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ABSTRACT This study proposes a hybrid radar sensor that can monitor the behavior of projectiles in near
real-time in a soft recovery system (SRS) to verify the high-impact characteristics of key components in
smart ammunitions. The sensor comprises a frequency-modulated continuous wave (FMCW) radar mode to
check whether the soft recovery of the projectile is normal after being launched and a CW Doppler radar
mode to estimate the projectile velocity, distance traveled, and deceleration characteristics during the test.
As the proposed sensor is installed inside a 155.8 mm circular tube, 1.4 GHz is chosen as the operating
frequency to ensure that the sensor only operates in the dominant mode. Moreover, the radar equations in
free space are modified to consider radar operation inside the tube and ensure accurate calculations. A hybrid
radar sensor is installed and operated inside an SRS test device. The position of the projectile after the test
is determined from the positions of the peaks of the receiving signals in the FMCW mode. The projectile
velocity, traveling distance, and decay velocity are accurately predicted using the CW Doppler mode.

INDEX TERMS CW Doppler radar, FMCW radar, hybrid sensor, SRS.

I. INTRODUCTION

With the recent development of guided missiles and smart
munitions, electronic components, such as drive systems,
global positioning systems (GPS), guidance systems, and
electronic fuzes, are now being installed inside guided mis-
siles and munitions. However, unlike guided missiles, which
have a backward inertia of a few tens of g (acceleration due
to gravity), smart munitions are subjected to high backward
inertial forces of up to 15,000 g upon the initial launch,
requiring high impact resistance properties for their embed-
ded components [1], [2].

Therefore, firing tests are essential for verifying the impact
resistance properties of components in smart munitions. In an
actual firing, it is difficult to retrieve fired projectiles to
check the status of the internal components; even if retrieval
is possible, it is difficult to distinguish whether the failure
occurred during firing or upon impact with the target or
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ground. To solve this problem, various methods have been
proposed to safely retrieve projectiles without impacts other
than firing [3], [4], [5], [6], [7], [8].

In the ballistic rail gun test [3], [4], a test shell with a water-
scoop shape, instead an ogive nose, was fired into an inclined
water-filled tube, and the interaction between the water scoop
and water in the tube resulted in soft recovery. The test shell
characteristics were obtained using a frequency-modulated
(FM) telemetry transmitter mounted on a water scoop, which
transmitted real-time acceleration, pressure, and strain sensor
signals in the shell cavity. This method advantageously recov-
ers the shell at a short distance but can only test the impact
immunity of the devices or internal components.

Chung et al. [5] proposed a method in which a projectile
slowed as it passed through multiple thin metal plates for soft
recovery. The projectile velocity was measured based on the
breakage time of the thin aluminum plates and the position of
each aluminum plate. However, their method is time consum-
ing and expensive, and unwanted loads are imposed on the
test projectile. Therefore, ballistic compression decelerators
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FIGURE 1. Configuration of the SRS.

are preferable [6], [7]. These soft recovery system (SRS) tests
facilitate the conduction of many test trials using projectiles
equipped with onboard recorders [8], [9], [10], comprising
single-or multichannel accelerometers and data recorders,
to establish the launch conditions of the projectile before the
actual shell test. Onboard recorders provide an accurate view
of both the launch and in-tube behaviors.

However, they require a large amount of time to verify
the data after the test, which is disadvantageous because
they have the possibility of being damaged by excessively
high-impact test conditions after a few repeated tests. Hence,
real-time verification cannot be performed using onboard
recorders. Real-time data measurements in the shell can be
performed using laser telemetry [11]. This method requires a
mirror and lens in front of the muzzle to receive the telemetry
signal. However, it can cause damage during testing.

In this study, a hybrid radar sensor [12] with a frequency-
modulated continuous-wave (FMCW) radar mode and a CW
Doppler radar mode is proposed to measure the behavior of a
projectile moving in the tube of an SRS device. The velocity
of the test projectile was measured in real time using actual
test data. The proposed sensor can be used semipermanently,
and the behavioral characteristics of the projectile can be
checked immediately after the test, drastically reducing the
time between multiple tests and the number of pretests to
ensure good test conditions.

CW Doppler radars have been employed to analyze the
behavior of artillery shells [3], [4], [13], [14], [15]. However,
the methods reported in [3], [4], and [13] were used to mon-
itor behavior in free space after muzzle departure, instead of
inside the tube. In [14] and [15], a W-band high-frequency
Doppler radar was adopted; the approach in [14] was only
applicable to systems with an open rear, such as rail guns.
In [15], similar to [11], a metal plate that reflected radio
waves was placed in front of the muzzle to measure in-cavity
behavior. However, the method is not applicable to the SRS
system in this study because the SRS tube is long and contains
a diaphragm and a piston.

In Chapter II, the feeder of the monitor sensor and
design of the proposed hybrid radar sensor are described.
In Chapter III, the measured characteristics of the fabricated
monitor sensor are presented, and the results of the SRS test
using the fabricated hybrid radar sensor are analyzed when
operating in the FMCW and CW Doppler modes. Finally, the
conclusions are presented in Section IV.
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Il. DESIGN OF A HYBRID RADAR SENSOR

In [12], we proposed a hybrid radar sensor with FMCW and
CW Doppler radar modes as a new monitoring method to
measure the velocity of a projectile moving within the circular
tube of an SRS system, as shown in Fig. 1. This was designed
and developed for the soft recovery of a 155 mm test projectile
launched at a supersonic speed with a 179 m compression
decelerating tube. Herein, we describe its implementation and
experimental verification. The design of each component is
discussed in the following sections.

A. PRINCIPLE

The circular tube of the SRS shown in Fig. 1 comprises a
circular metal pipe with a diameter of 155.8 mm to guide a
155 mm bullet. It is crucial to select an operating frequency
that enables the radar signal to exist within the circular tube.
For this purpose, a circular tube was modeled as a circular
waveguide, as shown in Fig. 2, and the attenuation charac-
teristics [16] of each mode in the circular waveguide were
calculated. The lowest metallic conductivity of the circular
tube of the SRS (material SNCM439, metallic conductivity
(0)=1,818,182[17] t0 4,350,096 S/m [18]) was applied, and
the attenuation characteristics for the dominant mode, TE11,
and the three higher-order modes were plotted.

In Fig. 2, it is shown that the operating frequency for
single-mode operation within the circular tube of the SRS
should be selected between fc rr11 = 1.1334 GHz and
fc.tmo1 = 1.4807 GHz. A frequency of 1.4 GHz was selected
in this study.

Considering the radar sensor proposed in this study is
operated within a circular waveguide, unlike radars operated
in free space, the transmission velocity is not equal to the
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FIGURE 2. Attenuation of various modes in a tube (circular waveguide
with a = 155.8 mm, conductivity of metal = 1,818,182 S/m).

123651



IEEE Access

M.-S. Jung et al.: Design of a Hybrid Radar Sensor to Monitor the Behavior of a Projectile

speed of light but the group or phase velocity in the tube [19];
the radar equation must be modified to consider this principle.
In addition, because the metal diaphragm and piston block
certain sections, errors may occur in modeling a circular tube
as a perfectly circular waveguide before launch and when the
projectile is prior to the initial diaphragm position.

However, because the distance to the diaphragm is large
compared to the diameter of the round tube, and it is open
in the direction of the gun barrel, the influence of additional
resonant modes is considered negligible [20].

1) FMCW RADAR MODE
In the proposed hybrid radar sensor, the FMCW radar was
used to determine the position of the projectile after firing.
As the CW Doppler radar cannot measure the distance if the
target does not move, another sensor that can measure the
distance using common hardware was designed. On the other
hand, the FMCW radar can also measure the velocity, i.e., the
Doppler signal; however, it has the limitation that the projec-
tile inside the SRS has the fastest velocity at a distance of
zero meters, which inevitably leads to a region with negative
intermediate frequency (IF) values. This requires complex
circuits and signal processing to solve the Doppler ambiguity
in measuring the velocity of the initial projectile. Therefore,
we attempted to implement a hybrid sensor that can operate
as both radar sensors in one system, primarily because the
desired goals cannot be realized by operating the FMCW
radar and CW Doppler radar alone.

The distance equation for an FMCW radar with triangular
wave modulation in free space is given by (1) [21].

Dpo = (¢ X fp)/ (4Xf Xfm), ey

where ¢ (m/s) is the speed of light in free space,
2.998x 108 m/s, f(Hz) is the received beat frequency, f is
the frequency bandwidth of the FMCW radar, and f;,(Hz) is
the triangular modulation frequency.

Because the FMCW mode of the proposed monitor sensor
operates within a circular waveguide, the speed of light in
free space should be substituted by the speed in the tube
(Ag,TE11 %f0), as shown in (2).

Dy, = (hgrEN Xfo X f)/(4 X [ Xfim), 2

where, the guide wavelength A, 7£11 in TE11 mode of the
circular waveguide is given by

2
hoen =27\ [ = (Pren/y) 3)

kg is the wave number in free space, p/TE” is the propaga-
tion constant of the TE11 mode in a circular waveguide, and
a is the radius of the SRS tube, i.e., the radius of the circular
waveguide [16], [21].

2) CW DOPPLER RADAR MODE
Another CW radar mode of the proposed hybrid radar sensor
was used to measure the projectile traveling velocity. In a
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typical CW Doppler radar, velocity V)0 (m/s) of the projectile
is expressed as a function of wavelength X in free space and
Doppler frequency f; (Hz), as shown in (4) [21].

Vpo = (Mo xfa)/2. “4)

Because the proposed radar sensor is operated inside
a circular waveguide excited in TEI1 mode, the wave-
length )¢ in free space should be replaced by the guide
wavelength Ag 7£11 in (3) and changed as shown in (5).

Vp = (g 1E11 Xfa)/2. (5

The velocity of the projectile can be calculated from the
Doppler signal measured inside the circular tube using (5),
from which the distance and deceleration can be calculated.

B. FEEDER

The feeder was designed to ensure that the TE11 mode was
properly fed into the circular tube at the selected operating
frequency, as shown in Fig. 3. A coaxial line feeder protruding
from the inner side of the circular tube could not be applied
to this sensor because it interfered with the movement of
the projectile in the circular tube of the SRS. Additionally,
a protective cover may be required to prevent the entry of
gunpowder dust generated during firing.

Considering these situations, a rectangular waveguide was
selected and attached to the aperture, and the coaxial line
was fed into this rectangular waveguide. In detail, at the
junction of the feeder and SRS tube (cross-section (a) in
Fig. 3), the E-field of the TE10 mode, the main mode of
the rectangular waveguide, is parallel to the y-axis, whereas
inside the SRS device (cross-section (b) in Fig. 3), the E-field
of the TE11 mode, the main mode of the circular waveguide,
is excited parallel to the y-axis, such that radio waves can be
transmitted without interfering with the projectile motion.

The detailed design parameters of the rectangular wave
feeder are shown in Fig. 4, and the design values of each part

Cross-Section of Fig. 4

Cross-Segction ()
Z-axis %—-X-axis

Aaxis (& Z-axis

vLe  akbRiL, i

Cross-Section (a} Cross-Section (b)

FIGURE 3. Feeder installation and the excited modes on the feeder joint
and SRS tube.
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FIGURE 4. Configuration of the feeder.

TABLE 1. Design parameters of the feeder.

Contents Design Values (A0) Contents Design Values (A0)
Wisrs 0.630 WrEEDER 0.770
Hsrs 0.233 Hrgeper 0.385
Lsrs 0.150 Leeeper 0.909
Lcover 0.093 Roc 0.024
Whec_cover 0.723 Rici 0.007
Hec cover 0.327 Hic 0.032
Lec_cover 0.047 Rie 0.003
DcoaxiaL 0.269 Hic 0.243

are listed in Table 1. The fabricated feeder is shown in Fig. 5.
Its reflection coefficient (S11) and insertion loss (S21) were
measured via a back-to-back measurement method using a
network analyzer, as shown in Fig. 5. These characteristics
are similar to the analysis results obtained using the CST
STUDIO SUITE™, as depicted in Fig. 6.

C. HYBRID RADAR SENSOR

The proposed hybrid radar sensor was designed, as shown in
Fig. 7, based on the patent in [12]. Ref_OSC was generated
by bandpass filtering the signal through a phase-locked loop
(PLL). Center frequency fO was generated using a direct
digital synthesizer (DDS). Using a divider, half of the signal
was sent to the amplifier, low-pass filter (LPF), combiner, and
finally to the feeder. We used a combiner instead of a circu-
lator here because the lower cost and the robustness against
the shockwaves from artillery fire. At this time, through DDS
control using a digital signal processor (DSP), the transmitted
signal and local oscillator signal of the In-phase and quadra-
ture (IQ) mixer were generated as an FMCW or a CW signal
such that it could be independently operated in two modes.
The signal transmitted from the feeder to the circular tube
was reflected by the target, then it was received. The received
signal was shifted by a beat frequency proportional to the
projectile position (distance) in the FMCW operation mode

VOLUME 11, 2023

FIGURE 5. Fabricated feeder and the back-to-back experimental
configuration for the S-parameter measurement.
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FIGURE 6. S-parameter results of the feeder.

or by a Doppler frequency generated by the projectile velocity
in the CW Doppler operation mode. In the FMCW mode,
a triangular modulation with f;, of 400 Hz was used, and f
was set at 70 MHz.

The received signal for each mode was passed through a
bandpass filter (BPF), amplified by an amplifier, separated
into IF band I/Q signals in an IQ mixer, and input to the
analog-to-digital converter (ADC) of a DSP.

The converted signal was delivered to the control room
PC via RS422 communication such that the data could be
recorded. The stored signal was post-processed to calculate
the speed and position of the projectile in the tube. When
a user selects the mode of the hybrid sensor in the control
program of the control PC, the control PC remotely controls
the DSP via RS422 communication to change the signal
generated by the DDS to operate in either the FMCW mode
or the CW radar mode.

Fig. 8 shows the monitor sensor fabricated based on the
design shown in Fig. 7. The monitoring sensor was connected
to a feeder mounted on the SRS tube using a cable via an n-
type connector.

Unlike onboard measuring devices, the proposed hybrid
radar sensor can be used semipermanently. The in-track
velocity of the projectile could be measured at any time
without having to spend a significant amount of time dis-
assembling the device from the projectile after the test or
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FIGURE 8. Fabricated monitor sensor: (a) Full configuration: Inside view of the monitor sensor, (b) side view, (c) top view, and (d) bottom view.

verifying the signal. Additionally, the FMCW mode was used
to estimate the location of the test projectile in the SRS device
without performing a manual visual check after the test. This
has the advantage of significantly reducing the preparation
time for the next test, even if the projectile is not retrieved
normally from the SRS device during the test and is stuck in
the tube.

The proposed monitoring sensor has the disadvantage of
being unable to directly measure the deceleration of the test
projectile as an onboard measurement. However, in the SRS
test at the operational stage, instead of at the test facility
installation stage, the proposed monitoring sensor is useful
because only accurate velocity information is sufficient to
determine whether soft recovery is performed normally.

lll. RESULT
A. FEEDER TEST AFTER THE INSTALLATION ON THE SRS
The feeder was designed and fabricated, as described in the
previous section. As shown in Fig. 9, the feeder was mounted
in the fabricated tube before installation in the SRS testbed,
and the transmission path loss characteristics were measured.
Because the physical length of the tube was too long for
a two-port measurement, a one-port measurement method
was used, which utilizes the characteristic that when port 2
is shorted, half of the reflection coefficient value at port 1
becomes the transmission path loss.
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To verify the transmission loss with distance, a metal plate
for shorting was attached to various positions inside the
fabricated tube, and the magnitude of the reflected signal
was measured using the time transform function of the net-
work analyzer, as depicted in Fig. 10. Half of the first peak
value was considered as transmission loss. The measurement
results are presented in Fig. 11. As illustrated in Fig. 11, the
measurement results show a path loss of 0.1772 dB/m, which
is substantially larger than the 0.0300 dB/m calculated using
the electrical conductivity of SNCM439, as shown in Fig. 2.

To analyze the reason for the large difference between
the calculated and measured values, the commercial analysis
tool, STUDIO SUITE™from CST, was employed to model
the structure and simulate the transmission loss. When the
electrical conductivity of the lossy material Steel-1008 in
the internal library of the analysis software was adjusted to
the electrical conductivity value (¢ = 1,181,182 S/m) of
SNCM439 used in Fig. 2, the simulated transmission loss
was 0.04113 dB/m, which is similar to the calculated value.
After adjusting the electrical conductivity to have a similar
transmission loss to the measurement, o = 74,800 S/m has
the most comparable path loss to the measurement. However,
the value is too low for the electrical conductivity of the
metal; therefore, it is unlikely to be the cause of the difference
between the calculated and measured values. By adding the
smoke vent tube (SVT) structure shown in Fig. 1 to the
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FIGURE 10. Measured result at 30 m test condition.

analyzed structure shown in Fig. 2 (¢ = 1,181,182 S/m),
we observed that the path loss increased to 0.07029 dB/m,
which is still far from the measured value.

In practical measurements, the SRS tube is not a single tube
but a combination of sections of different lengths; therefore,
an additional insertion loss at the intermediate joints must be
considered. Moreover, the number of joints increases with the
measurement distance; therefore, the insertion loss of these
joints causes a difference in the path loss values between
the calculation and measurement. Based on the difference
between the measurement and analysis, the insertion loss of
the joint was calculated to be approximately 0.64146 dB. This
is a relatively large value for the junction loss, but it can be
expected in a real waveguide junction.

Based on the measured path loss, the total loss of the 164 m
region of the 179 m SRS device that is operated as a real
waveguide is approximately 29 dB. Therefore, if the dynamic
range of the monitor sensor is at least 58 dB, there should be
no problem in measuring the signal at the end of the tube.

B. FIRE TEST AFTER THE INSTALLATION ON THE SRS
The data measured from the SRS device operation using the
designed monitoring sensor are shown in Fig. 12.

In the FMCW operation mode, the measured signal imme-
diately before the gunfire is shown in Fig. 12(a). A peak
signal is visible owing to the reflection from the diaphragms,
which are approximately 30 m apart. When the gun is fired
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FIGURE 12. FMCW mode test results of the hybrid radar sensor.

and the projectile is normally softly recovered by the SRS
device or rests on the recovery wall, a signal, as shown in
Fig. 13(b), is measured. Therefore, the FMCW mode wave-
form after the test can indicate that the test projectile was in
a soft recovery position or on the recovery wall. When the
test projectile was not in the soft recovery position and was
stuck in the middle of the tube, the signal was visible at a
specific location, as shown in Fig. 12(c). Fig. 12(c) shows
an example of the signal measured when the test shell was
retrieved from a high-pressure tube (HPT) at 111 m. This
phenomenon occurs when the pressure and fill conditions of
the SRS test apparatus are incorrect. Therefore, the result can
be used to adjust the conditions for the next test. Additionally,
the precise position of the projectile can be determined, which
has the advantage that the test projectile can be removed from
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FIGURE 13. CW mode test results of the hybrid radar sensor.

a single-tube disassembly, minimizing the time between tests.
Therefore, the FMCW mode can be used to verify the proper
installation of the diaphragm before the test and determine
the position of the projectile after the test.

The continuous wave (CW) Doppler radar mode was used
to determine the velocity and deceleration of the projectile
traveling through the SRS tube, as shown in Fig. 13.

First, the Doppler signal was acquired in real time, as dis-
played in the top plot of Fig. 13(a), and then it was
postprocessed to calculate the Doppler frequency, as depicted
in the second plot of Fig. 13(a), from which the projectile
velocity was calculated, as illustrated in the third plot of
Fig. 13(a), using (4). Furthermore, integrating the calculated
projectile velocity yielded the distance traveled, as shown in
the bottom plot in Fig. 13(a). The deceleration characteristics
obtained by differentiating the projectile velocities are pre-
sented in Fig. 13(b).

The calculated projectile velocity and distance were almost
the same as the results of the analysis method in [22] using
data from the pressure sensor mounted on the SRS. The
deceleration results are also similar to those obtained using
the analysis method in [22], confirming that the proposed
hybrid radar sensor can effectively calculate the projectile
velocity, distance, and deceleration values.

Various methods exist for calculating the frequency by
post-processing the Doppler signal in the CW Doppler
radar mode: moving Fast Fourier transform (FFT), Kalman
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FIGURE 14. CW mode test results of the hybrid radar sensor.

filter, etc. In this study, we choose the threshold-crossing
method, which enables fast calculations. When the threshold
is set as the result of a fixed moving average window function,
the Doppler frequency calculation becomes inaccurate in the
region of 300 ms or more, as shown in Fig. 14.

To solve this problem, the most accurate frequency can
be calculated by selecting sections and performing a mov-
ing average with different points in each section. In this
study, the frequency was calculated using the zero-crossing
method with divided zones [T1, T2, T3] = [32.71 ms,
96.14 ms, 142.5 ms] and the thresholds based on the mov-
ing average value of 80 points for 0 ~ T1, 150 points for
T1 ~ T2, 80 points for T2 ~ T3, and 120 points for T3
and above, respectively. If the calculated Doppler frequency
changed rapidly by more than 30% of the previous value,
it was treated as an abnormal value and set to the previous
result.

C. DISCUSSION

The results of an artillery firing test conducted on an SRS
equipped with the proposed hybrid sensor confirmed the
feasibility of the proposed monitoring sensor.

The FMCW mode was used immediately after the
test to confirm whether the projectile recovered normally
(Fig. 12(b)) or abnormally (Fig. 12(c)). This result enabled
us to immediately determine whether to retrieve the projectile
from the water spout tube or wedge breaker, prepare for
the next test, dismantle the tube at the identified anoma-
lous retrieval location, and adjust the pressure conditions
in the HPT and amount of water in the water-filled tube
(WFT) to perform the subsequent test. This demonstrates
that the proposed sensor can reduce the time between
tests.

The Doppler signal was normally measured for a projectile
moving in a tube, and the projectile speed, distance trav-
eled, and deceleration were accurately calculated from the
measured Doppler signal. It requires a considerably shorter
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time than that required to disassemble the projectile to check
the recorder results after the test when using a conven-
tional onboard recorder. Furthermore, unlike systems that
use separate receivers or reflectors for measurements, which
can be damaged in front of the muzzle, the SRS system is
semipermanent and easy to use because it can be operated by
attaching only a feeder to the side of the SRS tube.

These test results show that the calibration of (2) and (4)
to the operating conditions in the circular waveguide was
achieved, and the proposed hybrid sensor with FMCW and
CW Doppler radar modes operated well in the circular tube,
as intended.

In the CW Doppler radar, it is necessary to adjust the
spacing and moving average windows for firing conditions,
such as muzzle velocity change. We are yet to implement a
single automatic processing algorithm that adapts to firing
conditions.

The proposed monitoring sensor has a limitation in that
the accuracy of the test projectile deceleration is significantly
lower than that of the existing system because it is indirectly
calculated from the measured Doppler frequency, unlike the
conventional onboard measurement system, which directly
measures the acceleration sensor.

IV. CONCLUSION

In this study, we proposed a hybrid radar sensor capable of
semipermanent, near-real-time monitoring of the behavior
of a projectile moving in a circular SRS tube. As the pro-
posed sensor measures in a circular tube with a diameter of
155.8 mm, 1.4 GHz was chosen as the operating frequency,
at which only the dominant mode can exist in the tube. A suit-
able feeder was designed to excite the dominant mode in
the tube without interfering with the launched projectile. The
feeder test performed after installation on the SRS showed
good propagation.

The proposed hybrid radar sensor contains FMCW and
CW Doppler radar modes. To accurately predict the param-
eters in each mode, the radar equations in free space
were calibrated to the operating conditions of the circular
tube.

In the FMCW radar mode, the position of the diaphragm
before the firing test and the position of the projectile after the
test could be accurately located, which effectively reduced
the time between tests. In the CW Doppler radar mode, the
projectile velocity, distance traveled, and deceleration were
accurately estimated compared to previous analysis results.
Additionally, compared to the conventional onboard recorder,
the proposed method is faster and simpler.

The method proposed in this paper can be tested without
any modification of the test projectile and has the advantage
that it can be applied not only to the impact resistance test
of several components mounted inside the test projectile but
also to the test of actual smart ammunition.

In the future, we plan to establish an optimal signal-processing

technique through further analyses of various test data, such
that the system can adapt to various firing conditions.
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