (¢c) AOK; (d) MI-SR; (e) MI-SR applied
to the kerneled IAF.

can be mitigated by combining with the data-dependent kernel operation in order to achieve robust TFRs
with a high fidelity.

It is noted that, while we used OMP in this paper to perform iterative TFR reconstruction, other CS
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Fig. 8 Scenario 3: Comparison of TFRs obtained using different approaches, applied to the received signal
depicted in Fig. 4(a), where the 48 missing samples are clustered into 12 bursts, each containing 4 missing samples.
(a) MIAA applied to the time domain data; (b) MIAA applied to the TAF; (c) AOK; (d) MI-SR; (e) MI-SR applied
to the kerneled IAF.

methods can also be used. In particular, the Bayesian compressive sensing [44]-[47] can be modified
to account for the continuous-IF structure [19], [39]. Therefore, using such techniques, in lieu of the

OMP in the proposed MI-SR, may yield improved performance but generally at a higher computational
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Fig. 9  Scenario 4: Comparison of TFRs obtained using different approaches, applied to the received signal
depicted in Fig. 5(a), where the 48 missing samples are clustered into 6 bursts, each containing different numbers
of missing samples. (a) MIAA applied to the time domain data; (b) MIAA applied to the IAF; (c) AOK; (d) MI-SR;
(e) MI-SR applied to the kerneled IAF.

complexity.
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B. Comparison of RMSE of TFRs

In order to quantitatively compare the fidelity of the reconstructed TFRs provided in Section V-A,
we first present the RMSE performance of the normalized frequencies, obtained in the noise-free case,
in Table 1. It is observed that the results of both MI-SR approaches, obtained respectively from the
unkerneled and kerneled IAFs of the received signals, yield low RMSE values. To further examine the
performance in the presence of noise, we provide the RMSE performance in Figs. 10(a)-10(d) in the
presence of different levels of complex white Gaussian noise for the missing data patterns respectively
described in Figs. 2(a), 3(a), 4(a), and 5(a). The RMSE obtained for each SNR is averaged over 50
independent trials. As seen from Fig. 10, the proposed MI-SR approaches applied to the unkerneled and
the kerneled IAFs perform better than the WVD, MIAA and AOK based approaches for all the SNR
values being considered. For lower SNR values, the MI-SR applied to the kerneled IAF performs slightly
better than that applied to the unkerneled IAF because of the cross-term suppression capability of the
adaptive TF kernels. However, for high SNR values, the MI-SR approaches exploiting unkerneled and
kerneled IAFs yield comparable RMSE results.

Table 1 RMSE of the TFRs shown in Figs. 6-9

RMSE
Scenario 1 | Scenario 2 | Scenario 3 | Scenario 4

WVD 0.0852 0.0871 0.0874 0.0894

MIAA (to data) 0.0757 0.0675 0.0790 0.0754
MIAA (to IAF) 0.0619 0.0767 0.0798 0.0720
AOK 0.0542 0.0542 0.0552 0.0537

MI-SR 0.0520 0.0525 0.0546 0.0515

MI-SR (to kerneled IAF) 0.0517 0.0522 0.0535 0.0518

C. Comparison of Energy Concentrations of TFRs

One of the important performance measure of the TFR reconstruction technique is its ability to preserve
high energy concentration of the signal auto-terms and suppress undesired cross-terms. We quantitatively
compare the performance of the proposed MI-SR technique with other aforementioned approaches in
terms of their TFR energy concentration, as described in [54], [55]. First, we normalize the TFR matrix,

X, such that Zthl 25:1 |p(t,p)| = 1. Then, their energy concentration measure, £[X], is computed
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Fig. 10 Comparison of the RMSE of different approaches in the presence of complex white Gaussian noise for

the burst missing sample patterns used in (a) Fig. 2; (b) Fig. 3; (c) Fig. 4; (d) Fig. 5.

as [55] ‘

T P .
EXI= (DD et | (34)

t=1 p=1
where ¢ > 1. TFRs with high energy concentration yield lower values of {[X]. The energy concentration
measures of all TFRs shown in Figs. 6-9 are summarized in Table 2, for the case of ¢ = 2. The proposed
MI-SR techniques applied to the unkerneled and kerneled IAFs of the received signal respectively yield the
lowest and the second lowest values of the energy measures, indicating their highest energy concentration

among all the TFRs being compared. These results confirm our observations in Section V-A.



Table 2  Comparison of energy concentrations of the TFRs

Scenario 1 | Scenario 2 | Scenario 3 | Scenario 4

WVD 11,916.9 10,782.0 12,297.2 11,598.8

MIAA (to data) 11,723.7 11,143.7 11,817.1 11,855.8
MIAA (to IAF) 1,883.1 1,569.3 2,013.5 1,788.7
AOK 7,842.0 6,167.1 7,334.7 7,967.3

MI-SR 119.2 117.4 120.0 115.9

MI-SR (to kerneled IAF) 123.5 122.3 126.2 124.2

D. Effects of Percentage of the Burst Missing Samples

We examine the effects of the percentage of burst missing samples on the TFR reconstruction per-
formance of the considered approaches. The same signal defined in (21) is considered. The SNR is
considered to be 15 dB and each missing data burst contains 10 missing samples. The missing data
bursts are assumed to be mutually non-overlapping. We start from 1 missing data burst at a time and
gradually increases the total number of missing data bursts to 10. Thus, the total number of missing data
samples varies from 10 to 100. Given T' = 128, they respectively amount to 7.81, 15.63, 23.44, 31.25,
39.06, 46.88, 54.69, 62.50, 70.31 and 78.10 percentage of the total samples. The RMSE is obtained by
averaging over 50 trials with independent noise realizations.

We consider two cases. In the first case, we start from the first missing burst, and one more new
missing burst adjacent to the previous burst is added at a time. In this case, the location of the previous
bursts remains unchanged. In the second case, missing data bursts are uniformly distributed over time
and, hence, the positions of the missing data bursts would differ as the number of missing samples varies.

Fig. 11(a) shows the received signal with the final 10 bursts of missing samples. Figs. 11(b) and 11(c)
respectively illustrate the RMSE results related to the two cases. As seen from Figs. 11(b) and 11(c),
when the number of burst missing samples is small, the overall RMSE values of the different approaches
and the increment in their values relative to the percentage of burst missing samples are lower for the
second case as compared to the first case. In both the cases, the RMSE of the proposed MI-SR approach,
applied to the unkerneled and the kerneled IAFs, respectively, consistently assume the second lowest and

the lowest values for all the percentage of the burst missing samples.

E. Performance Comparison for Multi-component FM Signal

In this example, we consider TFR reconstruction of multi-component non-linear FM signals. For

illustration purposes, we use a two-component FM signal, and the instantaneous phase laws of the two
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Fig. 11  (a) The real-part waveform of the received signal with final 10 bursts of missing samples, each burst

having 10 samples; (b) The RMSE for Case 1; (c) The RMSE for Case 2.

components are given by,
¢1(t) = 0.05¢ + 0.05t2/T + 0.1¢3 /T2,

(35)
$2(t) = 0.15¢ + 0.05t2/T + 0.1t3 /T2,

where ¢t = 1,...,T, with T being selected as 128. In order to clearly demonstrate the effects of burst
missing samples on the TFR recovery performance, we only consider the noise-free case.

Fig. 12(a) shows the real-part of the original signal waveform without missing samples, and Fig. 12(b)
shows that of the received signal with the same burst missing pattern used in Fig. 5. Fig. 13 presents the
TFRs obtained using different approaches applied to the received signal depicted in Fig. 12(b). These
results are comparable to those demonstrated in Figs. 6 and 9. Clearly, both the WVD in Fig. 13(a) and
the MIAA applied to the time-domain data in Fig. 13(b) fail to obtain clear IFs. The Fig. 13(c) shows
the TFR, obtained by applying the MIAA to the IAF, with excessive cross-terms and blurring. The AOK
effectively suppresses the cross-terms, but the aliasing and artifacts along the frequency axis remain an

issue, as depicted in Fig. 13(d). Fig. 13(e) shows the MI-SR result, which outperforms the MIAA and
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Fig. 12  Real part of the two-component non-linear FM signal: (a) The original signal; (b) The received signal

with burst missing sample pattern used in Fig. 5.

the AOK in both suppressing the artifacts due to burst missing samples and removing aliasing. However,
as mentioned earlier, the MI-SR alone does not effectively suppress all cross-terms. As a result, in the
underlying case of the multi-component non-linear FM signal, cross-terms between two signal components
are still clearly observed. Such drawback can be overcome to achieve resilient TFR reconstruction by
applying the MI-SR to the kerneled IAF. Fig. 13(f) shows such a robust TFR result with consistent and
clear IF estimates, after effective suppression of the undesired effects of the cross-terms and artifacts by

applying MI-SR to the kerneled IAF.

F. Comparison of Execution Time

The executive time is compared for the single-component FM signal described in Section V-A. We
first compare the required execution time for each of the aforementioned methods averaged over 50
independent trials to produce results shown in Fig. 6. The average execution times obtained from the 50
independent trials are 0.65, 16.65, 1.20, 0.10, and 1.30 seconds, respectively, for the MIAA applied to
the time domain data, the MIAA applied to the IAF, the AOK, the MI-SR, and the MI-SR applied to
the kerneled IAF. Similar observations are made for the other scenarios as well but are omitted to avoid
repetition. We used Matlab 2017b at a desktop computer with Intel Core 17-6700 processor (Quad Core,
3.4 GHz), and the memory size is 16 GB. Note that, as the MIAA applied to the time-domain data does
not yield satisfactory TFR reconstruction results, the execution time is listed only for reference. From
these results, the execution time of the MI-SR is only about 1/166 of that performing the MIAA to the
IAF, and 1/12 of the time to perform AOK-based TFR reconstruction. On the other hand, the time to
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Fig. 13 Comparison of the TFRs of the signal depicted in Fig. 12(b) obtained using different approaches, where

the 48 missing samples are clustered into 6 bursts, each containing different numbers of missing samples. (a) WVD;

(b) MIAA applied to the time domain data; (c) MIAA applied to the IAF; (d) AOK; (e) MI-SR; (f) MI-SR applied

to the kerneled IAF.

execute MI-SR on the kerneled IAF is only about 1/13 of the time required to compute MIAA applied

to the IAF.

Next, we compare the required execution time with respect to the number of iterations for the iterative
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Fig. 14 Comparison of execution time of the MIAA applied to the time domain data, the MIAA applied to the
IAF, the MI-SR, and the MI-SR applied with AOK.

approaches, namely, the MI-SR and the MIAA, and the results are summarized in Fig. 14. We observe
that, for the same number of iterations, the required execution time of the MIAA, when applied to the
time domain data, is slightly higher than that of the MI-SR. However, the difference in the execution
time of these two approaches becomes more significant when both are applied to the IAF domain. In
addition, such difference in the execution time increases linearly with the number of iterations. For the
MI-SR applied with AOK, because the AOK is performed only once, the added execution time does not
scale with respect to the number of iterations. As such, the computational complexity of the proposed
MI-SR approach, whether executed alone or with the AOK, is much lower than that required to perform

MIAA to the IAF.

VI. CONCLUSIONS

In this paper, we have provided mathematical analyses of the effects of burst missing data samples in
the time-lag domain and on the resulting quadratic TFRs. We have developed a novel MI-SR algorithm
to obtain sparsity-based TFRs for non-parametric FM signals in the presence of burst missing samples.
The proposed MI-SR method iteratively estimates the TFRs and the missing IAF entries corresponding
to the burst missing data until convergence is achieved. The superiority of the proposed approach is
examined in terms of the TFR consistency, RMSE, energy concentration and execution time compared

with existing techniques based on AOK and MIAA.
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