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ABSTRACT. It is critical in ballistic studies to achieve accurate and continuous mea-
surements of the motion parameters for in-bore projectile. This paper presents a signal
processing method for W-band Doppler radar based in-bore projectile monitoring with
the time-frequency analysis and digital image processing combined techniques. Firstly, a
concentration measure based improved time-frequency peak filtering (ITFPF) method is
presented as a pre-processing step to reduce noise. Next a time-frequency image ridge
extraction and optimization method is proposed based on the curvilinear structure detec-
tion and mathematical morphology (MM). Finally, least square fitting is employed to fit
the optimized time-frequency ridge point set with a polynomial function, with which the
instantaneous frequency (IF) of the signal is estimated. Thus, the motion parameters of
the in-bore projectile could be correspondingly extracted. The presented simulation and
experiment results demonstrate the effectiveness and accuracy of the presented method.
Keywords: Time-frequency peak filtering, Image processing, Instantaneous frequency
estimation, Projectile parameters measurement

1. Introduction. It is critical to obtain accurate and continuous measurements of the
motion parameters for in-bore projectile in areas of artillery design, development and
production. Various measurement techniques have been applied which involve direct mea-
surement of in-bore projectile velocity, such as magnetic flux sensors (B-dot probes) [1,2],
optical interferometry using velocity interferometer system for any reflecter (VISAR) [3]
and photonic Doppler velocimetry (PDV) [4], and Doppler radar [5-7]. However, the
B-dot probes technique is limited by the linear density with which the probes can be
installed along the length of the launcher as well as the accuracy with which the probes
can be calibrated [2], and it is impractical for routine use. Optical interferometer requires
specialized equipment and precise setup and calibration to achieve a high temporal and
spatial resolution, and this limits its practical industrial application. Doppler radar has
been demonstrated on small caliber railguns for velocities up to 1200 m/s [6] and 2000 m/s
[5]. Though Doppler radar cannot produce high resolution as Optical interferometry tech-
nique, it can be reassembled and amended for extensive test series and is advantageous
over other techniques for this flexibility. Recently, a W-band millimeter wave Doppler
radar is developed to measure the motion parameters of in-bore projectiles. Compared
to the Doppler radar system working at microwave band, the developed millimeter wave
radar possesses the merits of smog penetration and higher resolution.
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Many researchers have been researching on radar signal analysis for in-bore projec-
tile observation. [8] calculated the projectile velocity by finding the zero crossings of
its reflected signal, since the time differences of adjacent zero crossings establish half-
wavelengths. However, the resolution of this method is poor when the projectile velocity
is low because of the long sine wave periods associated with slow velocity. Also, mod-
ern signal processing methods have been employed in motion parameter measurement
for in-bore projectile, such as the generalized demodulation, the generalized S-transform,
Hilbert transform [9,10]. However, the generalized demodulation and the generalized S-
transform method require manual estimation of signal phase [11,12]. When the signal to
noise ratio (SNR) is low, the phase estimation error is too large to deteriorate the result
of the subsequent motion parameters. Regarding to Hilbert transform method [13], it is
based on signal phase computation yet phase unwrapping is not only complicated but
also suffers from low SNR.

The developed W-band Doppler radar suffers from lower SNR of in-bore projectile
measurement, due to a low emission power. To enhance the signal corrupted by noises,
time-frequency peak filtering (TFPF) is proposed in [14] and has been proven to be able
to accomplish a clean recovery of signals for SNR as low as —9dB. The conventional TFPF
exploits a fixed window length for the pseudo Wigner-Ville distribution (PWVD) analysis
of nonstationary signals [14,15]. However, a short window length cannot suppress the
random noise effectively and a long window length leads to a serious estimation bias and
consequently a distortion of the recovered signal. The optimal window lengths should
vary with the frequencies of the nonstationary signal. Aiming at improving the short-
comings of conventional TFPF, the ITFPF which determines the optimal window lengths
for the nonstationary signal is proposed to achieve a better performance in this paper.
And a signal processing method is presented by incorporating ITFPF and digital image
processing technique. Here the ITFPF is exploited as a pre-processing step to promise
a good performance in low SNR environment, and digital image processing technique is
employed to extract the time-frequency ridge. The presented method is focused on the
ridge extraction of signal time-frequency representations and it is non-fastidious about
the time-frequency distributions.

This paper is organized as follows. Section 2 introduces the developed system for motion
parameter measurement and gives the velocity expression of the in-bore projectile. In
Section 3, the presented ITFPF for signal pre-processing is described in detail, and the
time-frequency ridge extraction method based on curvilinear structure detection and MM
is illustrated in Section 4. Section 5 demonstrates the effectiveness and accuracy of the
proposed method by processing some of the simulated and experimental data. The last
section is the conclusion.

2. System Description. The developed W-band radar consists of the antenna, the local
oscillator, the circulator, the mixer, the video frequency amplifier, the low-pass filter and
the digital signal processing unit. The measurement setup is shown in Figure 1 and it is
seen that a reflector is placed in front of the artillery. Also a laser indicator is mounted
right beside the radar antenna for alignment, as shown in Figure 2, to make sure that the
projectile is illuminated by the radar beam before measuring.

During the system working, the radio frequency signal generated by the local oscillator
transmits through the circulator and antenna, and propagates to the reflector placed on
the bore axis. Then the signal is reflected to illuminate in the bore. The scattered echo
by the projectile propagates back along the same path and is received by the antenna.
The received signal is mixed with the local oscillator signal, amplified by the video fre-
quency amplifier and then processed by the digital signal processing unit. And the output
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FiGURE 1. Illustration of the developed system measurement setup

FicUre 2. Photograph of the radar to measure the motion parameters of
in-bore projectile

intermediate frequency signal can be expressed as

S;(t) = A; cos [zﬂ </ fa(t)dt — Qf()CR“)] , (1)

where A; is the amplitude, f;, is the working frequency of radar, R, is the initial range
between the projectile and radar, ¢ is the speed of light, f;(¢) is the Doppler frequency
caused by the motion of the projectile and can be calculated as

falt) = 220, 0), 2)

where v,(t) is the velocity of projectile. Due to the wave propagation mode in bore, the
final projectile velocity v,(t) should multiply v,(¢) by a correction factor of M, [7], and
thus

Cfd (t)

up(t) = M, - vp(t) = M, - 2fy

(3)

where

M, = ! (4)

. 1.841 x ¢ \ 2
7T><d><f0

and d is the diameter of the barrel bore.
To achieve v,(t) from signal S;(t), a new method is proposed by incorporating the
ITFPF method and digital image processing technique. The algorithm is stepped as:
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(1) Use the presented ITFPF to reduce noise of the original measurement signal and
get the two-dimensional time-frequency representation of the de-noised signal via time-
frequency analysis. The ITFPF principle and implementation steps are introduced in
Section 3.

(2) Extract the ridge structure of the signal time-frequency representation with the
proposed ridge detection method based on gradient determination. Then the detected
ridge outline is optimized to get the ultimate time-frequency ridge with MM operators.
This is described in detail in Section 4.

(3) Fit the time-frequency ridge data by least square fitting technique and estimate the
signal TF with a polynomial function.

Then the velocity of projectile in-bore can be calculated through Equation (3) once the
signal TF has been estimated. Correspondingly, the acceleration and travelled distance of
the projectile can be deduced by derivation and integration respectively.

3. Improved Time-Frequency Peak Filtering. Conventional TFPF reconstructs the
signals submerged in additive noise by encoding the noisy signal as IF of a frequency
modulated analytic signal with constant amplitude. IF estimation of encoded analytic
signal is then performed using the peak of PWVD to restore signal. However, the proper
window length selection of PWVD is crucial for the bias of IF estimation increases with
the window length and variance decreases. Due to the optimum window length result-
ing in excellent time-frequency distribution concentration, we present an ITFPF method
that determines the best window length of TFPF based on the measure for distributions
concentration. For the complex signals, some measures of the ratio of distribution norm,
entropy, and distribution energy that all based on the distribution norms are employed
[16-18]. Here the concentration measure criterion proposed in [16] is adopted:

M[P,] = (ZZ | P (n, k)ll/”) (5)

n=1 k=1

where P,(n, k) denotes the discrete time-frequency representation of the signal x(n), and
SN S Pu(n,k) = 1 being the normalized unbiased energy constraint, and p > 1.
In reality, there is no sharp edge between zero and non-zero elements of the signal time-
frequency representation, so the value of M[P,] could be sensitive to small values of
P.(n, k) for a large p. The robustness may be achieved by using lower-order forms with
p=2or 4 [17]. In this paper, p is set to be 2.

1) Using frequency modulation to encode the original noisy signal. In practice, the
signal is modelled to be corrupted by additive noise:

2(t) = s(t) +n(t), (6)

where s(t) is signal, and n(t) is the additive noise. Encode signal x(t) via frequency
modulation as

a(t) = PO = 2 ()20 (1) 7)

where z,(t) = /™ S SNAA o (1) = e 2TH o nVAA “and g is a scale parameter similar to
the frequency modulation index. Through this transformation, the additive noise turns
into a multiplicative noise, and the IF of signal z,(¢) is s(¢). So the signal s(¢) can be
recovered by estimating IF of signal z,(t).

2) Assuming that z,(nT) is a discrete version of the continuous encoded signal z,(?),
then the WVD with a rectangular window wy,(nT) = T'/h-w(nT/h) for the window width
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of h can be calculated by
P, (t,w) = Z wp(nT) 2z (t +nT) 2k (t — nT)e 72" (8)

n=—oo

where wy,(nT) = T/h - w(nT/h) and w(t) is a real-valued symmetric window, 7' is the
sampling interval. To determine the optimum window length from a wide region of pos-
sible values, the steepest descend approach is employed. The iteration procedures can be
described as
MI[P,,; hi] — M[P,,; hini] 9)
hm - hm—l ’

where M[P,_; hy,| denotes the concentration measure of WVD distribution with the win-
dow length hy, of the encoded signal z,(nT), w, is the step. The item 2P ;h”:j:}]l/fn[l_)jz ihm—1]
in Equation (9) is implemented to calculate the gradient OM[P,,|/0h. The initial window
lengths are small values and the above iterations start from a low-concentrated distribu-
tion to the maximally concentrated one which has a minimum concentration measure with
the increment of window length. The optimum window length is acquired when the error
between h,, and h,,_; is less than a set value as the M [P, ; h,,] reaches to the minimum
and thus the gradient OM[P,,]/0h is close to 0. In this paper, the algorithm is stopped
when |h,, — by ] < 2.

3) Estimate the peak of PWVD with the optimum window length to restore signal s(t).
The original signal s(t) can be recovered by

arg max,| P, (t,w)]

§(t) = @, (1) = .

To improve the estimation of motion parameters for in-bore projectile in extremely low
SNR, the iterative ITFPF algorithm is applied in which the ITFPF process is repeated
on the estimated signal until a satisfied estimation is achieved. The iteration number in
the paper is selected as three by experience.

hm—l—l = hm — Hhn

(10)

4. Time-Frequency Ridge Extraction with Image Processing Technique. The
ridge of non-stationary signal time-frequency representation depicts the energy concen-
tration and frequency variation over time. It is often extracted to estimate the TF of
components for signal classification and recognition. The two-dimensional representation
of a signal in the joint time-frequency domain has led to the use of digital image process-
ing techniques to extract IF. [19] presented a local peak detection and component linking
method for estimating the IF of newborn electroencephalography (EEG) signals. Terrien
et al. applied active contours or snake algorithms to the analysis of uterine electromyo-
gram signal during gestation in monkeys [20]. As regarding to this paper for in-bore
projectile motion parameter measurement, a novel ridge extraction method is proposed
based on the idea of curvilinear structure detection [21]. The gradient of every pixel of
the time-frequency representation image is calculated to determine whether it is the can-
didate of the ridges. If so, the position and orientation of the pixel are recorded. The
gradient is calculated through the first derivative.
Suppose the time-frequency representation of the signal is

z = P(t,w), (11)
and the gradient of z is correspondingly

2= P'(t,w). (12)
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In the discrete case, the difference between the pixel value and that of the adjacent
pixel could be considered as the gradient. To achieve an all-around result, pixels in the
neighbour are taken into account. In this paper, a region of 5 x 5 is chosen to calculate
the gradient of every pixel, which is also conducive to noise reduction.
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Ficure 3. Illustration of a 5 x 5 region for gradient calculation

Figure 3 illustrates a 5 x 5 region for gradient calculation. As is shown, the gradi-
ent values of every pixel (i,7) of the time-frequency representation image are calculated
along 0°, 45°, 90° and 135° direction respectively, of which the maximum is taken as the
final gradient value. Specific to 90° direction for example, the gradient of pixel (i, j) is
calculated as:

Goo = MFy + Mo Fo + A3F5 + M\ Fy, (13)

where A, (p =1,2,3,4) is the weight factor, and Fj, (¢ = 1,2,3,4) is defined as:

Fro=fi—1,5) = f(i,)),
if f(i,7) < f(i—1,7)
By = fi+1,5) = (i, 7),
if f(i, ) < f(i+1,7)
Fy=1[0.3f(i—2,j—1)+04f(i—2,7) +0.3f(i —2,5+1)] — f(i —1,5),
if f(i—1,7) <[0.3f(i—2,j —1)+0.4f(i —2,7) +0.3f(i —2,j +1)]
Fy=1[03f(i+2,7—1)+04f(i+2,7)+03f(i+2,j+1)] — f(i +1,5),
if f(i+1,7) <[03f(i+2,5—1)+04f(i+2,7) +0.3f(i+2,5+1)] (14)

Gradients along other directions can be achieved similarly and the maximum of the
four is selected as the final gradient value.

Gmax = maX(Go, G5, Goo, G135) (15)

If Gmax is greater than a predetermined threshold Gy, then the pixel (7, j) is marked
as a successful candidate point and the time-frequency ridge structure which has a sort
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of “width” is obtained. The threshold G; could be a global constant or an adaptive local
variable for specific time-frequency representation image. The global threshold is adopted
in this paper to simplify analysis.

After that, MM method [22] is employed to deal with the geometry of the image to
get a thinned ridge. Its primary idea is to collect image information with a structure
element, carrying shape, size, gradation, chroma and other information — when the struc-
ture element is moving continuously in the image, the interrelation of various parts in the
image can be examined to obtain structure characteristics. As the velocity of projectile
varies increasingly with time in the bore, the IF of Doppler radar signal also changes with
time and is commonly depicted with a polynomial function of the time. Lastly, the least
square fitting technique is employed to fit the extracted ridge data and the IF estimation
is realized to extract the velocity profile.

5. Results.

5.1. Simulation results. To assess performance of the proposed algorithm, a cosine
signal with the third order polynomial phase is considered as radar output in simulation.

Sf(t) = COS [271' (b() + blt + bth + b3t3)] . (16)

The signal of length N = 1024 in this performance assessment has a sampling frequency
of f¢ = 1000Hz, phase function coefficients of by = 20, by = 568, by = —754, and b3 = 502.
White Gaussian noise (WGN) was then added to obtain noisy signal with SNR = 0dB.
The noisy signal is preprocessed by TFPF of 3 times iteration first and the de-noisy signal
is then analyzed with PWVD and the attained signal time-frequency grayscale image is
shown in Figure 4. Then the proposed curvilinear structure detection method and MM
are applied to the two-dimensional grayscale image, and the optimized ridge structure is
extracted as shown in Figure 5. Then the extracted ridge data is fitted with a polynomial
function using least square fitting to realize [F estimation. As can be seen from Figure 6,
the estimated IF of simulated signal is quite close to the formula IF.

To evaluate the proposed algorithm performance, noisy signals are obtained with SNRs
in the range of 10dB down to —10dB with the step of 2dB. And Monte Carlo simulation
with 100 realizations is employed for each SNR. The calculated mean square error (MSE)
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FIGURE 4. The de-noised signal time-frequency representation
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FI1GURE 6. Estimated IF of simulated signal compared with ideal IF

is given in Figure 7. Also, the results without pre-processing and with conventional TFPF
are given for comparison.

From Figure 7, it is seen that the algorithm breaks down and fails to extract the
true ridge of signal time-frequency representation for lower SNR than —2dB without
pre-processing, while the algorithms still work well with both TFPFEF and ITFPF pre-
processing applied even when SNR is low down to —10dB. Also the MSEs of ITFPF are
about 2.7dB smaller than that of TFPF. It means that the proposed ITFPF has a better
ability to improve SNR compared to the conventional TFPF.

The computational complexity of the algorithm is mainly considered in the first two
stages. As the most complex part of the ITFPF pre-processing and time-frequency repre-
sentation of the de-noised signal is PWVD, its computational burden is discussed. Given
the discrete implementation of PWVD with data length of N and the window length of
Nw, there are 2N Ny (2 + log, 2Ny ) complex multiply operations and 4N Ny log, 2Ny,
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FIGURE 7. MSE results from Monte Carlo simulations for IF estimation

complex add operations needed for the algorithm. For a signal time-frequency image of
N, pixels, the ridge structure detection in the image processing stage costs about 52NV,
multiply operations and 44V, add operations.

5.2. Experimental results. Also to verify the proposed method for in-bore motion
parameter measurement application, a group of pyrotechnic propelled 152mm howitzer
projectile experimental data is acquired. The shape of the front of projectile is ogival and
the W-band Doppler radar working center frequency is 94.3GHz, and the acquired signal
in time domain is presented in Figure 8.

Due to the large experimental data length, the acquired signal is divided into several
pieces by similar processing procedure as simulation to avoid extremely high computer
memory requirement. Then the individually processed result is linked together to form a
final ridge. The IF is estimated by fitting the ridge data with a polynomial function using
least square fitting. As presented in Figure 9, the estimated velocity profile is obtained
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FIGURE 8. The acquired experimental data
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Ficure 9. Extracted velocity profile of the in-bore projectile
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FiGURE 10. Calculated acceleration profile of the in-bore projectile

with Equation (3). Also the acceleration and position profiles over time are deduced and
shown in Figure 10 and Figure 11, respectively.

The results show that the velocity of the in-bore projectile is up to maximum 751m/s,
also muzzle velocity, at around 8.45ms. The total travelled length of projectile in this ex-
periment is approximately 3.23 meters. Compared with the physical measurement length
3.3 meters taken before the shot, the error of 0.07m can demonstrate the accuracy of the
algorithm.

6. Conclusion. In this paper, a method incorporating ITFPF and digital image process-
ing technique is proposed to process the signal of projectile in-bore. The pre-processing
of iterative ITFPF effectively reduces noise and greatly enhances the signal even in low
SNR. Then the two-dimensional signal time-frequency representation of the de-noised
signal is obtained via time-frequency analysis for ridge extraction with image processing
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FIGURE 11. Calculated position profile of the in-bore projectile

technique. The curvilinear structure is successfully detected by the proposed algorithm
and then the thin time-frequency ridge is obtained through MM. Finally, the IF of the
signal is estimated by least square fitting with a low order polynomial function, which
correspondingly realizes the motion parameter measurement of the projectile in-bore.
Simulation and experiment results show the proposed method can accurately estimate
the projectile’s relevant motion parameters in-bore, and verify the effectiveness of this
method.

As the time-frequency ridge extraction is implemented by image processing, the mo-
tion parameter estimation of the projectile in-bore is achieved automatically and rapidly.
Human intervention that exists in some other methods is NOT required in this proce-
dure. However, a threshold is set artificially as regarding to the procedure of curvilinear
structure detection, which determines the width of curvilinear structure. Further research
will focus on threshold selection of the gradient time-frequency representation to ensure
extracting a more accurate time-frequency ridge line.
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