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Abstract: This paper presents the improved Lv’s distribution (ImLVD) for noisy multicomponent
linear frequency-modulated (LFM) signals analysis, which is of significant importance in radar signal
processing. Two goals of this paper are (i) to overcome drawbacks of the Lv’s distribution (LVD),
and (ii) to study mechanisms of the constant delay introduction. Theoretical comparisons in cross-
term suppression, resolution, peak-to-sidelobe level, anti-noise performance and implementation
are performed for the maximum likelihood (ML) method, Wigner-Hough transform (WHT), LVD,
parameterized centroid frequency—chirp rate distribution (PCFCRD) and ImLVD. Based on theoretical
comparisons and illustrative examples, superiorities of the InLVD are demonstrated and several
unclear mechanisms of the introduced constant delay are interpreted. Finally, three numerical
examples are given to illustrate that, because of the high cross-term suppression, resolution, peak-to-
sidelobe level and anti-noise performance without the non-uniform integration variable, the InLVD
is more suitable for noisy multicomponent LFM signals analysis.

Keywords: Lv’s distribution; linear frequency-modulated signal; maximum likelihood method;
Wigner-Hough transform

1. Introduction

Noisy multicomponent linear frequency-modulated (LFM) signals are often encoun-
tered in the field of radar signal processing, and its centroid frequency (CF) and chirp rate
(CR) correspond to the velocity and acceleration [1,2]. Since the instantaneous frequency
(IF) of the LFM signal varies linearly with time, time-frequency transforms, including linear
transforms and bilinear transforms, have been widely used. The short-time Fourier trans-
form and S-transform are typical linear transforms [3,4]. The linear transforms do not have
the influence of the cross term, while high-frequency and time resolutions cannot be guaran-
teed simultaneously. In order to enhance the resolution, bilinear transforms are developed
and the Wigner—Ville distribution (WVD) [5] is a typical bilinear transform. The WVD
suffers from the serious influence of the cross term and several variations of it have been
proposed, such as the modification of smoothed pseudo-WVD [6]. The optimized sparse
fractional Fourier transform and combined use of discrete polynomial-phase transform and
sparse fractional Fourier transform have been proposed to estimate LEM parameters [7,8].
Time-frequency transforms can serve as a basis for the radar signal synthesis, coding and
detection, and related research is still going on [9-11].

The time—frequency transforms are based on one-dimensional energy integration and
have a low anti-noise performance. In the field of radar signal processing, a high anti-noise
performance is usually necessary [12]. Aiming to weaken this problem, another category of
algorithms dealing with noisy multicomponent LEM signals is developed, known as the
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CF-CR analysis technique (CFCRAT) [12]. In the past decades, many successful algorithms
have been proposed. Based on the direct integration of the LFM signal, the maximum
likelihood (ML) method [13], discrete Chirp—Fourier Transform [14], modified discrete
Chirp-Fourier Transform [15] and fractional Fourier transform [16] are proposed. Because
of the linearity, they do not have the influence of the cross term. Since the energy of
each auto term of time—frequency transforms is concentrated into a line whose slope is
related to the CR [17], some line integration-based algorithms are proposed. Representative
algorithms include the Hough short-time Fourier transform [18], Hough-local polyno-
mial periodogram [19], Wigner-Hough transform (WHT) [20] and modified-WVD [21].
Recently, the time-CR transforms similar to the time—frequency transforms are proposed
and several integrated time-CR transforms are also developed in [22-29]. The CFCRAT
is based on the two-dimensional energy integration and greatly enhances the anti-noise
performance. Unfortunately, the past decades’ research indicates that, no matter how the
CFCRAT works in radar signal processing, some drawbacks are inherent and cannot be
overcome [12,13,17-21], such as the low resolution, peak-to-sidelobe level (PSL) along the
CR axis, etc.

Analyses and simulations in [12,17] indicate that, through the constant delay intro-
duction, the recently reported Lv’s distribution (LVD) further develops the CFCRAT and
obtains superiorities in the cross-term suppression, resolution and anti-noise performance.
The LVD has been applied in radar detection [30], imaging [31] and ultrasonic [32,33]. In
2017, we analyzed mechanisms of the constant delay introduction and proposed the param-
eterized centroid frequency—chirp rate distribution (PCFCRD) which obtains the higher
cross-term suppression, CR resolution and anti-noise performance than the LVD [34]. Un-
fortunately, the PCFCRD is based on the time-CR transform and the integration variable in
the integrant is non-uniform, which is not preferred in realistic applications [35]. The LVD is
based on the time—frequency transform and can avoid the non-uniform integration variable.
Therefore, if we base our work on mechanisms of the constant delay introduction obtained
in [34] to improve the LVD, the proposed algorithm may have high cross-term suppression,
CR resolution and anti-noise performance without the non-uniform integration variable.

In this paper, the improved LVD (ImLVD) is proposed for noisy multicomponent LEM
signals analysis which is of significant importance in the field of radar signal processing.
The ImLVD is based on mechanisms of the constant delay which is introduced in [34].
With theoretical analyses and illustrative examples, we demonstrate that, compared to
the ML method, WHT, LVD and PCFCRD, the ImLVD has superiorities in resolution,
cross-term suppression, PSL, anti-noise performance and implementation. In addition,
several unclear mechanisms of the introduced constant delay are interpreted, including
quantitative influences of the constant delay on the cross-term suppression, resolution, PSL
and anti-noise performance. Finally, four examples are used to validate the practicality of
the ImLVD.

The remainder of this paper is organized as follows. Section 2 gives a brief review of
the LVD and presents the ImLVD. Theoretical comparisons and numerical illustrations are
given in Section 3. In addition, this part discusses the selection criterion of the constant
delay. In Section 4, with three examples, we demonstrate superiorities of the ImLVD
in noisy multicomponent LFM signals analysis. Section 5 includes the conclusion and
future work.

2. The ImLVD
2.1. Review of the LVD

In radar signal processing, the slow-time dimension of radar echoes of multiple
maneuvering targets is usually modeled as multicomponent LEM signals [36]. In a noisy
environment, multicomponent LFM signals analysis plays an important role in radar
detection, imaging and recognition [21,34,35]. For noisy multicomponent LEM signals, the
LVD further develops the CFCRAT and obtains superiorities in the resolution, cross-term



Electronics 2024, 13, 244

30f23

suppression and anti-noise performance [7,17,20]. In the following, we give a brief review
of the LVD. The noisy multicomponent LEM signals can be expressed as

P
s(t) = L sp(t)+n(t), -3 <t<
p=1

= p§1 Apexp [jZ?T(alrpf + %ﬂz,ptZ)} +n(t)

NI~

(1)

where s, (t) and n(t) denote the pth LFM signal and zero mean complex white Gaussian
noise of the power 02, respectively. P is the number of signal components. A, ay,p and
a,p denote the amplitude, CF (Hz) and CR (Hz/s) of the pth LFM signal, respectively. T
denotes the integration time, and its unit is s.

The IF of the pth LEM signal is given by

dop(t
IF, (t) = (”;t( ) — a1+ st 2)

where ¢, (t) = a1yt + a5 ,t* /2 denotes the phase function.
Based on the format of the IF, a correlation function can be expressed as

Rl(t,r):s(t—k;)s*(t—;),re{—th—i—;,t—;gz} 3)

where T and *, respectively, denote the lag variable and complex conjugation.
Based on the evolution of the IF with respect to time, the WVD [7], a time—frequency
transform, is proposed as

WVD(t, f) = / Ry(t,7) exp(—j2rtfT)dT @

where f denotes the frequency domain with respect to 7.
With Ry (£, T) in (3) and s(f) in (1), we have

P
WVD(t, f) = ZKpsincB(f—al,p—az,pt)] +Cwvp(t, f) +nwvp(t f) ()
p=1

the auto term

where K, denotes the correlation amplitude. Cwyp(t, f) and nwyp(t, f), respectively,
denote the cross term and noise [7].

The auto term of the WVD concentrates along the line f—ay, —az,t = 0, which
follows the evolution of the IF with respect to time. The WVD only coherently integrates
the energy along the 7 axis. Consequently, Cywyp(f, f) and nwyp(t, f) make it difficult to
analyze noisy multicomponent LFM signals [20]. By employing the Hough transform, the
WHT [20] is proposed as

WHT(f,r) = //Rl(t,r) exp(—j2mft — j2mrtt)dtdT (6)
Tt

where r denotes the CR domain.
Substituting R1 (¢, T) and s(t) into (6), we have

P
WHT(f,r) = ZlK;,sinc [z(f — aLP)]/exp [j27(r — ap ) Tt]dt + Cwhr (f, 1) + nwar (f, 1) (7)
p= t

the auto term
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where K}, denotes the amplitude. Cwnr(f, 7) and nwur(f,7), respectively, denote the cross
term and noise [20].

The auto term in (7) needs to be solved by the Fresnel function [26], because its
integration variable f is different from tf in the integrant [26]. The WHT realizes two-
dimensionally coherent energy integration, and each auto term peaks at (ay,,42,). In
order to further enhance the resolution, cross-term suppression and anti-noise performance,
the authors of the reference [17] introduced a constant delay into the correlation function
R1(t,7) and defined a new correlation function as

T+aw T—0 T T+ua T+ T
Ro(t,7) s<t+ 5 >s (t 5 ),re{ 5 St ——t—— _2} ®)

where « denotes a constant delay. Note that the constant delay introduction is guaranteed
by more samplings [17,34]. For example, if « =1 sand T = 1 s, we need to sample data of
2 s to guarantee the introduction of the constant delay. However, more samplings do not
mean more computational cost. We can refer to [17,34] for more details.

Based on the new correlation function R, (¢, T) and the idea of the WHT, the LVD [17]
is proposed as

LVD(f,r) = //Rz(f,T) exp[—j2nft — j2rrB(T + ) t]dtdT 9)
Tt

where § is a scaling factor and related to «, and fa =1 [17].

Considering the direct reading of the CR and the precision of the interpolation, the
reference [17] sets optimal values of « and S to be both “1” for the LVD. Under such a
condition, we substitute R, (f, 7) and s(¢) into (9) and obtain

P
LVD(f, 1’) = 2 K;’,sinc [Z (f — Lll/p)} / exp [j27'c(r — ﬂz,p) (T -+ 1)t] dt + CLVD (f, 1’) + nyvp (f, 1’) (10)
p=1 t

the auto term

where K; denotes the amplitude. Cryp(f, ) and npyp(f, 1), respectively, denote the cross
term and noise [17].

The auto term in (10) also needs to be solved by the Fresnel function [26] and peaks at
(a1,p,a2,p). The difference between the WHT and LVD is the introduced constant delay a.
Mathematical analyses and numerical simulations in [12,17] indicate that the introduced
constant delay can significantly enhance the resolution, cross-term suppression and anti-
noise performance.

In 2017, through mechanisms analysis of the introduced constant delay, the proposed
PCFCRD indicated that the introduced constant delay should not be smaller than the
integration time T [34]. However, the constant delay « of the LVD in (10) is fixed to 1s and
it may perform badly in the CR resolution, anti-noise performance, cross-term suppression
and PSL under T > 1 s. Note that, in radar detection and imaging, a long integration time,
ie., T > 1s,is usually necessary to obtain a high Doppler resolution [21,37]. The PCFCRD
outperforms the LVD in most aspects due to the appropriate constant delay, while it has
the non-uniform integration variable which is not preferred in realistic applications [34,35].
By contrast, the LVD is based on the time—frequency transform rather than the time-CR
transform of the PCFCRD and can avoid the non-uniform integration variable. In the
following, we base our work on mechanisms of the introduced constant delay obtained
in [34] to improve the LVD.
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P 2
ImLVD(f,r) = ) K} sinc [Z (f — al,p)} sinc [(T;h) (r—azp)
p=1

2.2. The Proposed ImLVD
By borrowing ideas of the LVD [17] and PCFCRD [34], we define a new correlation function

Rs(t, ) :s(t—er—zi_h)s*(t— T+h),1’€ {—T §f+T+h/t— Tk o T} (11)

2 2 2 2 — 2

where h denotes a constant delay and it satisfies h > T. By contrast, « in (8) used by the
LVD is fixed to 1s. When T > 1s, we have a < T and the LVD may perform badly in the
CR resolution, anti-noise performance, cross-term suppression and PSL [17,34].

If the integration variable is the same as that in the integrant, the PSL, cross-term
suppression and anti-noise performance will be enhanced [26]. By referring to this idea
and using the new correlation function R3(t, T), we propose the InLVD as

ImLVD(f,r):/ / Rs(t, T) exp[—j2nft — j2rtr(T + h)tld[(T + h)tldT  (12)
T (t+h)t

Substituting R3(t, T) and s(t) into (12), we obtain

+ Cimrvp (f, 7) + Mmivp (f, 1) (13)

the auto term

where K;’ denotes the amplitude. Crrvp(f, ) and nimpyvp(f, 7), respectively, denote the
cross term and noise. It is easily seen from (13) that the ImLVD obtains the closed analytical
formula and also peaks at (ay,,, a2 ). Details about the computation steps from (12) to (13)
are given in Appendix A.

Compared to the LVD in (10), the ImLVD in (12) has two differences, including:

(i) The integration variable of the ImLVD is the same as that in the integrant, and the
inner Fourier transform in (12) becomes a normal Fourier transform when we let
t'=(t+h)t

(ii) % > T in the ImLVD in (12), while « is fixed to 1s in the LVD in (10) and &« < T when
T>1s.

The following mathematical analyses and numerical simulations will demonstrate
that these differences will bring the advantages below.

(i) The first difference guarantees the closed analytical formula of the ImLVD in (13),
which helps the InLVD weaken the serious PSL loss and enhance the cross-term
suppression and anti-noise performance [26];

(i) The second difference guarantees the resolution, high cross-term suppression, PSL
and anti-noise performance of the ImLVD.

(iii) In addition, the ImLVD is based on the time—frequency transform and avoids the
non-uniform integration variable. This allows the ImLVD to be implemented by the
fast Fourier transform (FFT)- and inverse FFT (IFFT)-based chirp Z-transform (CZT)
instead of the non-uniform FFT of the PCFCRD [17,34].

Illustrative Example 1. Here, we use a numerical example to illustrate how the ImLV D works
in the case of multicomponent LFM signals. Consider three noise-free LFM signals, Aul, Au2
and Au3. Signal parameters are listed in Table 1, and the constant delay h of the InLVD is set
to 2s. Al, A2 and A3 denote signal amplitudes. Figure la—c show simulations results. The
amplitudes of the signal components are often different and vary with time [17]. In order to illustrate
that the varying amplitudes do not have any influence on the ImLVD, we refer to [16] to set

A=Ay =A3 = (1/7‘(1/4) exp(—t2/2), and Figure 1d shows the ImLVD under this condition.

Comparing Figure 1c with Figure 1d, we can determine whether the varying amplitudes will have
any influence on the ImLVD or not.
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Relative time

Relative CR

Table 1. Signal Parameters.

Sampling Frequency F; 200 Hz Signal Length N 400
Parameters of Aul A = a;1 =40 Hz a1 =38Hz/s
Parameters of Au2 A, =1 a1, =8Hz app =2Hz/s
Parameters of Au3 Az = a13=—36Hz a3 =—28Hz/s
8 800
100+ 100+
[
6 o 600
0 £ 0
=
4 = 400
-100+ -100¢}
2 200
_200 A kA 2 ”: d oo
-200 -200 -100 0 100
-200 -100 O 100 Relative lag
Relative lag
(a) q (b)
10° 4
5 53
1501 Aul 1 Aul
100} ] 100 | ] >
Au2 N 15 ez Au2 \
5071 ¥ ] \
o lAu3 2 ol Au { 1.5
N 1 5 |
-50 - ~
100 -100 | ] 1
-150 0.5
200 -200 0.5
2500 -100 0 100 -200 -100 0 100

Relative CF

Relative CF
(c) (d)

Figure 1. Illustration of ImLVD. (a) New correlation function defined in (11). (b) Result after inner
integration in (12). (c) ImLVD. (d) ImLVD under A; = A, = A3 = (1/n1/4) exp(—t2/2).

Figure 1a shows the new correlation function R3(t, T) which is defined in (11). We can
find that the constant delay  does not increase the area of integrated signal, and the energy
distribution is similar to that of the LVD [20]. Along the time axis in Figure 1a, we perform
the Fourier transform with the integration variable [(T + h)t], i.e., the inner integration
in (12). The processing result is shown in Figure 1b, where the auto term and cross term
coexist due to the bilinearity of the correlation function R3(t, 7). The auto term peaks
along r = a ,, while the cross term is distributed (will be demonstrated in Section 3.1).
Performing the Fourier transform along the lag axis in Figure 1b, i.e., the outer integration
in (12), we obtain the ImLVD in Figure 1c. As expected, the auto term of the ImLVD is
integrated, while the cross term can be ignored compared with the auto term. Figure 1d
shows the ImLVD under the varying amplitudes. Based on this result, we deduce that the
varying amplitudes do not have any influence on the ImLVD.
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Cwar (f

Crvp(f

Cpcrcrp(f,7) = / g:

Cimwvp(f,7) = /

3. Theoretical Comparisons and Numerical Illustrations

Generally, in realistic applications, the cross-term suppression, resolution, PSL, anti-
noise performance and implementation determine the practicability of the signal analysis
method [17,34]. In this section, with theoretical derivations and several numerical examples,
we compare the ImLVD with the ML method, WHT, LVD and PCFCRD to demonstrate
superiorities of the ImLVD. In addition, quantitative influences of the constant delay on the
resolution, cross-term suppression, PSL and anti-noise performance are also studied.

3.1. Cross-Term Suppression

The ML method is linear and does not have the cross term, while the WHT, LVD,
PCFCRD and ImLVD are bilinear and have the cross term. The analysis of the cross-term
characteristic can demonstrate whether the cross term can accumulate as the auto term or
not and give a more in-depth understanding of the cross-term suppression [17]. We analyze
the cross-term characteristic through calculating cross terms of the WHT, LVD, PCFCRD
and ImLVD [17,34].

With s(t) in (1), WHT in (6), LVD in (9), PCECRD in the reference [34] and ImLVD in
(12), we calculate their cross terms as

//2 Z Aqulq (t,7) exp[]27t(f Vaq ,q) } exp{jZn(r—Vazllq)Tt}dth (14)

=1g=I+1

// 2 Z A” D” t,T)-exp {jZn(f— Valllq>r} -exp [jZn(r— Va2,1q>('r+1)t} dtdr (15)

=1 g=I1+1

A
— t
(T+2) +

Z; ZlA;’;,’ Dy (t,7) exp[]zn(f wllq) } exp[jzn(r—wz,,q)(wh)t}d[(wh)t]dr (17)
q=I+ -

A'D; (t,7T) - exp []27r<f Vay lq) ] 'exp{jZn(r—Vaz,lq> }dfdt (16)

where A] q,A;'q,Am and A " denote amphtudes Val 1g = (a1 +a1)/2,Vay g = (az; +a24) /2,

(
Aayjq = ay; — a1, and Aaz,zq =y —ap,. D = cos{er [Aauqt + (Aaz g/ 2) (+72/ 4)} },
qu(t, T) :cos{Zn{Aal gt + (Aaz lq/Z) [ ((T +1)/ )ZH } ”’(t T) = cos [27T<Aa1 Iq
+0y 4t ) (T +1/2)], D (t,7) = cos {27t Aay 1ot + (B, ,q/z) [t2 (r+1)/2)]] -
Analyses of (14), (15) (16) and (17) indicate that, if qu(t 1), D] G (6T, D”’(t 7) and

"

Dy, (t, 7) do not exist; cross terms of the WHT, LVD, PCFCRD and ImLVD will seem like

their auto terms and can be integrated. However, D,q( ,T), D,q(t, T), D;; (t,7)and qu (t,7)
do exist in their cross terms. As long as a1, # a1, and ay; # a4, cross terms of these four

algorithms cannot accumulate as their auto terms.
By comparing D; g (t,T) of the WHT with D;’q (t,T) of the LVD, DZ; (t,T) of the PCFCRD

and D;,q” (t,T) of the ImLVD, it is easy to find that the LVD, PCFCRD and ImLVD have
additional disturbance factors, the constant delays “1 s” and “h”. The authors of [17] have
proved that, due to the constant delay introduction, the cross term depends on not only the
auto term, but also the location of the auto term; that is, the constant delay introduction
further disturbs the cross-term accumulation, and the cross-term strength -to-auto terms’
peaks ratios, i.e., cross-term suppression [12,17,26,34], of the LVD, PCFCRD and ImLVD are
smaller than that of the WHT. The ImLVD lets its integration variable be the same as that
in the integrant, which helps the InLVD further disturb the cross-term accumulation [26].
Therefore, the InLVD may have the highest cross-term suppression.
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Since the auto term peaks of these four algorithms are fixed, the cross-term strength
can reflect the cross-term suppression [17,34]. Therefore, the following example uses the
cross-term strength to reflect the cross-term suppression of these four algorithms.

Illustrative Example 2. Consider three noise-free LEM signals, Bul, Bu2 and Bu3. Signal
parameters are listed in Table 2, and constant delays of the PCFCRD and ImLV D are set to 2 s.
For each algorithm, we apply it to the noise-free multicomponent signals to obtain the simulation
result ©, and then apply it to each LFM signal to obtain simulation results @1, @, and @3. As
a consequence, we obtain the cross-term strength as ©@ — @1 — Oy — O3. Figure 2a—d show the
cross-term strength of the WHT, LVD, PCFCRD and ImLVD, respectively. Color bars in Figure 2
can indicate the cross-term strength. Auto term peaks of the WHT, LVD and PCFCRD are 80,000,
and auto term peaks of the ImLVD are 160,000.

10,000 9000
8000
100 5000 2000
o =%
o 6000
" 1 6000 %
2 0 Z 5000
-] 4000 &) 4000
-100 3000
2000 2000
200 = ' 1000
2200 100 0 100 200 -100 0 100
Relative CF Relative CF
(b)
8000
7000 8000
y 100 6000
o
) 6000
e 5000 e
z 0 =
= 4000 =
& = 4000
100! 3000
2000 2000
29300 -10 0 100 1000 200 -1000 0 100
Relative CF Relative CF
(c) (d)

Figure 2. Comparison of cross-term strengths. (a) Cross-term strength of the WHT. (b) Cross-term
strength of the LVD. (c¢) Cross-term strength of the PCFCRD. (d) Cross-term strength of the ImLVD.

Table 2. Signal Parameters.

Sampling Frequency F; 200 Hz Signal Length N 400
Parameters of Bul A = a11 =40Hz a1 =—32Hz/s
Parameters of Bu2 Ay=1 a1p=—10Hz app =—32Hz/s

Parameters of Bu3 Az =1 a13=—10Hz a3 =—28Hz/s
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It is not difficult to find that this illustrative example considers the extreme condition
a1 = azp and aj » = a1 3 which benefits the cross-term accumulation. Under such an extreme
condition, Figure 2 shows that cross terms of the WHT, LVD, PCFCRD and ImLVD are still
distributed and their cross-term strength is much smaller than their auto-term peaks. The
constant delay introduction further disturbs the cross-term accumulation. Therefore, the
cross-term suppression of the LVD, PCFCRD and ImLVD is higher than that of the WHT.
The ImLVD lets its integration variable be the same as that in the integrant, which helps the
ImLVD further disturb the cross-term accumulation [26]. As expected, the ImLVD has the
highest cross-term suppression in Figure 2.

3.2. Resolution

The Fourier transform is based on the process of interpolation, and the interpolation
range determines the resolution [34]. Therefore, although the ML method, WHT and LVD
cannot be given in closed analytical formulas, we still can obtain their resolutions based
on their interpolation ranges. Formulas (18)—(22) give CF and CR resolutions of the ML
method, WHT, LVD, PCFCRD and ImLVD.

owL(f) = 7

{ omL(r) = % (18
swur(f) = 2

{ Swir(r) = 2% 1)

8 (20)

{ Svp(f) = #

dvp(r) =

n
{ épcrcrp(f) = #

dpcrcrD (1) = (Tfh)z 1)
Simivp(f) = #
{ Otmivp(7) = ﬁ (22)

Formulas (18)—(22) indicate that, compared to the ML method and WHT, the LVD,
PCFCRD and ImLVD have higher CR resolutions due to the constant delay introduction.
In radar detection and imaging [17,21,34], the integration time T is usually larger than 1 s
to guarantee the anti-noise performance and high azimuth resolution. Consequently, the
CR resolutions of the PCFCRD and ImLVD are usually higher than that of the LVD. Since
the resolution illustration is related with the PSL illustration, the illustrative example of the
resolution will be given in the next subsection.

Remark 1. Under T < 1s,sinceh = T < 1s, the CR resolution of the ImLVD will be lower than
that of the LVD. Actually, we can also set h > 1 s under T < 1 s for the PCFCRD and ImLVD to
quarantee its superiority in the CR resolution. However, (i) as discussed in Section 4, compared with

h > 1s, h =T is more practical for the realistic application, and (ii) this paper aims to overcome
drawbacks of the LVD under T > 15s.

3.3. PSL

The PSL is —13.3 dB for the sinc function and is —26.6 dB for the squared sinc function.
Since the integration variable is different from that in the integrant, the ML method, WHT,
LVD and PCFCRD have serious PSL losses along the CR axis [26]. In addition, for the
LVD, as T is bigger than “1 s” and increases, the constant delay “1 s” has less and less
influence on the resolution, and the sidelobe rises until it becomes a part of the mainlobe.
Consequently, the PSL of the LVD along the CR is the same as that of the WHT under
T <15, while it is worse under T > 1s. On the contrary, the integration variable of the
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ImLVD is the same as that in the integrant, and T = & guarantees the unchanged sidelobe

along the CR axis.
PSLypr(f) = —13.3dB (23)
PSLy(r) < —13.3 dB
PSLwur(f) = —26.6 dB (24)
PSLWHT(T’) < —26.6 dB
{ PSLiyp(f) = —26.6 dB (25)
PSLLVD (1’) S PSLWHT (7‘)
{ PSLpcrcrp(f) = —26.6 dB (26)
PSLpcrcrp(r) = PSLwnr(r)

PSLimivp(f) = —26.6 dB @)
PSLImLVD (1’) = —26.6dB

In (23)—(27), PSLs along the CR axis are derived with the continuous signal. However,
in realistic applications, the discrete non-uniform interpolation along the CR axis will induce
a small amount of PSL loss [24]. The actual PSLs of the ML. method, WHT, PCFCRD and
ImLVD along the CR axis are —8.785 dB, —17.57 dB, —17.57 dB and —23.3 dB, respectively.
This conclusion can be found in references [17,26,34] and also can be demonstrated by the
following illustrative examples. We rewrite Formulas (23)—(27) as

PSLy(f) = —13.3 dB 28)
PSLy (1) = —8.785 dB
PSLwrr(f) = —26.6 dB 29)
PSLWHT(T) = —17.57 dB
PSLiyp(f) = —26.6 dB (30)
PSLLVD(I’) < —17.57 dB
PSLpcrcrp (f) = —26.6 dB 1)
PSLPCFCRD(V) = —17.57dB
PSLimiyvp(f) = —26.6 dB 32)
PSLImLVD(r) = —23.3dB

Formulas (28)—(32) indicate that, compared with the ML method, WHT, LVD and
PCFCRD, the ImLVD has the obvious superiority in the PSL along the CR axis. In the
following, with two illustrative examples, T = 1 s and T > 1 s, we verify theoretical
derivations of Sections 3.2 and 3.3.

Remark 2. References [17,34] demonstrate that the constant delay introduction benefits the cross-
term suppression, resolution and anti-noise performance, while they do not study the influence of
the introduced constant delay on the PSL. Interested readers may ask: If the integration variables of
the ML method, WHT and LVD are the same as their integrant variables, can they also eliminate the
serious PSL loss along the CR axis? Our answer is “no”. This is because 9¢(t, T) /ot (where (¢, T)
denotes the integration variable) of the ML method, WHT and LVD cannot satisfy o¢(t, T)/ot > 0
or oG (t, T)/ot < 0. This is not the focus of this paper and will be studied in another paper.

Illustrative Example 3. We consider a noise-free LEM signal Cu. The sampling frequency
F; is 200 Hz, and the signal length N is equal to 200. The signal parameters are set as follows:
A1 =1, a11 =8 Hz, a1 =2 Hz/s. Constant delays of the PCFCRD and ImLVD are set to 1 s.
Figure 3a,b show resolutions and PSLs along the CF and CR axes, respectively.
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Figure 3. Comparisons of resolution and PSL under T = 1s. (a) Comparisons along the CF axis.
(b) Comparisons along the CR axis.

We obtain o (f):dwrr (f):0rvD (f ) :Omivp (f) as 1:1:1:1 and dvy (7):dwrrr (1) :0rvp (7)) :Omrvp (1)
as 4:4:1:1 by the simulation results shown in Figure 3. Simulation results of the resolution
conform to the derived analytical formulas in (18)—(22). Compared to CR resolutions of the
ML method and WHT, CR resolutions of the LVD, PCFCRD and ImLVD are enhanced due to
the introduced constant delay. For the ML method, WHT, LVD and PCFCRD, their integration
variables are different from those in the integrant and serious PSL losses along the CR axis
exist. We obtain PSLML (f)PSLWHT (f) ZPSLLVD (f):PSLImLVD (f) as —13.3:—26.6:—26.6:—26.6
and PSLML (7‘) ZPSLWHT (7‘) ZPSLLVD (7‘) ZPSLImLVD (7‘) as —8.785:—17.57:—17.57:—23.3 by the
simulation results shown in Figure 3. Simulation results of the PSL also conform to the
derived analytical formulas in (28)-(32). This example demonstrates that (1) CR resolutions
of the LVD, PCFCRD and ImLVD benefit from the constant delay introduction, and (2) the
same integration variable and integrant variable help the ImLVD avoid the serious PSL loss
along the CR axis.

Illustrative Example 4. Here, we consider a noise-free LEM signal Du, and the signal lengthN is
equal to 400. Constant delays of the PCFCRD and ImLVD are set to 2 s. Other simulation
parameters are the same as those of Illustrative Example 3. Figures 4a and 4b, respectively, show
resolutions and PSLs along the CF and CR axes.

We obtain dy, (f) :OWHT (f) :0LVD (f) :0ImLVD (f) as 1:1:1:1 and (F) :OWHT (T) :0LVD (1’) :
Oimrvp () as 1/4:1/4:1/9:1/16 with the simulation results shown in Figure 4, which conform
to derived analytical formulas in (18)—(22). Meanwhile, we obtain PSLysy (f):PSLwpr(f):
PSLLVD (f):PSLImLVD (f) as —13.3:—26.6:—26.6:—26.6 and PSLML (1") ZPSLWHT(T’)iI)SLLVD(T):
PSLynvp(r) as —8.785:—17.57:—11.92:—23.3. The simulation results of the PSL also con-
form to derived analytical formulas in (28)-(32). Under T > 1 s, as expected, the CR
resolution of the LVD still benefits from the introduced constant delay, while its PSL along
the CR axis has additional serious loss. Simulations in Figures 3 and 4 demonstrate that,
compared to the ML method, WHT, LVD and PCFCRD, the ImLVD has superiorities in the
resolution and PSL along the CR axis.
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Figure 4. Comparisons of resolution and PSL under T > 1 s . (a) Comparisons along the CF axis.
(b) Comparisons along the CR axis.

3.4. Anti-Noise Performance

This subsection focuses on the comparison of the anti-noise performance. With the dis-
crete noisy LEM signal s(m) = s1(m) +n(m) (in = —[N/2|,—[N/2]+1, ...,[(N —1)/2]
and the sampling interval is Ts), we first calculate the expect value and modulus square
expect value at ( fo, 7o) which stands for the peak’s coordinate of the InLVD of the noiseless
LFM signal. Then, a theoretical evaluation method is proposed and used to verify the high
anti-noise performance of the ImLVD.

3.4.1. Expect Value at (fo, o)

The ML method, WHT, LVD, PCFCRD and ImLVD can be applied to s(m) and
can take the expect values of ML(fy, r9), WHT(fo,r0), LVD(fo, 1), PCFCRD( fo, r9) and
ImLVD(fy, 7). In radar detection and imaging, the integration time T is usually larger
than 1s to guarantee the anti-noise performance and high azimuth resolution. Therefore,
we consider T > 1 s and use the software “Wolfram Mathematica 13.1” to calculate expect
values of ML( fo, 0), WHT(fo, r0), LVD( fo, 79), PCFCRD( fy, 1) and ImLVD( fy, o) as

E[ML(fo,r0)] = NA (33)

E[WHT(fo, r0)] = NZA% + No? (34)
E[LVD(fo, 70)] = szA% +‘I’(Uz>,‘1’(02) c (0,Na2) (35)
E[PCFCRD(fy, 7)) = N;A%h (36)
E[ImLVD(fo, r0)] = NZZA%h (37)

3.4.2. Modulus Square Expect Value at ( fo, 1)

Applying the ML method, WHT, LVD, PCFCRD and ImLVD to s(m), we take the
modulus square expect value at (f,79). We also consider T > 1s. By employing the
software “Wolfram Mathematica” and the properties of the moment of zero mean complex

Gaussian random variables, we calculate modulus square expect values of ML( fy, 19),
WHT(f(), 7‘()), LVD(f(), 1’0), PCFCRD(fO, 7’0) and ImLVD(f(), 7’0) as

E{|ML(f0, ro)\z} = N2A2 4+ No? (38)
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N*A%  3NSA? 3N?
2| _ 1 1.2 4
E{IWHT(fo, 7o) "} = e e AR (39)
2 ]\]41441L 2
E{ILVD(fo,r0)*} = ; +0(0?) (40)
N4A4 N3A2 NZ
2\ _ 42 1, N7AT 5 N7 4
E{\PCFCRD(fo,ro)| }_h ( e o (41)
N4A4 N3A2 2
E{|ImLVD(f0, r0)|2} =1 (41 + Lot + N7(74 (42)

N3A2 2 4 3N3A2 2
where O (0?) € | =02+ Yo, =510 + 3ot ).

If we separately use the expect value or modulus square expect value as a criterion to
determine the anti-noise performance, it is difficult to directly tell which algorithm is better.
References [17,20,28] use the output signal-to-noise ratios (SNRs) to evaluate the anti-noise
performance, while analyses in the following Remark 3 show that this also cannot work.
Interested readers may ask why. This is because they ignore the fact that the integrations
after the bilinear algorithms, such as the WHT, LVD and ImLVD, take the form of energies
of the signal plus noise, while the integrations after the linear algorithms, such as the ML
method, take the form of amplitudes of the signal plus noise. Based on this understanding,
we propose to use the expect value of the bilinear algorithm and the modulus square expect
value of the linear algorithm to theoretically evaluate the anti-noise performance. By using
E[WHT(fo, r9)] in (34), E[LVD(fo, 10)] in (35), E[PCECRD( fy, r9)] in (36), E[ImLVD( fo, )]
in (37) and E { IML(fo,70) \2} in (38), we determine that the PCFCRD and ImLVD have a

higher anti-noise performance than the other three algorithms. Reference [26] has indicated
that, if the integration variable is the same as that in the integrant, the anti-noise perfor-
mance will be enhanced. Therefore, the ImLVD has the highest anti-noise performance
among these five algorithms.

Remark 3. References [17,20,28] use the output signal-to-noise ratios (SNRs) to evaluate the
integration SNR gain. We take the WHT as an example, and its output SNR is defined as

|WHTS1 (fO/ 1’0) |2
var{WHT;, (fo, 70)}

SNRyut, wHT = (43)

where var{e} denotes the variance. WHTj, (fo,79) denotes the WHT of the signal only.
WHT;, (fo, ro) denotes the WHT of the signal plus noise.
Based on (34), (37), (39), (42) and (43), we calculate output SNRs of the WHT and ImLVD as

N?Af
SNR = — 44
out, WHT ZNA%(TZ + 204 (44)

N2 A%
SNR SR — 45
out,ImLVD ZNA%U’Z + 204 (45)

Obviously, although the ImLVD has the obvious superiority in the anti-noise performance
compared to the WHT, the evaluation method “output SNR” reveals that the WHT and ImLVD
have the same output SNR.

Illustrative Example 5. Consider the noisy LEM signal Eu. The sampling frequency Fs is
100 Hz and the signal length N is equal to 600. The signal parameters are set as follows: A1 =1,
a11 =16 Hz, apq = 44 Hz/s. Constant delays of the PCFCRD and ImLVD are set to 6s. The
tested SNRs-in are SNR;;,, = [—18 dB:1 dB:—12 dB], and 1000 trials are performed for each SNR;,.
The measurement given in (46) is used to compare the anti-noise performance [37] . The SNR-out
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of the matched filter corresponds to SNRout = 10log,y NA? /0. Figure 5a gives the integral
SNR-in- SNR-out comparison, while Figure 5b gives the zoomed-in plot of [—15 dB:1 dB:—12 dB]
in Figure ba.

A7 i a, i
SNRout = 10log;, N—;Z Y s(m)exp —]'27m/1’1mTSIjZHT’(st)2 (46)
N
m==z max

where a} | and al, | are estimations of a, ; and a, , with the peak detection technique, respectively.
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Figure 5. Comparison of the integration SNR gain. (a) Integral SNR-in- SNR-out comparison.
(b) Zoomed-in plot of [—15 dB:1 dB:—12 dB] in Figure 5a.

As expected, the ImLVD has a higher anti-noise performance than the other four
algorithms. Figure 5a,b show that the ImnLVD and PCFCRD [12] are almost coincident with
the matched filter when SNR;,, > —15 dB, while the threshold SNR;, is —13 dB for the ML
method [13] and —12 dB for the other two algorithms. Based on the above analyses, we
know that, if T is close to 1s, the anti-noise performance of the LVD [34] will be close to that
of the InLVD, while if T is much larger than 1s, the LVD will obtain a similar anti-noise
performance as the WHT [20]. Thus, in Figure 5, the anti-noise performance of the LVD is
close to that of the WHT and lower than that of the ML method, PCFCRD and ImLVD.

3.5. Implementation

As with the LVD, the ImLVD can be implemented by using the FFT- and IFFI-based
chirp Z-transform (CZT), which is presented in Appendix A. Figure 6 shows the imple-
mentation flowchart of the ImLVD. With analyses of the implementation, we obtain that
the computational cost of the ImLVD is in the order of O(N?log, N). The ML method
and WHT are based on the brute-force searching of the CF and CR. To guarantee the same
estimation ranges of the CF and CR, we assume that the number of searching is N for
both parameters. Under this assumption, computational costs of the ML method and
WHT are both in the order of O(N 3). In the reference [34], we use the non-uniform FFT
to speed up the implementation of the PCFCRD, and its computational cost is also in the
order of O(N 2 log, N ) However, the PCFCRD is based on the time-CR transform, and
the integration variable in the integrant is non-uniform, which is not preferred in realistic
applications [35]. Table 3 lists the computational costs of these five algorithms.
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Figure 6. Implementation flowchart of the ImLVD.
Table 3. Computational Cost.
Algorithm ML Method WHT LVD PCFCRD ImLVD
Computational cost O(N3) O(N?) O(N?log, N) O(N?log, N) O(N?log, N)

Remark 4. Aforementioned computation cost analyses of the ML method and WHT are based on
their original implementation methods. The references [14,15,21] have developed fast implementation
methods for the ML method and WHT, and their computational costs are also in the order of
O(N?log, N). Under such condition, these five algorithms require similar computational costs.

Remark 5. For the LEM signal, the ideal energy representation along the CR dimension takes the
form of the sinc function in the CF—-CR domain. Theoretical analyses and numerical simulations
indicate that two differences between the LVD and ImLVD let the ImLVD take the form of the
sinc function along the CR dimension. In other word, along the CR dimension, the energy of the
ImLVD is more concentrated than that of the LVD. In addition, based on implementation details
in Appendix A, we can find that two differences between the LVD and ImLV D are both realized
with linear operations. Therefore, the ImLVD may enhance properties of the LVD, and the inverse
ImLVD can also be defined as the inverse LVD. We can refer to [17,34] for more details.

3.6. Constant Delay Selection Criterion

Theoretical comparisons in Section 3 reveal that the constant delay is related with the
cross-term suppression, resolution, PSL and anti-noise performance. In this section, the
constant delay selection criterion will be discussed.

Analytical formulas (14)—-(22) indicate that the constant delay benefits the cross-term
strength reduction and CR resolution. Analytical formulas (27), (32) and (37) indicate that,
when the constant delay i > T, the anti-noise performance of the ImLVD achieves its
optimum and the serious PSL loss along the CR axis can be eliminated. As we know, a
large h means a large signal length, while the signal length is finite in realistic applications.
Therefore, considering the cross-term suppression, resolution, PSL, anti-noise performance
and actual signal length, we set

h=T (47)

Remark 6. For the LVD proposed in the reference [17], the selection criterion of the constant delay
aims to guarantee that, (1) no interpolation is required along the scaled time axis and both sides of
the scaled time axis are symmetrical, and (2) the CR value can be directly read from the CF-CR
plane. By contrast, the selection criterion discussed here considers the interpolation, cross-term
suppression, resolution, PSL, anti-noise performance, signal length and direct reading of the CR
value. The selection criterion discussed here is more practical. For more details about the selection,
we can refer to references [12,17,371.
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4. Numerical Simulations

In this section, we use three numerical examples to demonstrate the practicability of the
ImLVD. These three numerical examples are the adjacent LEM signals separation, LFM sig-
nals with different amplitudes (of large differences) and noisy multicomponent LFM signals,
which are representative scenarios existing in radar detection and imaging [17,30,31,34,35].

4.1. Adjacent LFM Signals Separation

The cross-term suppression, resolution and PSL jointly determine the adjacent LFM
signals separation. In the following, we use the Numerical Example 1 to illustrate the
superiority of the ImnLVD in the adjacent LFM signals separation.

Numerical Example 1 Here, we consider three adjacent LEM signals, denoted by Ful, Fu2 and
Fu3. Signal parameters are listed in Table 4, and constant delays of the PCFCRD and ImLVD are
set to 2s. The ML method, WHT, LVD, PCFCRD and ImLVD are applied to the data. Simulation
results are shown in Figure 7 (X axis, Y axis and Z axis represent the Relative CF, Relative CR and
Amplitude, respectively) and the part marked with the red ellipse is zoomed.

Table 4. Signal Parameters.

Sampling Frequency F; 256 Hz Signal Length N 512
Parameters of Ful A =1 a17=—05Hz a1 =0Hz/s
Parameters of Fu?2 Ay =1 ajp=1Hz azp =—05Hz/s
Parameters of Fu3 Az =1 a13=05Hz a3 =05Hz/s

The ML method has low PSL and resolution, and the WHT has low cross-term sup-
pression, resolution and PSL. The LVD introduces the constant delay “1s” to increase the
resolution and cross-term suppression, while its PSL is not improved. The PCFCRD also
encounters the serious PSL loss along the CR axis. Compared to the ML method, WHT and
LVD, the ImLVD has obvious superiorities in the resolution, cross-term suppression and
PSL. Consequently, in Figure 7, only the InLVD can separate Ful, Fu2 and Fu3 successfully.

4.2. LFM Signals with Different Amplitudes (of Large Differences)

The ImLVD is bilinear, and the cross term does exist. Under LEM signals with different
amplitudes (of large differences), auto terms of weak LEM signals may be submerged in
the residual cross terms generated by the strong LFM signals. In this subsection, we use
a numerical example to demonstrate that the ImLVD has an obvious superiority under
this situation.

Numerical Example 2. Four LFM signals, denoted by Gul, Gu2, Gu3 and Gu4, are considered.
Signal parameters are listed in Table 5, and constant delays of the PCFCRD and ImLV D are set
to 2 s. Processing results by the ML method, WHT, LVD, PCFCRD and ImLVD are shown in
Figure 8, where the part marked with the red ellipse is zoomed.

Table 5. Signal Parameters.

Sampling Frequency Fs 256 Hz Signal Length N 512
Parameters of Gul A =1 a1 =—1Hz a1 =—2Hz/s
Parameters of Gu2 Ay =038 a1p=1Hz ap, =2Hz/s
Parameters of Gu3 A3 =04 a13=05Hz a3 =05Hz/s

Parameters of Gu3 Ay =02 a13=—8Hz a3 =—20Hz/s
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Figure 7. Adjacent LFM signals separation. (a) Result of the ML method. (b) Result of the WHT.
(c) Result of the LVD. (d) Result of the PCFCRD. (e) Result of the ImLVD.
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Figure 8. LFM signals with different amplitudes (of large differences). (a) Result of the ML method
(b) Result of the WHT. (c) Result of the LVD. (d) Result of the PCFCRD. (e) Result of the ImLVD.
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Gul, Gu2 and Gu3 are close to each other. Since resolutions and PSLs of the ML
method, WHT and LVD are low, and the WHT and LVD have the cross term interference,
the spurious peak appears instead of the weak Gu3 in Figure 8a—c. In Figure 8d,e obtained
with the PCFCRD and ImLVD, four real signals appear without spurious peaks due to
the high cross-term suppression, resolution and PSL. Processing results shown in Figure 8
demonstrate that the ImLVD has the obvious superiority under the LFM signal with
different amplitudes (of large differences). It is interesting to find that, in Figure 8a obtained
via the ML method, a spurious peak appears instead of Gu4, while Gu4 are successfully
detected by other algorithms in Figure 8b—d. This may indicate that the cross term may
sometimes benefit the auto term detection. We will study this phenomenon in the future.

4.3. Noisy Multicomponent LFM Signals

In this subsection, we use a numerical example to evaluate the anti-noise performance
of the ImLVD for noisy multicomponent LFEM signals analysis.

Numerical Example 3. We consider three LEFM signals, Hul, Hu2 and Hu3. Signal parameters
are listed in Table 6, and constant delays of the PCFCRD and ImLVD are set to 2 s. Three signals
have the same amplitude and are far away from each other. Therefore, if we directly apply the
ML method, WHT, LVD, PCFCRD and ImLVD to them, only the noise can induce spurious
peaks. Here, we contaminate the signal with the complex white Gaussian noise, and the SNR;,
is —12 dB. Figure 9a—e correspond to results of the ML method, WHT, LVD, PCFCRD and
ImLVD, respectively.

Table 6. Signal Parameters.

Sampling Frequency F; 300 Hz Signal Length N 600
Parameters of Hul A =1 a1 =60 Hz a1 =40Hz/s
Parameters of Hu?2 A, =1 a1p=2Hz app =2Hz/s
Parameters of Hu3 Az =1 a13=—40Hz a3 =—30Hz/s

It is clearly seen from Figure 9a—c that the signal energy is submerged by the random
noise, and spurious peaks appear. However, in Figure 9d,e, the signal energy is larger than
that of the noise and no spurious peak appears. Simulation results in Figure 9 demonstrate
that the PCFCRD and ImLVD have higher integration SNR gain than the ML method, WHT
and LVD, and are more suitable for noisy multicomponent LFM signal analysis.

Note that, in Figures 8 and 9, the PCFCRD and ImLVD obtain similar results. However,
analyses and simulations in Section 4 do indicate that the InLVD outperforms the PCFCRD
in the cross-term suppression, PSL and anti-noise performance. Therefore, under some
extreme situations, results of the ImLVD must be better than those of the PCFCRD. In
addition, the PCFCRD is based on the time-CR transform, and the integration variable in
the integrant is non-uniform. In conclusion, compared to the ML method, WHT, PCFCRD
and LVD, the ImLVD is more suitable for realistic applications.
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Figure 9. Comparison of the integration SNR gain under noisy multicomponent LFM signals.
(a) Result of the ML method. (b) Result of the WHT. (c) Result of the LVD. (d) Result of the PCFCRD.

(e) Result of the ImLVD.

5. Conclusions and Future Work

Two contributions can be obtained from this paper, including the ImLVD and further
study of the introduced constant delay. With theoretical analyses and illustrative examples,
compared to the ML method, WHT, LVD and PCFCRD, the ImLVD has higher cross-
term suppression, resolution, PSL and anti-noise performance without the non-uniform
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h(my, k) = exp {— jn%(ZkTs + h)} (2KTs +h)Y_ Rs(m, k) exp {— jn%(ZkTs + h)] exp [jrc

integration variable. Finally, three numerical examples are used to validate the practicability
of the ImLVD. In this paper, the quantitative influences of the constant delay on the
cross-term suppression, resolution, PSL and anti-noise performance are obtained by using
theoretical analyses of the ImLVD, which is useful for future applications of the constant
delay introduction.

Many investigations have been carried out for noisy multicomponent LFM signals
analysis in radar signal processing, while physical attributes determine that, no matter
how the CFCRAT works, some drawbacks are inherent and cannot be overcame. With
the analyses and simulations in this paper, we find that the introduced constant delay is
helpful for the research into the CFCRAT. In the future work, we will continue the study on
the constant delay introduction, especially its applications in radar detection and imaging.
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Appendix A

This appendix presents the fast implementation of the ImLVD based on the FFT- and
IFFT-based CZT. To formulate the implementation, we consider a noise-free LFM signal,
whose discrete form is expressed as

. 1
si(m) = Ay EXP{]ZN {ﬂmst + 502, (st)z] } (A1)

With s1(m), we can write the discrete form of R3(t, T) defined in (11) as
R3(m, k) = Gy exp(jdmar 1kTs) exp[j2man  (2kTs + h)mTs) (A2)

where G, = A% exp(j27tay 1h).

The implementation of the ImLVD in (12) can be separated into two steps, the inner
Fourier transform and the outer Fourier transform. The discrete form of the inner Fourier
transform can be written as

h(my, k) = ;Rg,(m, k) exp [— jZN% (2kT, + h)m} (2kT, + 1) (A3)

where m, = —[N/2],—[N/2]+1, ..., [(N — 1) /2] corresponds to the discrete frequency domain.
Based on the characteristic of the Formula (A3), we rewrite it as

(my — m)z

(A4)

The summation in (A4) can be regarded as a convolution. So we can implement it
with the FFT and IFFT.

2

hi(my, k) = @(my, k)FFT,, {IFFTW {exp {jnn;\r[(ZkTs + h)} } IFFT,, {R3(mr,k) exp [— jr[%rz(szs + h)] } } (A5)
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where @ (my, k) = exp [—jnmﬁg (2kTs + h)} (2kTs + h). Note that @ (m,, k) = exp [—]7‘[%%(2](]—; + h)}
for the implementation of the LVD in [20]. Since @(m;,, k) can be calculated in advance, this
difference has no influence on the computational cost compared to that of the LVD.
Subsequently, the IFFT can be used to complete the inner Fourier transform. After the
FFT- and IFFT-based implementation, we obtain
(T+h)? [ m,
2 \NT, " (A6)

where G} denotes the amplitude. It is worthwhile noting that Equations (A4) and (A5) are
used to illustrate how we speed up the computation from Equation (A3) to Equation (A6).
The second step, the discrete form of the outer Fourier transform, can be written as

fi(my, k) = Gy exp(jdmay 1kTs)sinc

ImLVD (kf, mr) = %ﬁ(mr/ k) exp (_jZNkak)
= FFTi{h(m,, k)}

(A7)

wherek; = —[N /2], —=[N/2] +1, ..., [(N — 1)/2] corresponds to the discrete frequency domain.
Substituting A(m,, k) in (A6) into (A7), we have
(T (m
2 NT, 2%

Above is the InLVD implementation by using the FFT- and IFFT-based CZT.

k
ImLVD (kf, mr) = Kj'sinc {T (f — 2111,}7)} sinc

2\ NT, (A8)
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