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Fig. 1 Schematic diagram of photon heterodyne detection system
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Fig. 2 Density distribution of photon response time series corresponds to actual light intensity. (a) Photon response time series and

light intensity map; (b) local contrast map
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Table 1 Simulation parameters

Parameter Value
Laser wavelength /nm 1550
Single-photon detector dead time /ns 50
Single-photon detector dark count /Hz 100
Target initial speed /(m-s") 1
Target variable-speed range /(m-+s ') [0,1]
Detection time /ms 1
SAMP step 5)
DBSCAN counts 5
DBSCAN density threshold 0.015
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Fig. 5 FFT spectrum of photon arrival time series

MELS AT DL Y 2R H OG- A0 28 2000 4K i 45 00 342
S5 T H bR I M ARG, 2~3 MIHz i [l A 4 3% 45
AT B A v, AH SRR L B BEORT , O BRI I b A5 B AE 5 10
ARG O B o H T SRR R I AR G MR ORI T R
FE R I AF A X8 I A5 5 0 A7 P A R I A 6 S AR M
L4 DTS v B BB 3% 2215 5 I .

A SCHAR 5 A 307 1 BAK T 43y A 72 L 53 )
B P 4 R A RO | R R S A M R A U
AL E 6 B . HE, R SAMP 5 58 1 % 7 B3k
B[] 5 30 SR AT . 440 a0 B, 45 3890 5 4 Hh A 5 0
T a6 (a) Fr 7 o BB B A0S 22 0 T R 4 Rk G Ak
PR v EE AR 0 (B B BR A S R A Y
AT T LR BR T R O s T MR R B IS S . AR
T, It b 4 %) mh A 5 A O AN 2 e A5 5 M
PR B8 T A I B M AR S . SRS AR TG, AR
HH A5 B AR S S — o R B K I E S
) A0 1 AN fie 3R Ry — 7, 1 HL SR AR K, o % R
e HE e A5 B B B R — A R -k BRIy hOBLE 5 A
oyt N E 6 (b) From o XA B o A5 5 4 R AT
R SRR AL, BB S K H AL 0 Hh R - A 4 IR
5 B0 R85 FE HEAT oy BRHE Y o D3 A, A5 R HE A g A
T HEAT IR 15 B B LA, AT AN A M S S i
LB, B R RME 6()in. HZE, HT
FE 4 BN 2 KA e s o i KBR, X & T
R LM ST S AL B, i A5 Hh A S A 2 S Y A
T, 5 PR OB 3 H bR 0 & S0 AN . B, X
I IS 1 HhOE A S S R AT A AR LS G S g R
[ 6(d) 7, b B Sk 5 2 T 45 18 vh B 5 A

A SR AT oA S 04 £ R L v e R R T A
LT 22 3K 8y Jre S ORG R 5% 22 ok PE AN AR SUAE S AL R T
17 M LU v e B A A Kk
P, (6)
AR=R,., — Repr

S

R =10lg

1011002-4



#5505 & 10 #/2023 £ 5 B/ E#*x

(@ 10 -
0.9 —— after compressed sensing
kS 0.8
£
£
<
=}
N
=
g
=}
Z
0 2 4 6 8 10
f/MHz
© - —
—— after clustering denoising
)
<
=
£
=
@
N
:
=
Z

10
f/MHz

K6 AR 5 Ak By g R BT RS A B4 7

®)

Normalized amplitude

~
="
=

Normalized amplitude

* core points No.9
o edge point
x discrete point No.8
No.7
No.6
No.5
No.4
No.3
No.2
No.1
8 10
| interpolation
0.8
0.7+
0.6 -
0.5
0.4+
0.3
0.2
0.1
0 . . . .
0 2 4 6 8 10

f/MHz

(a) A AL 21 () %5 B R ISAL# 5 (o) Ze MR Ab 3L 5 (d) 47 (B 4045 Ab 2T
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Fig. 9 Simulated time-frequency diagram of photon heterodyne signal. (a) Short-time Fourier transform; (b) wavelet transform;
(c) Wigner-Ville distribution; (d) our method
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Fig. 10 Otsu binary images of simulated time frequency diagram of photon heterodyne signal. (a) Short-time Fourier transform;

(b) wavelet transform; (¢) Wigner-Ville distribution; (d) our method
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Fig. 12 Photon heterodyne experimental system
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Table 3 Main parameters used in experiment

Parameter Value
Laser wavelength /nm 1550
Single-photon detector dead time /us 0-99.9
Internal trigger frequency /MHz 1-100
Detection efficiency of single-photon detector 10%
Single-photon detector dark counts /Hz 100
TCSPC temporal resolution /ps 64
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Fig. 13 Frequency spectrum of photon heterodyne signals
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Fig. 15 Time-frequency diagram of photon heterodyne signal. (a) Direct short-time Fourier transform; (b) wavelet transform; (c) Wigner-
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Abstract

Objectives The research purpose and focus of this paper is to propose a new signal processing method that processes a photon echo
heterodyne signal and can achieve a higher signal-to-noise ratio (SNR) intermediate frequency (IF) signal spectrum and signal time-
frequency characteristics with an improved performance to improve the photon counting heterodyne radar speed measurement
performance of variable-speed moving targets.

Methods This study applies the adaptive sparse degree compression perception method to a variable-speed target heterodyne photon
echo signal and solves the problem whereby the sparse degree of K can not be determined in advance. The reconstructed frequency
spectrum has a relatively high SNR but error and some unfiltered noise are also found on the spectrum. Furthermore, according to the
characteristics of concentrated and continuous Doppler spectrum components of the variable-speed target, density clustering is
creatively applied to the denoising of the above-reconstructed spectrum, and the sparsity adaptive compression sensing and clustering
algorithm are combined as a new heterodyne signal processing method of photon echoes. In this paper, the first part of the proposed
signal processing method is to solve the frequency spectrum. This process is divided into four parts, namely compressed perception
reconstruction of the IF spectrum, density clustering, denoising, and interpolation. First, the frequency spectrum is reconstructed by
the sparsity adaptive matching pursuit (SAMP) algorithm according to the photon arrival time series, the IF signal spectrum is
reconstructed, and compressed perception processing is performed. The lower amplitude of the spectrum component is assumed as
noise, and only discrete signals whose amplitudes are significantly higher than noise are retained in the reconstructed IF spectrum.
However, at this time, the reconstructed IF signal spectrum is not the final signal spectrum, and the noise signal with higher spectrum
amplitude is still retained. Compared with the noise, the signal of the ideal spectrum of the variable-speed target must be continuously
changing, so the reconstructed IF signal spectrum is processed by density clustering. The frequency component with the highest
density can be obtained by classifying and sorting the spectrum of the reconstructed IF signal according to the density-based clustering,
which can be determined as the frequency component of the IF signal. In addition, discrete points can also be obtained while clustering
the reconstructed IF spectrum, which can be regarded as noise components and then denoised. However, because the compressed
sensing algorithm has removed most of the noise components, and through signal processing such as clustering denoising, the obtained
IF signal spectrum becomes a discrete spectrum, which is inconsistent with the continuous spectrum of the ideal variable-speed moving
target. Therefore, the IF signal spectrum is interpolated and fitted to obtain the final IF signal spectrum. The second part of the
proposed signal processing method is to obtain a time-frequency characteristic analysis method with improved performance. According
to the principle of short-time Fourier transform to obtain the time-frequency characteristic of signals, we combine the sparsity adaptive
compression sensing in this method with the time-frequency characteristic analysis method in this paper.

Results and Discussions The simulation results show that the proposed method has excellent advantages. Compared with the
traditional direct Fourier transform spectrum, the SNR is improved by up to 20 dB on average, and the average accuracy error is
within 10% (Fig. 7). It is found that the smaller the signal Doppler broadening, the more obvious the advantage of this signal
processing method. When the signal Doppler broadening is gradually increased or the spectrum is complex, the reconstruction effect
and density denoising effect will be lower than expected value (Fig. 8). Meanwhile, the contrast of time-frequency maps obtained by
the proposed signal processing method is much higher than that of the short-time Fourier transform, wavelet transform and Wigner-
Ville distribution, which indicates that the readability of the time-frequency maps obtained using the proposed method is the best (Fig.
9). From the two evaluation indexes of contrast and information entropy, the performance of the proposed time-frequency
characteristic analysis method is seen to be the best (Fig. 11). Finally, experiments are performed to verify that the confidence
interval of the SNR improvement value of the signal processing method in this paper is [8.5 dB, 11.1 dB] with a confidence interval of
95%. Further, the confidence interval of the Doppler broadening accuracy error is [5.6%,7.4%] (Fig. 14), and the time-frequency
analysis characteristics are consistent with the simulation results that were obtained (Fig. 15).

Conclusion The results show that the proposed method is effective at improving the SNR and time-frequency distribution of signals
to optimize the speed measurement performance of the photon counting heterodyne radar against variable-speed moving targets. This
method proves the feasibility of extracting the motion information or fretting information of the next complex moving target.
Therefore, further research is needed to understand the extraction method of motion information for complex moving targets.

Key words spectroscopy; photon heterodyne; compressive sensing; clustering denoising; Doppler velocimetry, time frequency
analysis
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