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Appendix A Preliminaries

The linear canonical transform(LCT) of the ideal uniform sampled signal z(¢) with the sampling interval T is given in [1-4]
Lalz(n))(u) = i o(nT)K a(u,n) = — i eI (F)? 2O [ ()] (u — ) (A1)
A 2 Alu, T 2 A T3
n=—oo n=—oo
where K 4(u,n) = \/Be%wej‘”(auz—?ﬁ“”T“'V("T)z). Eq.(Al) is defined as the discrete time LCT (DTLCT) [1], which
replicates L 4[z(¢)](w) with a period of 1/(T"|8|) along with linear phase modulation.
We assume that the signal z(¢) is limited in the time domain [—W/2, W/2]. Thus, intercepting N terms of (Al), it can

be rewritten as
N/2-1

Lafe(n)](u) & V/Be /™4 N7 g(n)el (0D m2mpunT (A2)
n=—N/2

where N is the number of uniform sampling points in the time domain. Without loss of generality, we denote z(n) = z(nT).
Since the LCT of the sampled signal is periodic along with linear phase modulation. Therefore, we choose N samples in the
range [—1/(2T|8]),1/(2T|8|) — 1/(NT |B])] that is unaffected by the chirp periodic factors. We sample L 4[z(n)](u) with

sampling interval T,, = 1/NT |3|. Thus, the DLCT of z(n) can be defined as [1,3,5,6],

N/2—-1
LA[I(TL)](T)’LTU,) — \/Befjﬂ'/élejwa('m/NT|ﬁ|)2 Z x(n)ejﬂﬁ(nTﬁeijﬂﬁmn/(N\ﬁl)7 (A3)
n=—N/2

where T,, = 1/NT |f| is standard frequency resolution of LCT, m = —N/2,—-N/2+1,...,N/2 — 1.

Appendix B Proof of Theorem.1

Proof.  For V[ui,u2] € [-1/(2T|8]),1/(2T|8|) — 1/(NT |B])], we sample uniformly the transform function L 4[z(n)](u) in
(A2) with sampling interval AT = (ug —u1)/M, and AT < 1/NT |B|. Let u; = (u1 + u2)/2 and substitute u = u; + mAI,
—M/2 <m < M/2—1 into (A2), we obtain

L a[z(n)](u; + mAI)

N/2—1
— \/Befi‘rr/4€j7ra(ui+mAI)2 Z x(n) x ej‘/r’y(nT)zeij‘rr/ﬁu,;(nT)efj27ernAIT
n=—N/2 (Bl)
N/2-1
— \/Befiw/4€j7ra(ui+mAI)2e*jﬂ'ﬁAITmz Z m(n) % ejﬂ"y(nT)Qe*j27rBu,1(nT)efj7rBAITn2 ej‘rrﬁAIT(mfn)z'
n=—N/2
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Based on the definitions of the zoom factor and shift factor, we have A = u;(T'|8]), P = 1/(NT|B|AI), then substituting
u; = A/(T|B]) and AI =1/(PNT|f|) into (B1), we derive that

A m
Lalz(mM(== + 5omar)
T|g| ~ PNT|B|
. N m 2 . Tm?2 N/2-1 2 . N . n2 . (7n—n)2
— \/Befiﬂ/4eﬂ7"a(w+ pNT‘ﬁ‘) e*Jﬂ' PNT|A] Z f(’l’b) x ejw'y(nT) E*JQW/BW("T)&‘*JW/BTPNT‘B‘ eJWﬁT NTPIA] .
n=—N/2
(B2)
Let s = B/|8| = sign(B), we obtain
A m
Lalz(mW(== + 5omar)
T|g|  PNT||
5 m N/2_1 ) n)2 (B3)
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Eq.(B3) can be rewritten as the following matrix form
Ly=+/Be™"/"2D] , KD}, (B4)
(m—mn)?

where z is a 1 X N vector of the signal z(n), —N/2 <n < N/2 —1, and K is N x M matrix. Ky, m = TSNP , D;\Y P

s

and D‘;’g are N x N and M x M diagonal matrices, respectively

. 2 sn? _
{D},P nn = {e]ﬂ[’Y(nT) —2Asn— PN]}’]erii]\}/27 (B5)
DB _ jﬂa(ﬁ*%ﬂm)zfjws,‘% M/2-1 B
{D\plmm = {e b= a2 (B6)

Then, the Theorem.1 is proved.

Appendix C Implementation of ZDLCT and Sp-LCT
Appendix C.1 Implementation of ZDLCT

The ZDLCT can be implemented by the following steps:

Step 1: Select o, 8,7 and the sampling space T', and compute entire frequency interval [—1/(2T|8|),1/(2T|8])—1/(NT |B])];
Step 2: Select the frequency subinterval in the LCT domain [u1, u2] C [-1/(2T8]),1/(2T|8|) —1/(NT |8|)] and sampling
points M, then calculate A and P based on Definition 1 and Definition 2;

Step 3: Calculate the diagonal matrices DK’P, D;’g and the N x M matrix K;

Step 4: Perform matrix multiplication to obtain the matrix D;Y\’PKD?\“’?,;

Step 5: The result of Step 4 is multiplied by the discrete signal & and the coefficient v/Be™9™/4. The output 1 x M
vector is the ZDLCT of signal z(n) in the selected subinterval [u1, ug].

Appendix C.2 Implementation of Sp-LCT

The Sp-LCT can be implemented by the following three steps:

Step 1: Select the specific LCT frequency uy,, and calculated the sequence b, and the input sequence z(n);

Step 2: Calculate the summation B(um) using (7) and (8);

Step 3: Multiply the result of Step 2 and Cej"a“?vl eI™BumTN {5 obtain specific LCT spectrum at frequency ., in (4).

Appendix D Simulations and comparison of methods

Appendix D.1 ZDLCT Simulations

In this subsection, the ZDLCT will be utilized to refine the spectrum of mono-component and multi-component linear
frequency modulation (LFM) signals [7].

Appendix D.1.1  Spectral refinement of mono-component LEM signal

Considering a mono-component LFM signal
z(t) = 8J‘TrthJrJ?Trfot_ (D1)
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The LCT of z(t) is calculated as following

e~ Teimants(u— 1), v=—p
L@l =3 " (D2)

It is noted that the mono-component LFM signal has an impulse at u = f—ﬂo under suitable parameters. Thus, we can obtain

the initial frequency based on the peak location, that is, fo = uS.

Now we take fo = O,u = 1 and A = [3,2,—1], the signal z(¢) is band-limited in the interval [—5,5]. The discrete
time signal z(n) is sampled from the continuous signal z(¢) with sampling interval and the number of sampling point
T = 0.1 and N = 100, respectively. The inherent LCT frequency resolution 7, = 0.05 in the whole LCT domain
[—1/(2T|8]),1/(2T|B|) —1/(NT |B])]. The global spectra of z(n) by DLCT [1] is shown in Fig.D1 (a). Next, we select the
local interval [—0.2970,0.2970] C [—-1/(2T'|8]),1/(2T |B8|) — 1/(NT |B8])] to refine the LCT spectrum by the ZDLCT. Fig.D1
(b) presents spectrum on the local range with zoom factor P = 10 and shift factor A = 0. The results show that we can
obtain spectral details, such as the amplitude, width and zero position of the main and side valves, and more accuracy peak
value. In addition, for appropriate parameters, we can use the peak to estimate the initial frequency of the LFM signal.
Thus, we further consider the effect of spectral refinement on estimated results.

For mentioned above LFM signal and LCT parameters, the estimated value is 0.0495 by using the DLCT, the absolute
error is 0.0495. Now we discuss the effects of P, A and the selected interval on estimated results. When the local interval
is [—0.2970,0.2970], and shift factor is A = 0, Fig.D2 shows the peak position of signal z(t) = eI for different P in case
of A =[3,2,—1]. These results indicate that for the fixed frequency interval, the larger P value is, the more accuracy the
estimation is. However, combining the computational complexity and accuracy, P can not be too large. For appropriate
P =15, Fig.D3 shows the estimated value for different local interval and A. It shows, in the case of sub-intervals containing
peaks, that the estimated value is independent of the selected subinterval and A. In order to demonstrate generality of the
algorithm, the estimated initial frequency of LEM signal z(¢) in (D1) is shown Table D1 for the suitable P, A and different
fo, i, where f; is initial frequency of LFM signals; f and f are the estimation of initial frequency of LFM signals based
on DLCT and ZDLCT respectively; ep = |(f; — fi)/fi| and ez = |(f; — fi)/f:| represent relative error between the initial
frequency and the estimated results. The results indicate that the accuracy of ZDLCT is higher than that of DLCT [1] in
some cases. Furthermore, the proposed method can also be applied to refine the spectrum of multi-component LFM signals.

Table D1 The estimate values of initial frequency for different fo and p.

Foow)  (@B) oty ) T, DLCT [1] ZDLCT
f €D P f €z

(—10, 1) (2, 2.7, —1) [—0.3839, —0.3544] 0.0369 —9.9668 0.332% 5 —9.9865 0.1351%
(—8, 0.3) (2.3, 1.5, —0.3) [—5.413, —5.1949] 0.033 -7.9922 0.0981% 10 -7.9973 0.0337%
(—6,-1) (3,2,1) [£3.1272,-2.8611]  0.033 -5.9880 0.2000% 3 -6.0104 0.1733%
(—4,-1)  (3,8,-2)  [-0.5302,-0.4503] 0.06  -3.9424 14400% 10 -3.9624  0.9400%
(—2, 0.3) (2.3, 1.5, 70.3) [71.5840, 71.0560] 0.0660  -1.9800 1.000% 11 -1.9890 0.5500%

(2,2) (2,4, -2) 0.3725,0.645]  0.0495 2.0860  4.300% 3  2.0528  2.6400%

(4, 2) (3, 8 — 2) [0.4503, 0.5302} 0.0062 4.0424 1.0600% 9 4.0368 0.9200%

(6, 1) (3, 2, —1) [2.8357, 3.2337} 0.0498 6.0694 1.1567% 8 6.0198 0.3300%

(8,2) (0.1,4, -2) [1.9154,2.1144]  0.0249  8.0596  0.7450% 6  8.0428  0.5350%
(10,0.3)  (2.3,1,-0.3) [9.7904, 10.19] 0.05  9.9902 0.0977% 5 10.0002 0.0022%

Appendix D.1.2  Spectral refinement of multi-component LFM signal

Considering the following multi-component LFM signals

m
. . 2
:c(t) — E :Aiey27rf¢t+17rut ,

i=1

(D3)

where A; is the amplitude of i-th component, f; and u are initial frequency and chirp-rate of i-th component, respectively.

The LCT of z(t) is given by

VB emm(G—en®) s Av(u— &)

Lale(®)w) =1 B
A = . X . 2 fi
. —fgﬂ 677”(%*0‘“2) > Aiefﬁrﬁm (”7?>2 v # —p.

We note that the multi-component LEM signals have m impulses at w = f; /8, ¢ = 1,2, ...,m in the LCT domain for suitable

A.

Let t € [-5,5], m = 3, [f1, f2, f3] = [2,2.15,1], p = 1. We sample z(t) with sampling interval T'= 0.1 and the number
of samples points N = 100. The DLCT of z(n) with parameters oo = 2,8 = 4,7 = —1 can be derived in the whole range
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[—1.2375,1.2125] with fixed sampling interval T, = 0.025. The global spectrum of z(n) is shown in Fig.D4 (a). The only
two peaks can be observed at positions u; = 0.2722,u2 = 0.5197, respectively. When the zoom factor P = 4 and shift
factor A = 0.11, the local frequency interval is [0.1732,0.6187], the LCT spectrum of z(n) by ZDLCT is shown in Fig.D4
(b). It suggests that the closer spectral components can be distinguished by ZDLCT.
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Figure D4 (a) Global spectrum; (b) The spectrum in the local range [0.1732,0.6187] with P =4 and XA = 0.11.

Finally, we consider the effect of spectral refinement on the peak positions of multi-component LFM signal in (D3). Based
on obtained the peak position, we can get the estimate values of initial frequency. When the local interval [0.1732,0.6187]
is selected, Table D2 shows estimate values of LFM signal in (D3) for different P. The result demonstrates that the relative
error decreases with the increase of P, that is, the same conclusion can be obtained as mono-component LFM signal.

Table D2 The estimate values of initial frequency for different P in the interval[0.1732,0.6187].

' / €D / €z / €7 / £z
fi=1 1.0888  8.88% 1.056 5.6% 1.042 4.2% 1.0464 4.64%
fa=2 2.0788 3.94%  2.046 2.300% 2.0592 2.96% 2.0508 2.54%
f3 =215 2.2108 2.8279% 2.1976 2.214% 2.192 1.9535%

Appendix D.2 Sp-LCT Simulations
The simulations are performed to verify the accuracy of the Sp-LCT. We consider the following Gaussian signal

g(t) = e=5t". (D4)
The continuous LCT of g(t) is given by

Galw) = Lala(®)(w) = VBT, [T —c ¥ (05)

Appendix D.2.1  Uniform Sp-LCT

Let s = 1/2 in (D4). Since e~® ~ 0, the signal is approximated as finite signal in the interval [—4,4]. The continu-
ous signal g¢(t) is sampled with sampling interval T = 0.04, that is, g(n) = g(nT). We sample the LCT domain vari-
able u with sampling interval T,, = 0.1244. The entire amplitude of g(¢) by sampled the continuous LCT in (D5), the
discrete LCT in (A3) and Sp-LCT with parameters a = 1/2,8 = 1,4 = 2.5 are plotted in Fig.D5 (a) in whole LCT
domain [—1/(2T|8]),1/(2T |8|) — 1/(NT|8|)]. Fig.D5 (b) shows the local amplitude of g(n) at uniform sampling points
[-1.3681, —0.8706, —0.3731,0.1244, 0.6219] by (A3), (D5) and the Sp-LCT. It shows that the Sp-LCT can effectively obtain
a few uniform sampling of output spectrum components. The accuracy is measured by NMSE

E (IGa(mTu)| = |Lalg®)(mTu))?*
S IGa(mTu)?

The NMSE of Sp-LCT for calculating both all of and local of spectrum are 3.464 x 10~9. Tt demonstrated that the DLCT
of g(n) computed by the Sp-LCT exactly approximate sampled the continuous LCT of g(¢) in (D5).

NMSE =

(D6)

Appendix D.2.2  Nonuniform Sp-LCT

Let s = m for g(t) in (D4) with time interval [—5,5]. Here, g(n) = g(nT), T = 0.05. We consider the discrete time LCT
of g(n) by (A2). The parameters «, 3,7 are randomly distributed in the interval [—5, 5], the sampling is nonuniform in
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Figure D5 For o =1/2,8 =1, = 2.5; (a) The amplitude of g(¢) by sampled the continuous LCT, DLCT and Sp-LCT
in the LCT domain [—1/(27T|5]),1/(2T |B]) —1/(NT |B])]; (b) The local amplitude of g(¢) by sampled the continuous LCT,
DLCT and Sp-LCT at frequency points [—1.3681, —0.8706, —0.3731,0.1244,0.6219].

the LCT domain. In order to verify the effectiveness of the Sp-LCT, we adopt u = [u1,u2,us, u4, us, ug), which randomly
distributed in the interval (—2.8429,2.8144). Fig.D6 (a) shows the amplitude of g(n) by Sp-LCT and sampled (D5) at LCT
frequency u. We carry out the following NMSE to give a quantitative analysis of the accuracy of Sp-LCT

> (1Ga(um)| = [Lalg®)] (um)])?
|G a(um)?

The simulation runs 500 times independent experiments, the consequences are shown in Fig.D6 (b). The overall trend of

the NMSEs for different u reveals that the NMSEs of the Sp-LCT are below 1.4 x 10~13. Therefore, the proposed Sp-LCT

can approximate the nonuniform sampling of the continuous LCT.

NMSE =

(D7)
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Figure D6 (a) The amplitude of the continuous LCT and Sp-LCT with parameters «, 8, which are distributed randomly
in the interval [—5, 5] at frequency points u = [u1, u2, us, u4, us, ugl; (b) NMSE of the Sp-LCT for 500 different u.
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