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Abstract: In the window function spectrum of the low
signal-to-noise ratio photon Doppler signal after the short-
time Fourier transform, the weak beat frequency cannot be
obtained by extracting the maximum amplitude spectrum
frequency of each window because the amplitude of the
noise spectrum exceeds the weak beat frequency. In this
article, the value of the beat frequency is first estimated
by the Kalman filter. Then, a multiple analytical bandpass
filter is constructed to refine the spectrum of the high noise
signal with the value of the beat frequency estimate as the
spectrum band center. This technique extracts only the beat
frequencies from the narrowband refinement spectrum by
removing the interference spectrum band range. We use
this technique to process the photon Doppler signals from
the tiny high-speed flying fragments explosion experiment.
After data processing, the beat frequency value heavily
affected by high-frequency noise can reduce the error by
up to 64.9%. The beat frequency value of the low noise signal
can be accurate to 10° Hz, equivalent to 0.775 m/s after velo-
city demodulation. This method fully considers the posi-
tioning and protection of the beat frequency characteristics.
It makes weak beat frequencies more obvious in the refined
narrowband spectrum without changing the signal ampli-
tude. This article describes a method for extracting the weak
beat frequency of the photon Doppler signal or a signal
optimization algorithm for needing high-precision beat fre-
quencies in a test environment.
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1 Introduction

Based on the optical Doppler effect, photon Doppler velo-
cimetry (PDV) technology is the most widely used noncon-
tact, ultra-high-speed micro-target velocity measurement
technology suitable for transient, high-speed measurement
scenarios such as blasting [1]. A fiber optic probe emits a
reference light to a moving object, and the same probe
receives the signal light reflected from the object. There
is a certain beat frequency between the frequency of the
light wave received by the probe and the frequency of the
emitted light wave, and the size of the beat frequency is
related to the target’s speed in the direction of motion [2].
The amplitude of the photon Doppler signal changes peri-
odically with time, and each period corresponds to a stripe.
The frequency with the largest amplitude is the beat fre-
quency, and the time interval corresponding to the max-
imum value of the stripe is the beat frequency period.
Extracting the beat frequency of the photon Doppler
signal by short-term Fourier transform (STFT) is a common
method. In the absence of high-frequency noise interference,
the beat frequency is the only single peak spectrum in each
window function spectrum [3]. The beat frequency curve of
the Doppler signal is obtained by extracting each window
spectrum’s maximum amplitude spectrum frequency. How-
ever, when using PDV technology to measure tiny high-speed
(V > 1,000 m/s) targets in engineering experiments, due to the
influence of detection environment vibration, the acquired
Doppler signal spectrum often contains a large amount of
high-frequency noise, resulting in an extremely low signal-
to-noise ratio (SNR < 0) [4]. The high-frequency noise and
photon Doppler signal will be mixed acquisition, so it was
not easy to filter out accurately. Assume that the beat fre-
quency amplitude in the window spectrum is smaller than
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the high-frequency noise amplitude. In that case, directly
extracting the maximum spectral frequency will lead to serious
errors since it is high-frequency noise and not beat frequency.
Therefore, the reliability of the beat frequency depends on the
accuracy of extracting the peak spectral position [5]. Extracting
the weak beat frequency submerged by noise from the window
spectrum is a technical difficulty and key [6].

The key to weak signal detection techniques is to elim-
inate interfering noise while protecting the target signal [7].
The most common method to extract weak signal features is
to denoise the signal as much as possible [8]. Liu et al. [9] used
an autocorrelation-based stacking method for denoising weak
microseismic signals. However, this method made the signal
amplitude attenuate seriously and difficult to recover. As the
noise power increases, the autocorrelation of the target signal
gradually decreases, so it is unsuitable for weak Doppler
signals. Mengyao et al. [10] proposed to combine with sparsity
adaptive compressive sensing and clustering algorithms to
deal with the heterodyne signal of photon echo. However,
the clustering algorithm is suitable for suppressing the Gaus-
sian white noise of the signal. Guo et al. [11] removed noise
using the wavelet threshold denoising algorithm, which is
suitable for removing low-frequency noise with relatively
uniform energy distribution in the frequency domain. Li
et al. [12] used the power spectral subtraction algorithm to
reduce signal noise, but this method is difficult to suppress
the interference of nonstationary high-frequency noise.

To accurately extract the weak beat frequency of Doppler
signals, it is necessary to ensure that the amplitude character-
istics of Doppler signals are not affected during denoising [13].
However, the noise spectrum is disordered in the window
function spectrum. The conventional denoising method cannot
remove high-frequency noise interference while preserving
the beat frequency characteristics. Therefore, this article fully
considers the positioning and protection of the beat frequency
characteristics without changing the spectrum amplitude. After
data optimization, the target signal characteristics are more
obvious in the refined narrowband spectrum after filtering
out the interference spectrum band range, allowing the weak
beat frequency to be accurately extracted.

2 Photon Doppler signal analysis
and optimization method

2.1 Influence of high-frequency noise on
Doppler signal

Figure 1 shows the system diagram of the PDV device. The
laser is a 1,550 nm 5kHz narrow linewidth laser with a
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Figure 1: System diagram of PDV device.

maximum power of 1W. The reference and signal light
form a Doppler frequency-shifted interference signal at
the 1 x 2 coupler and are acquired by the oscillograph.

When processing the signal by STFT, the STFT converts
signals within the length of the window into the frequency
domain by selecting a time-to-frequency conversion window
function and moving the window function over the signal.
To reduce the fence effect of the discrete spectrum, one
can either directly select a window function with a large
attenuation of the first side lobe or suppress the side lobe
by self-convolution of the window function [14]. The time and
frequency resolution of the STFT depends on the size of the
window length. The longer the window, the longer the inter-
cepted signal, the lower the time resolution, and the higher
the frequency resolution, which are inversely related. There-
fore, the appropriate window length is selected according to
the sampling frequency, and the window length is normal-
ized. To comply with the Nyquist sampling theorem, the sam-
pling frequency can be usually set to the same value as the
signal acquisition frequency.

The PDV device measures the velocity of tiny flying
fragments after an explosion. Figure 2 shows two sets of
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Figure 2: Two sets of photon Doppler shifted voltage signals.
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photon Doppler-shifted voltage signals from the explosion
experiment. The sampling frequency is 2 x 10'° Hz, and the
acquisition card can collect 20,000 data points in 10 ps.
Figure 3 shows the beat frequency curve of the low SNR
Doppler signal shown in Figure 2, and there are obvious
outliers in the curve affected by high-frequency noise. The
method [15] of correcting the different regions’ frequency
spectrums according to the noise interference intensity can
only provide an estimated value of weak beat frequency
completely submerged in high-frequency noise. Therefore,
further window spectrum analysis is required to obtain
accurate beat frequency values.

Figures 4 and 5 show the window function spectrum
for the 8th and 10th outlier beat frequencies shown in
Figure 3, respectively. It can be seen that the spectrum is
heavily disturbed by noise, and the noise spectrum is dis-
ordered. When the amplitude of the noise spectrum is
much larger than the beat frequency, directly extracting
the maximum amplitude spectrum frequency will lead to
serious errors. Therefore, after STFT processing, it is diffi-
cult to extract the weak beat frequency directly, which is
completely overwhelmed by high-frequency noise.

2.2 Weak beat frequency extraction method

To accurately extract the weak beat frequency from the noise
spectrum, the amplitude characteristics of the Doppler signal
need to be unaffected in the denoising process. This article first
uses the Kalman filter to obtain the optimal estimate between
the initial and predicted values of the beat frequency. The
estimated beat frequency obtained approximates the exact
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Figure 3: Beat frequency curve of low SNR Doppler signal.
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Figure 4: Spectrum diagram of the 8th window function.

beat frequency, which provides a suitable passband center
frequency f, for multiple analytical bandpass filters. The mul-
tiple analytical bandpass filter uses f, as the passband’s center
and refines the spectrum of the Doppler signal in the narrow
band range (f; ~ f;). This method can directly filter out other
interference bands, refine the spectrum near the beat fre-
quency, and make the amplitude characteristics of the weak
beat frequency more obvious in the narrow band range.

2.2.1 Design of multiple analytical bandpass filter

The design method of multiple analytical bandpass filters
is to perform complex frequency shifts on the real low-pass
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Figure 5: Spectrum diagram of the 10th window function.
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filter and move the passband center from 0 to w., and the
passhand width of the low-pass filter is w; - w{ [16]. The
shock response function h%k) of the multiple analytical
bandpass filter is a complex number with a real part h
and an imaginary part h’, as shown in Egs. (1) and (2). The
real part is even symmetric, and the imaginary part is odd
symmetric, so only half of the sequence needs to be com-
puted, where the amplitude of the bandpass part is two
and M is the half order of the filter.
hi(k) = —Isin(ko) - sin(koD];
+1,..,-1,0,1,..., M,

k=-M,-M
)]

ho(k) = %[cos(kwf) - cos(kwy)]; k=-M,-M

+1..,-1,0,1,..,M.

VA

Multiple analytical bandpass filter usually requires
adding half of the window function to improve the pass-
band’s flatness and the stopband’s ripple effect. Commonly
used window functions are rectangular window, Hanning
window, and Hamming window. To reduce the fence effect
of the discrete spectrum, the first side lobe attenuation
degree and the descent rate of the side lobe are considered
when choosing the window function. The Hanning window
has a first side lobe attenuation of up to 31dB and a side
lobe descent rate of 18 dB/octave.

After adding the Hanning window to the low-pass filter
corresponding to the multiple analytical bandpass filter
generated by Egs. (1) and (2), the spectrum of its half-pass-
band interval (0, w,) is shown in Figure 6 [17]. Point C is the
ideal bandpass boundary with an amplitude of 0.5. Section
AB is the transition zone with a width of w,, AC is the inner
transition zone, and CB is the outer transition zone. a;,as,
and a; represent the peaks of side lobes. Stopband filtering
starts at point B, and point E’s right side completely stops
filtering. A good band-stopping effect can be obtained from
C to B and then double the extension of the outer transition
zone to point E.

Figure 6: Transition band design of the low-pass filter.
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Figure 7 shows the design diagram of the transition
zone after D down-sampling. D is the refinement factor.
Draw the transition zone AB as a straight line, where B'B
is the frequency mixing zone. The transition band mid-
point C is the filter design boundary, so the passband
boundary needs to be extended from A to point D. Making
the refined band interval (0, ) represented by the shaded
region all within the straight line segment of the passband
is called the extension of the passhand design boundary.

The filter length (order) as well as the window func-
tion’s length is 2M + 1. The window function length is inver-
sely proportional to the main lobe width of the window
spectrum. The total transition bandwidth w, equals the
window spectrum’s main lobe width. So, the relationship
between the half-order M of the filter and the transition
bandwidth wl} is also inversely proportional, as shown in
Eq. (3).

Wy = 471/M. 3

The horizontal coordinate w! before D down-sampling
expands D times compared to the horizontal coordinate @’
after down-sampling. Set the width of the transition zone
before D down-sampling as cﬁl}, and after down-sampling,

the transition zone w, will be compressed by D times. w, is
shown in Eq. (4).

w, = @y/D = an/D, a> 0. @

According to Egs. (3) and (4), when determining the
external spreading coefficient a, the relationship between
the half-order M and the refinement factor D can be
obtained, as shown in Eq. (5).

M = 4D/a. (5)

As long as point A in Figure 7 is within the range [, 1.57],
the refined band interval (0, 77) can all be within the straight
line segment of the passhand. When a € [2/3, 1.2], this require-
ment is usually met and no amplitude corrections are needed
at both ends of the refined band spectrum. Therefore, in the
case of determining the external spreading coefficient a, the
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Figure 7: Design diagram of D down-sampling transition zone.
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refinement factor D, the multiple analytical bandpass filter can
be generated according to Eqgs. (1) and (2).

2.2.2 Multiple modulation zoom spectrum

The signal x(n)(n = 0, 1, 2,...,DN + 2M) is down-sampled by
constructing a multiple analytical bandpass filter h°(n) with
an ideal passband width f;/(2D). Select a sampling point at
intervals of 2D points, the number of sampling points is N,
and the sampling frequency is f,/(2D). After determining the
center frequency f,, the passhand width [-f,/(4D), f,/(4D)]
corresponds to the refined analysis interval [f, f,] [18,19].
Therefore, Eq. (6) shows the relationship between the analysis
interval [f;, f,] and the refinement factor D.

D = fI(f, = h)- (6)

After the real signal passes through multiple analytical
bandpass filters, it becomes a complex analytical signal
X(n) with a frequency in the range of (f; ~ f;). Through
the complex carrier signal s(n), the starting frequency of
the refined complex signal X(n) is moved to the zero fre-
quency point to obtain the complex modulation signal
¥ (n), and the frequency shift @ is expressed as follows:

@i = 27Dy, If... )

The complex modulation signal y (n) is expressed as
follows:

¥ (n) = X(W)s(n) = x(n)e¥@", n=0,..N-1. (©)

Then N/2 points FFT spectrum analysis on y (n) and
takes the positive frequency part. Without frequency adjust-
ment, the spectrum of the refined frequency band (f; ~ f;,)
can be represented by N/2 independent spectral lines.

2.2.3 Provide passband center frequency based on
Kalman filter

The high-speed photon Doppler beat frequency curve is a
one-dimensional variable. Because the time unit is on the
order of microseconds, the beat frequency values at adja-
cent moments are close in the case of high-frequency reso-
lution. Therefore, the beat frequency value at the k moment
can be estimated using the beat frequency value at the k-1
moment. The state equation is shown in Eq. (9), and the
observation equation is shown in Eq. (10). The initial beat
frequency Fyeqt(k) is extracted by STFT, the system models A
and H are set to 1, and the measurement noise V (k) is
greater than the process noise W (k).

X(k) = A+ Fear(k - 1) + W(k - 1), )

Weak beat frequency extraction method for photon Doppler signal
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Z(k) = H-X(k) + V(k). (10)

The weak beat frequency extraction method is as
follows:

1) The photon Doppler signal is processed by STFT, the
window length is normalized, and then each window
spectrum’s maximum amplitude spectrum frequency is
extracted to obtain the initial beat frequency value.

2) The Kalman filter is used to optimally estimate the
initial beat frequency value so that the estimated value
is close to the actual beat frequency, which provides a
suitable passband center frequency f, for multiple ana-
lytical bandpass filters.

3) Construct a multiple analytical bandpass filter and
determine parameters such as refinement factor D,
external spreading coefficient a, number of sampling
points N, and down-sampling frequency f..

4) After multiple analytical bandpass filters process the
weak signal, each refined narrow band’s maximum
amplitude spectrum frequency is extracted to obtain
the beat frequency value after data optimization.

3 Experimental signal data
processing

3.1 Low SNR signal data processing

How the algorithm is used will be illustrated in detail using
the low SNR Doppler shifted voltage signal in Figure 2. A
multiple analytical bandpass filter of width f,/(2D) is first
constructed, and a sampling point is selected at intervals of
2D points. The number of sampling points is N/2, let N be
512, and the down-sampling frequency f,/(2D) must con-
form to the Nyquist sampling theorem. The value of the
sampling frequency f, is set to 2 x 10'° Hz, the same as the
acquisition frequency of the photon Doppler signal. Refine-
ment factor D is set to 3. The external spreading coefficient
a is 1.2. The filter half-order M can be calculated by Eq. (5).
The upper and lower bounds of the extended bandpass
filter are computed using the estimated beat frequency
value of the Kalman filter as the passband center. Then,
the multiple analytical bandpass filter is generated by Egs.
(1) and (2), and finally, half of the Hanning window is
added to form the transition band.

Weak signals are selectively sampled and filtered by
the multiple analytical bandpass filter, and the signal
length must be greater than or equal to N - D + 2M. Through
data processing, the spectrum of each window takes the
optimal estimated beat frequency value of the Kalman
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Figure 8: The beat frequency curve estimated by the Kalman filter based
on the initial beat frequency curve.

filter as the passband center with 256 spectral lines, reflecting
a refined bandwidth of 3.3 x 10° Hz. Beat frequency values
are obtained by extracting the maximum amplitude spectrum
frequency of each refined and filtered windowed spectrum.

Figure 8 shows the initial high-noise Doppler beat fre-
quency curve extracted by STFT and the beat frequency
curve estimated by the Kalman filter based on the initial
beat frequency curve. It can be seen that the beat fre-
quency curve estimated by Kalman filtering is relatively
smooth and conforms to the growing trend of the initial
beat frequency curve but greatly reduces the error of the
abnormal beat frequency values, which can be regarded as
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Figure 9: Filtering and refinement spectrum of the 8th window function.
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Figure 10: Filtering and refinement spectrum of the 10th window
function.

a filtering process, such as the beat frequency estimated in
the 8th and 10th window functions spectrum. Therefore,
the passband center frequency can be provided for the
multiple analytical passband filter.

The filtering and refinement spectrum of the 8th and
10th window functions are shown in Figures 9 and 10,
respectively. The filtering and refinement spectrum band-
width is all 3.3 x 10° Hz, but the spectrum band’s center
frequency changes with the Kalman filter’s estimated beat
frequency value.

As shown in Figure 11, by comparing the 10th window
function spectrum before and after data optimization, this
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Figure 12: The comparison of low SNR Doppler beat frequency curve
before and after data optimization.

data optimization method can directly filter out the inter-
ference of unrelated spectrum bands and accurately refine
the spectrum near the beat frequency signal. In the narrow
band range, the amplitude characteristics of the Doppler
signal are more evident.

As shown in Figure 12, the beat frequency curve is stable
and smooth after data optimization. The beat frequencies of
the 8th and 10th window function spectrum, completely
drowned by noise in the initial beat frequency curve, can
also be extracted accurately.
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Figure 13: The beat frequency curve estimated by the Kalman filter
based on the initial beat frequency curve.
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Figure 14: The comparison of high SNR Doppler beat frequency curve
before and after data optimization.

3.2 High SNR signal data processing

The algorithm’s reliability is verified by the high SNR
Doppler signal in Figure 2. As shown in Figure 13, the initial
beat frequency curve has been relatively smooth by STFT,
and the Kalman filter estimated beat frequency curve
is close to the initial beat frequency curve. The signal
is refined and filtered by constructing multiple analytical
bandpass filters with the beat frequency value estimated by
the Kalman filter as the passband center. Then, the max-
imum amplitude frequency of each narrowband window
spectrum is extracted.
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Figure 15: Error bar chart of two sets of photon Doppler signals.
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Table 1: Eight sample points before and after data optimization starting from 0.5 ps in Figure 14

Sample point 1 2 3 4 5 6 7 8

Low SNR signal initial beat frequency/GHz 2.959 1.084 3.027 5.000 3.057 3.066 3.115 3.145
Beat frequency after data optimization/GHz 2.960 2.993 2.997 3.033 3.050 3.063 3121 311
High SNR signal initial beat frequency/GHz 3.135 3.164 3.193 3.213 3.223 3.242 3.252 3.262
Beat frequency after data optimization/GHz 3.123 3.165 3.190 3.212 3.216 3.240 3.249 3.267

As shown in Figure 14, the beat frequency curve after
data optimization almost coincides with the initial beat
frequency curve, but the beat frequency value after data
optimization is more accurate.

3.3 Comparison of errors before and after
data optimization

Figure 15 shows the error bars of two sets of photon Dop-
pler signals. Among them, the low SNR Doppler signal
shows that the error is significantly reduced after data
optimization for the beat frequency signal completely sub-
merged by high-frequency noise. In addition, the high SNR
Doppler signal verifies the algorithm’s reliability.

Table 1 shows eight sample points of beat frequency
values before and after data optimization of the low and
high SNR Doppler signal starting from 0.5 ys in Figure 15.
The relative error ¢ is calculated as shown in Eq. (11). Divide
the absolute value of the difference between the pre-optimi-
zation value X;, minus the postoptimization value X, by the
postoptimization value.

|Xb ~ Xa|
€= Tx an

Observing the beat frequency values in the second and
fourth groups of low SNR signal showed that the beat fre-
quency values with the most serious errors were reduced by
63.8 and 64.9%, respectively, after data optimization. According
to the classical velocity demodulation equation [20], the wave-
length is 1,550 nm, and this algorithm maximum can reduce
the instantaneous error of 1,524 m/s. By observing the high SNR
signal, the data-optimized heat frequency can be accurate to
10°Hz, equivalent to 0.775 m/s after speed demodulation.

4 Conclusions

When the photon Doppler signal is interfered with by high-
frequency noise, it is difficult to extract the weak beat fre-
quency completely submerged in the noise by conventional

denoising methods. Therefore, this article first estimates the
value of the beat frequency by the Kalman filter and then
builds a multiple analytical bandpass filter to refine the
spectrum of the high noise signal with the value of the
beat frequency estimate as the spectrum band center. This
technique only extracts the beat frequency from the narrow-
band refinement spectrum by removing the interference spec-
trum band range. Therefore, it is possible to accurately extract
weak beat frequency completely submerged in noise while
preserving the amplitude characteristics of the Doppler signal.
We introduce the use method of this algorithm through low
SNR photon Doppler signals, with a maximum beat frequency
error reduction of 64.9%. The high SNR photon Doppler signal
verifies the algorithm’s reliability, and the beat frequency
accuracy can reach 10° Hz after data optimization. The advan-
tage of this algorithm is that it is repeatable and makes the
characteristics of weak beat frequency more prominent by
removing the interference spectrum band range without
changing the amplitude characteristics of the Doppler signal,
thus avoiding the errors caused by affecting the spectrum
amplitude in conventional denoising methods.
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