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Abstract

In terminal flight trajectory, significant dispersion poses a challenge for accurate localization,
as the velocity vector of a supersonic flying object increasingly deviates from the normal
vector of the measurement plane under gravitational and aerodynamic effects. Therefore,
in this study, an impact point localization method, utilizing a dual-rectangular-ring linear
optical microphone array based on apparent shock-wave velocity, was developed. A
shock-wave measurement array was developed using a dual rectangular ring composed
of linear optical microphone arrays. A time-equivalent model, derived from shock-wave
propagation, was introduced to analyze the apparent velocity of the shock-wave within the
measurement plane. The time difference in the shock-wave arrivals at the dual rectangular
ring, combined with the distances between the inner and outer rectangular rings, was
used to calculate the non-uniform apparent shock-wave velocity, thereby enabling the
localization of supersonic flying objects. The method’s constraints were examined, and its
measurement errors were evaluated. The simulation and experimental results showed that
the error was less than 0.5 mm. The proposed novel and cost-effective method for impact
point localization aids in the effective dispersion assessment of flying objects.

Keywords: impact point localization; supersonic flying object; shock-wave; linear optical
microphone array; dual-rectangular-ring

1. Introduction
Evaluating the dispersion of flying objects (FOs) [1,2] requires measuring the position

of their impact points (IPs) as they pass through the measurement plane. FO velocity forms a
small inclination angle (≤5◦) with the normal vector of the measurement plane, or is parallel
to it, and this is defined as the normal incidence model [3]. In the case of a supersonic
FOs, an axisymmetric body of revolution passes through the measurement plane; the FO’s
velocity and normal vector form an inclination angle >5◦ due to the effects of gravity and
air resistance, and this is defined as the oblique incidence model [4]. Additionally, jump
angles [5] generated during the launching process may further exacerbate the oblique
incidence. FO localization is also essential for evaluating the protection performance of
armor materials [6,7], the impact resistance of aerospace skin structures, and for localizing
impact sites caused by space debris [8,9]. Current IP positioning methods are primarily
optical and acoustic in nature, and exhibit several limitations.

Optical methods include three scenarios. The first one is the multi-light-screen ar-
ray [10,11], where the core detection element, the light screen (LS), is typically of two
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types. The A-type is the lens LS sensor [12,13], with subtypes depending on background
light conditions. The B-type uses an opposing configuration of array light sources at the
transmitter and photoelectric detectors at the receiver [14]. Generally, the multi-light-screen
array models the LS as a mathematical plane with no thickness. However, some studies [15]
have incorporated the screen’s thickness into IP measurements. The second scenario, the
laser-based LS [16,17], has also been employed for the detection and localization of FOs.
The third scenario is the dual charge-coupled device (CCD) intersection measurement
system [18,19], which uses two linear or area CCD sensors intersecting at a specific angle
within the measurement plane to perform coordinate measurements. In optical methods,
the non-uniform sensitivity of all LS scenarios may significantly reduce the amplitude of
the FO signal at certain positions [20,21]. In more severe cases, the signal may be buried in
noise, leading to increased errors or the failure of time-difference algorithms. These issues
are further amplified in large measurement planes (≥10 m × 10 m), potentially causing
significant errors or incorrect results.

In acoustic IP measurement, piezoelectric sensors [22] are commonly used to detect
the shock-wave (SW) from the supersonic axisymmetric body-of-revolution object. Due to
the wide propagation range of SWs, the measurement plane in acoustic methods typically
covers a large area. The acoustic approach primarily uses the time difference of arrival
(TDOA) [23] to determine the location of the sound source. It establishes a mathematical
model for IP localization based on the time difference in SW arrivals at different sensors.
Acoustic sensors are arranged in various configurations, such as double triangular [24],
T-shaped [25], or tetrahedral arrays [26]. However, accurate IP localization is typically
limited to cases where the FO’s velocity vector is perpendicular to the measurement plane.
Lin [4] proposed a location model for FOs with oblique incidence using a double triangular
array, while Dong [27] introduced an open seven-element array for the same purpose.
However, their methods are limited to IP measurements at small angles of incidence (≤5◦).

Optical microphones [28] are categorized into several types, such as fiber-optic acous-
tic pressure sensors [29,30], laser interferometry-based microphones [31], optical MEMS
microphones [32], and thermally stable optical microphones [33]. These sensors generally
employ various optical measurement principles to replace traditional piezoelectric acoustic
sensors, while also functioning as point-type sensors for SW measurements. However,
point-type sensors can only capture the arrival time of an SW at a single spatial point. When
deployed to form a coplanar feature sensor array, they impose additional constraints. More-
over, as the FO moves farther away from the point sensor, the amplitude of the acquired
SW signal decreases. This reduction in signal strength can introduce errors in identify-
ing characteristic timestamps during time-difference calculations, ultimately leading to
increased localization errors.

With the increasing application of deep learning in target localization [34], data-driven
methods have demonstrated considerable advantages in recognizing complex patterns,
such as those in images and acoustic signals. However, in the specific physical context of
localizing a supersonic FO, deep learning-based localization methods face several funda-
mental challenges: (1) their “black-box” nature results in a lack of interpretability, making
it difficult to trace localization errors back to specific physical causes [35]; (2) they require
vast amounts of labeled training data, which are extremely difficult to acquire for FO
scenarios due to the high cost of experiments and the scarcity of controlled samples [22,36];
and (3) their generalization capability is limited for conditions outside the training data
distribution (e.g., changes in array size or shock-wave parameters), and they often demand
substantial computational resources, failing to meet the stringent requirements of edge
computing and real-time closed-loop control [37].
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In this paper, we present a localization method for supersonic FOs using a dual-
rectangular-ring linear optical microphone array (DRRLOMA) to measure the arrival time
of the SW. Unlike traditional point-array acoustic sensors that detect SWs at discrete points,
each linear optical microphone (LOM) performs continuous sensing along its laser path,
enabling detection closer to the FO trajectory and acquiring higher-intensity SW signals.
Additionally, the proposed method is centered on a well-defined physical model, requires
no training data, and achieves localization directly through analytical computation. This
approach not only ensures process transparency and result traceability but also offers the
flexibility to adapt to FO measurement scenarios of varying scales. It thereby provides
a viable technical pathway for the reliable and precise localization of supersonic FOs.
Additionally, the measurement method proposed in this paper is immune to interference
from the muzzle flash [38] and the tail flame of tracer rounds [39].

The main contributions and highlights of this work are as follows:

1. To achieve large-area SW detection, a DRRLOMA, composed of linear optical micro-
phone arrays, was developed. By leveraging the broad propagation characteristics of
SWs [40] and the collimation properties of lasers, an array comprising eight LOMs
was designed and arranged in both inner and outer rectangular ring configurations.

2. A time-equivalent model, minimum-time SW path, converts spatial SW propagation
into the apparent shock-wave velocity (ASWV) propagation time within the measure-
ment plane by decomposing the path into the FO’s travel time to the interception
point (IP) and the ASWV propagation from the IP to a given LOM. Due to the deter-
ministic FO trajectory, the temporal reference shifts to the instant the object reaches
the measurement plane, enabling this transformation.

3. To determine the IP, in this study, we propose a method for localizing FOs based on a
DRRLOMA. By introducing a shock-wave propagation time-equivalent model, the
non-uniform propagation characteristics of ASWV within the measurement plane—
following the oblique incidence model of the FO—are calculated, enabling high-
precision determination of the IP.

2. DRRLOMA Setup and IP Localization Method
2.1. LOM Setup

As shown in Figure 1, the structure of the LOM consists of a point laser source located
at the transmitter and a photodetector positioned at the receiver. These two components
are separated by a distance denoted as lom. The transmitter consists of four components:
a point laser, aperture stop, laser holder, and laser driver circuit. The receiver comprises
three components: a photodetector, a photoelectric conversion circuit, and an amplification
circuit. For convenience in subsequent descriptions, the transmitter and receiver of the
LOM are topologized.

Figure 2a shows the principle of the LOM. When the SW arrives at the laser path
of the LOM, it alters the refractive index distribution along the propagation path [41],
causing the laser beam to deflect. The corresponding displacement of the laser spot on the
photosensitive surface of the receiver’s photodetector induced by the SW is illustrated in
Figure 2b. As a result, the irradiance on the photosensitive surface SOAS of the receiver’s
photodetector decreases by ∆EOAS. The corresponding change in radiant flux, denoted as
∆ϕ, can be expressed as

∆ϕ = ∆EOAS · SOAS (1)

In the amplification circuit of the LOM in the receiver, the output voltage signal V∆ϕ is
proportional to ∆ϕ and is denoted by

V∆ϕ = εγ0R∆ϕ > U∆ϕ → V∆ϕ ∝ kOAS∆ϕ > U∆ϕ (2)
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where kOAS corresponds to the rate of change between V∆ϕ and ∆ϕ. U∆ϕ is the threshold
voltage of the LOM. The signal waveform corresponding to ∆ϕ, denoted as V∆ϕ, is shown
in Figure 2c. ε indicates the sensitivity of the LOM, γ0 represents the circuit amplification,
and R is the current–voltage conversion resistor.

 
Figure 1. Structure of LOM.

 
Figure 2. (a) Principle of the LOM; (b) displacement of the laser spot affected by the SW; (c) signal
of ∆ϕ.

2.2. DRRLOMA Setup

Figure 3a illustrates the LOM configuration in a rectangular ring. The transmitter
and receiver are arranged orthogonally, such that the A-transmitter and the B-receiver
together form a single LOM unit, the B-transmitter and the C-receiver together form a
single LOM unit, the C-transmitter and the D-receiver together form a single LOM unit, and
the D-transmitter and the A-receiver together form a single LOM unit. Figure 3b shows the
structure of the dual rectangular ring. Four LOM units form an inner rectangular ring with
a side length of lom. An additional four LOM units form an outer rectangular ring with a
side length of lom + 2Som. The spacing between the inner and outer rectangular rings is Som,
and both rings lie in the same plane. The rectangular area enclosed by the inner rectangular
ring serves as the effective region of the measurement plane. The dual-rectangular-ring
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SW measurement array, DRRLOMA, consists of coplanar inner and outer rectangular rings
composed of linear optical microphone arrays. The SW propagates through the air and
the SW-induced acoustic signal is captured through changes in the laser path within the
DRRLOMA. The SW reaches the laser path of the LOM, where its arrival is characterized
by an optical microphone detection mechanism. Therefore, the localization of supersonic
FOs is based on detecting the SW arrival times at the DRRLOMA.

 

Figure 3. (a) Schematic of a rectangular ring; (b) schematic of the dual rectangular ring.

2.3. Time-Equivalent Model of Shock-Waves

A two-dimensional equivalent model [27] can be defined as follows: within a two-
dimensional measurement plane, the minimum propagation time for a shock-wave to
reach a sensor corresponds to the shortest acoustic path, which is oriented perpendicular
to the shock wavefront. This process can be decomposed into two distinct components: the
motion of the FO along its trajectory and the propagation of the ASWV vector within the
measurement plane.

Therefore, a three-dimensional equivalent model can be defined as follows: within
the three-dimensional measurement plane, the shortest shock-wave propagation time—
from the initiation point of the shortest path on the FO’s trajectory to a given LOM in the
measurement plane—is defined as an equivalent ASWV propagation time from the IP to
that LOM. The core assumption of the model is that the minimum-time shock-wave path
in space can be decomposed into two components: (i) the travel time of the FO from the
trajectory point corresponding to the initiation of the shortest shock-wave path to the IP
on the measurement plane, and (ii) the ASWV propagation time from the IP to the given
LOM within the measurement plane. Since the FO follows a continuous and deterministic
trajectory, the temporal reference of shock-wave propagation can be shifted to the instant
when the object reaches the measurement plane. As a result, the shock-wave propagation
to each LOM can be fully characterized by the ASWV within the measurement plane.

Assume that the FO velocity vector is v, the azimuth is γ (positive clockwise and
negative counterclockwise), the pitch angle is θ (positive upward and negative downward),
the half-shock angle of FOs is α, and the SW propagation velocity is the ambient sound
speed c0. The LOMs on the left and bottom sides of the inner rectangular ring serve as
the x-axis and y-axis, respectively. The distance between the inner and outer rectangular
ring is Som. Their intersection is defined as the origin o of the o-xyz, and the measurement
plane is the xoy plane of the o-xyz. In the xoy plane, a-, b-, c-, and d-directions represent
the negative x-axis, negative y-axis, positive x-axis, and positive y-axis, respectively. The
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positions labeled 1 and 2 correspond to the inner and outer rectangular ring, respectively.
The SW arrival times at the LOMs a1, a2, b1, b2, c1, c2, d1, and d2 are denoted as ta1, ta2, tb1,
tb2, tc1, tc2, td1, and td2, respectively. The schematic of the SW propagation process is shown
in Figure 4. D is a point on the trajectory, and the trajectory DP intersects the measurement
plane at the IP P (xP, yP, zP), where zP = 0. The distance of DP is l. The FO moves from D to
Na1 along its trajectory at velocity v. The conical wavefront of the SW becomes tangent to
the laser path of the a1 at Ua1. The propagation distance of the SW from the trajectory to a1

is minimized at Na1, and the minimized distance is Na1Ua1.

Figure 4. Schematic of the SW propagation process.

A perpendicular is drawn from Na1 to the measurement plane, with the foot of the
perpendicular being N′

a1. Form P, a perpendicular to the x-axis, intersects the extension of
the Ua1N′

a1 at P′
a1. A perpendicular is drawn from Ua1 to the FO trajectory, with its foot

denoted as U′′
a1. From Ua1, a perpendicular is extended to the line segment Na1P′

a1, with
the foot of the perpendicular denoted as U′

a1. The angle between Na1N′
a1 and Na1P′

a1

is denoted as γ; the angle between Na1P and Na1P′
a1 is θ; the angle between U′

a1Ua1

and Ua1P′
a1 is also γ; and the angle between Na1Ua1 and Ua1U′′

a1 is α. Let ra1 represent
the distance Na1P, and assume that the FO travels along Na1P at constant velocity. The
horizontal distance from Ua1 to point P, denoted as Ua1P′

a1, is da1 = xP. ta1 represents the
SW propagation time along the shortest distance Na1Ua1. It consists of two components: tv,
the time taken by the FO to travel along the trajectory DNa1, and tc0, the time taken for the
SW generated at point Na1 to propagate to Ua1. Therefore, according to the time-equivalent
model, ta1 can be expressed by

ta1 = tv + tc0 =
l
v
+

PUa1

vPUa1
(3)

In the Rt∆PUa1P′
a1, cos∠PUa1P′

a1 = 1/
√

(1 + (ka1sinθ)2); vPUa1 = vx−/cos∠PUa1P′
a1.

At moment ta1, it coincides with t′a1, denoting the time at which the SW first reaches Ua1. It
consists of two components: tDP, the time taken by the FO to travel along trajectory DP, and
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tPUa1, the time taken for the SW to propagate from point P to Ua1 at its apparent velocity.
Accordingly, in the Rt∆PUa1P′, the decomposed minimum propagation time is given by

ta1 = l
v + PUa1

vPUa1

= l
v +

PUa1 cos∠PUa1P′
a1

vPUa1 cos∠PUa1P′
a1

= l
v +

P′
a1Ua1
vx−

= l
v + da1

vx−

(4)

where in Rt∆U′
a1Ua1P, the ASWV vx− is denoted as the direction a of the SW’s apparent

velocity in direction PUa1. The fixed time l/v is present.
In the time-equivalent model, the known velocity parameters are limited to the flight

velocity v of the FO, the shock-wave propagation speed c0, and the apparent velocity vh

of the shock-wave in the direction perpendicular to its trajectory. In Rt∆Na1Ua1U′′
a1, the

velocity on Ua1U′′
a1 is vh = vtanα = c0/cosα.

On the FO’s facing-away side, the trajectory line DP is extended to N′′
a1 such that

PN′′
a1 = Na1P = ra1. A perpendicular is drawn from N′′

a1 to point a1, with its foot denoted
as Pa1. From Pa1, a perpendicular is extended to the positive direction of the x-axis,
intersecting the extension of line PP′

a1 at P′′.
Line N′′

a1P′′′
a1 is then constructed, and a perpendicular is dropped from it to in-

tersect the extended line U′
a1U′′

a1 at point P′′
a1. In Rt∆P′′

a1Pa1P′′′
a1, ∠P′′

a1Pa1P′′′
a1 = γ

and Pa1P′′′
a1 = da1. In Rt∆P′′′

a1N′′
a1P, ∠P′′′

a1N′′
a1P = θ. In Rt∆P′′′

a1N′′
a1U′′

a1,
N′′

a1U′′
a1 = (ra1cosθ + da1sinγ)/cosθ. In Rt∆N′′

a1Ua1U′′
a1, ∠N′′

a1Ua1U′′
a1 = α and

Ua1U′′
a1 = (ra1cosθ + da1sinγ)/cosθtanα. Finally, in Rt∆U′

a1Ua1P, the ASWV vx− can
be expressed as

vx− = vh ·
∣∣∣∣ da1 · cos θ tan α

ra1 cos θ + da1 sin γ

∣∣∣∣ (5)

where vx− is solely dependent on γ, θ, α, and c0.
In Rt∆Na1Ua1U′′

a1 and Rt∆Na1Ua1U′
a1, Na1U′′

a1 = (ra1cosθ − da1sinγ)/cosθ and
Ua1U′′

a1 = Na1U′′
a1/tanα. Equation (4) was determined as follows:(

Ua1U′
a1
)2

+
(
Na1U′

a1
)2

=
(
Na1U′′

a1
)2

+
(
Ua1U′′

a1
)2 (6)

The relationship between ra1 and da1 is written as follows:

ra1 = da1 ·
(

sin γ

cos θ
+

sin α cos γ√
1 − sin2 α cos2 θ

)
= da1 · ka1 (7)

where sinα = c0/v; ka1 = sinγ/cosθ + sinαcosγ/
√

(1 − sin2αcos2θ).
The time taken by the FO to travel from the launch point to the measurement plane is

assumed to be identical for all FOs. This travel time has no influence on the SW propagation
toward the LOMs located on the DRR.

After updating the reference moment, ta1 can be written as

t′a1 = da1
vx−

= da1

vh ·
∣∣∣ da1 ·cos θ tan α

da1 ·ka1 cos θ+da1 sin γ

∣∣∣
= da1

c0
cos α ·

∣∣∣ cos θ tan α
ka1 cos θ+sin γ

∣∣∣
(8)

The arrival times of the SW at the remaining LOMs are similar to Equation (8).
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2.4. IP Localization by Time-Equivalent Model

Based on the time-equivalent model of SW propagation, the ASWV vx− in the same
direction can be determined by measuring the time interval between the inner and outer
rectangular rings. The ASWV component in a different direction can be derived by

vx− = Som
∆ta21

vx+ = Som
∆tc21

vy− = Som
∆tb21

vy+ = Som
∆td21

(9)

where ∆ta21 = ta2 − ta1, ∆ta21 = ta2 − ta1, ∆ta21 = ta2 − ta1, and ∆ta21 = ta2 − ta1 represent
the time intervals in the a-, b-, c-, and d-directions, respectively.

In the x-direction, the time interval ∆tx, which is called the first arrive time of ASWV,
is defined from the moment the FO reaches the IP at tP until the first trigger occurs at the
LOM in the a- or c-directions. Based on the relative size of ∆tac1 = ta1 − tc1,{

loa = (vx− + vx+)∆tx + ∆tac1 · vx−, ∆tac1 > 0

loa = (vx− + vx+)∆tx − ∆tac1 · vx+, ∆tac1 < 0
(10)

∆tx can be calculated as∆tx = lom−∆tac1·vx−
vx−+vx+

, ∆tac1 > 0

∆tx = lom+∆tac1·vx+
vx−+vx+

, ∆tac1 < 0
(11)

In the y-direction, ∆tx is calculated analogously.
The IP can be calculated using

 x = vx− · ∆tx

y = vy− · ∆ty
, ∆tac1 < 0, ∆tbd1 < 0 x = vx− · ∆tx

y = lom − vy+ · ∆ty
, ∆tac1 < 0, ∆tbd1 > 0 x = lom − vx+ · ∆tx

y = vy− · ∆ty
, ∆tac1 > 0, ∆tbd1 < 0 x = lom − vx+ · ∆tx

y = lom − vy+ · ∆ty
, ∆tac1 > 0, ∆tbd1 > 0

(12)

3. Experimental Setup of Localization Method
The overall experimental setup is illustrated in Figure 5: (a) the topological schematic

and (b) the physical diagram of the dual rectangular ring schematic of the DRRLOMA.
The DRRLOMA system consists of five components: a dual rectangular ring, a signal
acquisition instrument, a DRRLOMA power module, signal conditioners, and a time-
difference calculating device (all from Xi’an, China). The dual rectangular ring is fixed
on the DRRLOMA mount. The inner ring comprises four LOM units, with two arranged
mutually orthogonally. The separation between the transmitter and receiver of one unit is
defined as lx, and that of the other unit is ly. The remaining two LOM units are arranged
similarly. The outer ring contains four LOM units in the same configuration but positioned
outward. Both rings lie in the measurement plane for IP dispersion evaluation. Positions 1
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and 2 correspond to the inner and outer rings. The LOM units on the left and bottom sides
of the inner ring define x- and y-axes, respectively, with their intersection as the origin o
of o-xyz. In the xoy plane, the a-, b-, c-, and d-directions correspond to the negative x-axis,
negative y-axis, positive x-axis, and positive y-axis, respectively. The signal acquisition
instrument uses threshold voltage comparison for SW-affected analog signals. The time-
difference calculating device computes the time difference between the reference moment
and SW arrival times at the LOM units as ta1, ta2, tb1, tb2, tc1, tc2, td1, and td2. Figure 5a
illustrates the cable layout configuration, where distinct colors represent different cable
types: orange denotes power supply cables, dark blue indicates analog signal cables,
and light blue represents digital signal cables. This color-coded scheme facilitates clear
identification and analysis of the signal transmission paths within the system.

 

Figure 5. DRRLOMA localization system: (a) the topological schematic and (b) the dual rectangular
ring schematic of the DRRLOMA.

4. Results and Discussion
4.1. Analysis of Localization Error

Based on the error propagation formula, the coordinate measurement error is analyzed
and calculated. Due to the symmetry between the x- and y-directions, the analysis is
illustrated using the x-coordinate measurement formula as an example. By taking the total
differential of the x-coordinate formula for the IP, the corresponding error expression is
obtained by 

|dx| ≤
∣∣∣ ∂x

∂vx+
dvx+

∣∣∣+ ∣∣∣ ∂x
∂∆tx

d∆tx

∣∣∣ , ∆tac1 < 0

|dx| ≤
∣∣∣ ∂x

∂lom
dlom

∣∣∣+ ∣∣∣ ∂x
∂vx−

dvx−
∣∣∣+ ∣∣∣ ∂x

∂∆tx
d∆tx

∣∣∣ , ∆tac1 > 0
(13)

where dvx− and dvx+ represent the errors in ASWV. d∆tx denotes the timing error associated
with ∆tx, and dlom corresponds to the measurement error of the side length of the inner
rectangular ring.

Taking the total differential of vx− yields the following expression:

|dvx−| ≤
∣∣∣ ∂vx−

∂Som
dSom

∣∣∣+ ∣∣∣ ∂vx−
∂∆ta21

d∆ta21

∣∣∣
≤
∣∣∣ 1

∆ta21
dSom

∣∣∣+ ∣∣∣∣− Som
∆t2

a21
d∆ta21

∣∣∣∣ (14)
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where dSom represents the measurement error in the spacing distance between the inner
and outer rectangular ring, expressed as dSom = 0.3 mm + 0.2Som mm [10].

Taking the total differential of vx+ yields the following expression:

|dvx+| ≤
∣∣∣ ∂vx+

∂Som
dSom

∣∣∣+ ∣∣∣ ∂vx+
∂∆tc21

d∆tc21

∣∣∣
≤
∣∣∣ 1

∆tc21
dSom

∣∣∣+ ∣∣∣∣− Som
∆t2

c21
d∆tc21

∣∣∣∣ (15)

Taking the full differential of ∆tx yields the following expression:

|d∆tx| ≤
∣∣∣ 1

vx−+vx+
dlom

∣∣∣+ ∣∣∣− vx+
vx−+vx+

d∆tac1

∣∣∣
+

∣∣∣∣( ∆tac1
vx−+vx+

− lom+vx+∆tac1
(vx−+vx+)

2

)
dvx+

∣∣∣∣
+

∣∣∣∣(− lom+vx+∆tac1
(vx−+vx+)

2

)
dvx−

∣∣∣∣
, ∆tac1 < 0

|d∆tx| ≤
∣∣∣ 1

vx−+vx+
dlom

∣∣∣+ ∣∣∣− vx−
vx−+vx+

d∆tac1

∣∣∣
+

∣∣∣∣(− ∆tac1
vx−+vx+

− lom−vx−∆tac1
(vx−+vx+)

2

)
dvx−

∣∣∣∣
+

∣∣∣∣(− lom−vx−∆tac1
(vx−+vx+)

2

)
dvx+

∣∣∣∣
, ∆tac1 > 0

(16)

For Som ∈ [1 mm, 50 mm], assuming a fixed timing error of ∆t = 0.5 µs, the effect of
varying Som and dt is analyzed, as shown in Figure 6a. Similarly, for ∆t ∈ [0.1 µs, 10 µs],
assuming a fixed spacing of Som = 30 mm, the effect of varying dt is analyzed, as shown in
Figure 6b. MATLAB R2022a served as the simulation platform for generating the results in
Figure 6.

 

Figure 6. Variation law of coordinate errors: (a) effect of Som on dx; (b) effect of dt on dx.

In summary, both Som and dt exhibit a linear influence on dx, with dx increasing as
either parameter increases. When Som < 30 mm, the resulting error satisfies dx < 0.5 mm.
Similarly, when dt < 6 µs, the error also remains below 0.5 mm.

The localization error associated with ∆tac1 > 0 is observed to be larger than that
associated with ∆tac < 0. This behavior arises from the inclusion of an additional term
|∂x/∂lom·dlom| in the error propagation process, which results in a relatively conservative
estimation of the localization error. Despite this, the resulting error remains below 0.5 mm
for the specified parameter range.
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4.2. LOM Experimental Results

Experiments conducted with the LOM verified its performance (“A experiment”) and
analyzed the potential for extending the DRRLOMA’s LOM configuration to a 10 m (“B
experiment and C experiment”). LOM experiments were conducted to investigate the
variation in the max of the LOM output voltage with increasing SW propagation distance.
An electric spark generator was employed as the shock-wave source, with a rated voltage
of 10 kV and a rated current of 100 mA. The analog output voltage waveforms of the LOM
were acquired using an oscilloscope. Based on multiple live-fire tests, we found that the
SW generated by the electrical spark source with the parameters described above exhibits a
high degree of similarity to the SW produced by a 7.62 mm-diameter FO.

The A experiment of the LOM is as follows: The LOM transmitter and receiver were
arranged in a face-to-face configuration with a separation distance of 2 m. The experimental
setup is schematically illustrated in Figure 7a. The acquired analog waveforms were fitted,
and the resulting curve is shown in Figure 7b. Furthermore, the experimental results
were compared with predictions from an empirical formula [42] and the results reported
in ref. [43]. The results indicate that the amplitude of the LOM analog output voltage
gradually decreases as the shock-wave propagation distance increases. Furthermore, as
indicated by the curve variations in Figure 7, the sensitivity of the LOM is higher than that
reported in ref. [43].

 

Figure 7. (a) Schematic of the LOM experiments. (b) Variation curve of the LOM output signal as the
SW propagation distance increases and comparison curves (The data from the LOM are plotted as a
solid line, while predictions from the empirical formula [42] and ref. [43] are represented by dashed
and dotted lines, respectively).

The B experiment of the LOM is as follows: An electric spark generator was placed
12 m away from the LOM laser path, which has a length of 2 m, inside the laboratory.
The experimental layout is shown in Figure 8a. The SW signals acquired by the LOM are
presented in Figure 8b. In Figure 8b, the max amplitude recorded by the LOM reached
9.59 V. Despite the attenuation of SWs during indoor propagation, the successful acquisition
of these signals confirms the capability of the LOM to perform SW measurements at a range
of 12 meters. This result also demonstrates the sufficient detection sensitivity of the LOM.
The experiment described above also provides an engineering basis for the development
of the 10 m × 10 m measurement plane. Therefore, the proposed configuration for a
10 m × 10 m measurement plane is deemed feasible.
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Figure 8. (a) Schematic diagram of SW at 10 m measured by the 2 m LOM. (b) The waveform of the LOM.

The C experiment of the LOM is as follows: In a T-shaped corridor, each orthogonal
arm had a uniform width of 2.4 m. An electric spark generator, serving as the SW source,
was positioned 12 m away from the LOM’s laser path, whose length was 12 m. The system
topology is illustrated in Figure 9a, while photographs of the experimental setup from
the two orthogonal directions are provided in Figure 9b and c, respectively. The LOM
successfully detected the SW signal, as shown in the acquired waveform in Figure 9d,
where a max amplitude of 9.78 V was recorded. The successful detection of an SW at a
12 m standoff distance by this 12 m-long LOM validates its core detection capability and
confirms its adequate sensitivity. Thus, this experiment further substantiates the feasibility
of constructing a large-scale 10 m × 10 m measurement plane.

 

Figure 9. (a) Schematic of a T-shaped corridor; (b) schematic of the 10 m LOM in east–west direction.
(c) Schematic of SW at 10 m measured by LOM’s laser in north–south direction. (d) The waveform of
the LOM.
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4.3. DRRLOMA Localization Experimental Results

The setup for the experiment is shown in Figure 5. A 1 m × 1 m effective measurement
area was established in the experiment, matching the area of the inner rectangular ring. A
5.8 mm-diameter FO was used for the experiment. Figure 10 illustrates the BSW signals
acquired by a1-LOM and a2-LOM of the DRRLOMA in one experimental trial. In the
waveform, the first rising edge of each channel indicates the arrival of the BSW, while
the subsequent irregular signals are likely reflections of the BSW from surrounding walls.
Table 1 lists the LOM output time differences measured within the DRRLOMA (in ms).

Figure 10. Waveform of the SW arriving at the DRRLOMA.

Table 1. Time difference in the SWs arriving at the DRRLOMA (ms).

No. ∆ta1 ∆ta2 ∆tb1 ∆tb2 ∆tc1 ∆tc2 ∆td1 ∆td2

1 0.079 0.271 0.084 0.304 1.398 1.544 0.165 0.182
2 1.311 1.448 1.656 2.057 0.146 0.471 0.795 0.930
3 0.858 1.073 0.732 0.875 1.003 1.170 0.969 1.166
4 1.014 1.217 1.132 1.358 1.695 2.034 1.359 1.631
5 1.872 2.244 1.438 1.588 0.748 0.899 1.993 6.717
6 2.136 2.358 1.998 2.205 0.098 0.375 2.208 8.291
7 0.212 0.317 0.349 0.520 3.235 3.641 0.776 0.874
8 2.852 3.209 0.661 0.995 0.252 0.377 0.201 0.226
9 0.742 1.128 3.389 3.810 1.069 1.202 2.572 3.882

10 1.763 1.982 1.090 1.229 0.529 0.802 1.621 2.388
11 2.772 3.119 0.3506 0.528 0.260 0.389 0.660 0.662
12 0.783 1.190 2.998 3.371 0.911 1.024 2.435 2.436
13 1.342 1.508 2.314 2.608 0.554 0.838 1.971 1.973

According to the shock-wave arrival times in Table 1, and by applying the time-
equivalent model in conjunction with Equations (9)–(12), the localization coordinates
of the FO were calculated. These coordinates are analyzed to evaluate the positioning
errors introduced during the experimental procedure, providing a basis for subsequent
comparisons with the localization errors of different sensors. The measurement error of the
IP is expressed as

δxy =

10
∑

n=1

√
(|xP1| − |xs1|)2 + (|yP1| − |ys1|)2

10
(17)
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where (xs, ys) represents the IP recorded on the coordinate paper, and (xP, yP) represents the
results calculated using the IP method described in this paper. The measured coordinates
(xs (1), ys (1)) and calculated coordinates (xP (1), yP (1)) of the first object serve as reference
points. Subtracting these reference values yields the relative coordinates (|xs1|, |ys1|) and
(|xP1|, |yP1|) for each shot. The results (in millimeters) are summarized in Table 2.

Table 2. IP calculation results (mm).

No. xs ys |xs1| |ys1| xP yP |xP1| |yP1| δxy

1 247.0 252.8 0.0 0.0 246.84 252.55 0.00 0.00 0.00
2 255.9 504.0 9.0 251.2 255.92 503.99 9.08 251.44 0.28
3 242.8 744.1 4.1 491.3 242.86 744.05 3.99 491.50 0.28
4 503.0 252.7 256.0 0.2 502.99 252.82 256.14 0.27 0.31
5 492.1 504.0 245.1 251.1 492.01 504.00 245.17 251.45 0.31
6 497.0 744.0 250.1 491.2 497.03 744.03 250.19 491.48 0.32
7 751.1 252.8 504.1 0.0 751.18 252.68 504.33 0.13 0.26
8 745.0 504.0 498.0 251.2 744.93 503.98 498.08 251.43 0.26
9 752.9 744.0 506.0 491.2 752.96 744.00 506.12 491.46 0.29
10 378.0 375.9 131.0 123.1 377.99 375.96 131.15 123.41 0.31
11 371.9 628.0 124.9 375.2 371.93 628.00 125.09 375.45 0.30
12 620.9 325.9 374.0 73.1 620.91 325.89 374.06 73.34 0.26
13 629.0 628.0 382.1 375.2 629.08 628.03 382.24 375.48 0.31

Mean 0.28
Standard deviation (SD) 0.22

Figure 11 presents the localization error values δxy corresponding to the IP coordi-
nates (xP, yP) listed in Table 2, evaluated at their respective spatial positions. In addition,
interpolation-based fitting was applied to the remaining points to obtain the spatial dis-
tribution of the localization error over the measurement plane. The results reveal that the
localization error of the IP is relatively uniform in the central region of the measurement
plane. This suggests that when the FO impacts within the central area, the localization
error remains small and stable. Furthermore, the error distribution shown in Figure 11,
which is larger in the center and smaller in the periphery, is primarily caused by temporal
errors. As shown in Figure 7b, when an IP is closer to the LOM, the shock-wave intensity
increases. This leads to more accurate identification of the characteristic arrival time of the
shock signal and a reduction in the time delay between the two measurement channels.
Conversely, for IPs located in the central region, the intensity of the shock-wave reaching
the LOM diminishes. Consequently, the identification of the characteristic arrival time
becomes less accurate compared to the former case, resulting in an increased inter-channel
time delay.

Figure 11. Error distribution of IP localization.
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4.4. Discussion of Experimental Results

Using a DRRLOMA for FO localization, the FO impacts the measurement surface
at varying incident angles in experiments. The results indicate that when the FO impact
occurs in the central region, the localization error is relatively stable. Overall, both the
mean and SD remain below 0.5 mm. In this study, the ratio error—defined as the coordinate
measurement error relative to the measurement area—is 0.5‰ (0.5 mm in a 1 m × 1 m
plane). To comprehensively evaluate the performance of the proposed method, Table 3
provides a quantitative comparison with results reported in prior studies across several
key metrics. These metrics include measurement plane size, localization error, error rate,
sensing shape, computational complexity, real-time capability, cost-effectiveness, primary
advantages, and primary limitations.

In terms of localization accuracy and the FO’s incidence model, the DRRLOMA
achieves a positioning error of 0.5 mm on a 1.0 m × 1.0 m measurement plane, with
a relative error of 0.5‰. This represents a twentyfold increase in accuracy compared
to the acoustic sensor array and a sevenfold increase over the multi-light-screen array,
highlighting the superior error suppression capability of the analytical approach based on
the time-equivalent model. Regarding the geometric form of their constituent sensing units,
the three systems differ as follows: the DRRLOMA employs a linear array, acoustic sensor
arrays utilize dot-like nodes, and multi-light-screen arrays constitute a planar configuration.
In terms of sensing complexity, the DRRLOMA occupies an intermediate position between
the other two systems.

Table 3. Comparison of results.

Sensor Type DRRLOMA Acoustic Sensors [25] Multi-Light-Screen Array [44]

Area 1.0 m × 1.0 m 1.0 m × 1.0 m 2.0 m × 2.0 m

Errors 0.5 mm 10.0 mm 3.5 mm

Ratio Error 0.5‰ 10.0‰ 1.8‰

Sensing shape Linear Dot Plane

Computational
Complexity

Multi-channel signal
processing; positioning
computed via concise

formulas

Multi-channel signal
processing via modest
complexity formulas

Multi-channel signal
processing via significant

complex formulas

Real-Time
Capability

Response times of less than 500 ms can be achieved by hardware; good real-time
performance

Cost-Effectiveness
Analysis

Moderate initial cost
(including the sensor

structures and hardware
circuitry, etc.)

Low initial cost High initial cost

Primary
Advantages

High accuracy, easy
scalability (10 m ×10 m),

and sound speed
calibration-free

computation process

Low cost; well-established
technology.

Good environmental
adaptability; high accuracy; no

velocity constraint

Primary
Limitations Supersonic FO requirement

Supersonic FO
requirement; sound speed

calibration requirement

High initial cost;
limited scalability of the

measurement plane

Regarding computational efficiency and real-time performance, the DRRLOMA uti-
lizes the TDOA from eight LOM channels, which are directly input into concise geometric
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analytical formulas to calculate the position. This results in low computational complexity,
endowing it with a robust real-time processing capability. In comparison, acoustic sensor
arrays rely on analytical formulas of modest complexity, whereas multi-light-screen arrays
depend on those of significant complexity. Although both methods are inferior to the
DRRLOMA in terms of computational efficiency, they can achieve comparable real-time
performance through hardware optimization.

In terms of cost-effectiveness, although the DRRLOMA employs LOM units with a
higher unit cost, its total cost remains intermediate among the three methods. Furthermore,
the system delivers high positioning accuracy, offers easy scalability (e.g., to a 10 m × 10 m
area), and features a computation process that does not require sound speed calibration.
In contrast, acoustic sensor arrays benefit from a low initial cost and are based on well-
established technology. However, they require dense sensor deployment and are susceptible
to environmental interference. Multi-light-screen arrays, which utilize high-precision
optical components and involve demanding installation and alignment procedures, entail
a high initial investment.

In summary, both the DRRLOMA and acoustic sensor arrays require the FO to be
supersonic for effective operation. The restriction of the multi-light-screen arrays is the
limited scalability of the measurement plane, compounded by a high initial cost. The
DRRLOMA method achieves a batter balance between accuracy, real-time performance,
and overall cost-effectiveness. It is particularly well-suited for the localization of supersonic
FOs in scenarios that impose stringent requirements on measurement reliability, response
speed, and long-term operational stability.

4.5. Discussion for Engineering Deployment and Application

The field deployment of the DRRLOMA method presents several practical engineering
challenges that must be addressed. Here, we discuss the key considerations as follows:

(a) Robustness to Environmental Factors: In the DRRLOMA, the LOMs make the system
unsusceptible to environmental variables. Variations in environmental factors, such
as temperature, humidity, and density, affect the propagation of the SW through the
medium but do not influence the laser sensing path of the LOM. Once calibrated, the
LOM in the DRRLOMA—provided that the transmitter and receiver remain aligned
and no shock-wave interference from other FOs is present—generates a transient
signal exclusively when a shock-wave arrives at its laser path. Otherwise, the system
remains in a ready state. However, extreme turbulent airflow directly impinging
on the laser paths could cause signal scintillation, a topic for future investigation in
harsh environments.

(b) System Calibration Strategy: The proposed calibration strategy involves three levels.
The first addresses the fixed geometric parameters of the DRRLOMA structure, such
as side lengths and orthogonality, which are precisely measured using theodolites and
auxiliary lasers. Second, the laser beams between the transmitter and receiver of each
LOM must be accurately aligned, which is critical for achieving precise FO localization.
Third, since the DRRLOMA localization algorithm does not depend on environmental
sound speed, no prior sound speed calibration is required. Additionally, the symmetry
of the dual-rectangular-ring structure simplifies the calibration process.

(c) Long-Term Stability Considerations: Once the structural frame of the DRRLOMA is
fabricated to its specified dimensions, it exhibits excellent mechanical stability suitable
for long-term deployment. The hardware circuitry has been tested for electromagnetic
interference resistance as well as performance under low-temperature and high-
humidity conditions, confirming its long-term stability. Furthermore, solid-state laser
diodes (940 nm) and photodetectors (940 nm) integrated into the LOM exhibit long-
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term stability features with high reliability, long lifetime, and low output drift. As
illustrated in Figure 5b, the fully assembled DRRLOMA functions as a single, rigid
sensing module with robust resistance to vibration.

5. Conclusions
In this study, a novel IP localization method based on a DRRLOMA was proposed

and validated. By introducing the time-equivalent model and constructing a DRRLOMA
composed of eight LOMs, the proposed approach effectively addresses the challenge of IP
positioning under oblique impact conditions, particularly when the velocity vector of the FO
is not aligned with the normal of the measurement plane and significant impact dispersion
is present. Unlike conventional point-based acoustic sensor arrays, which suffer from
limited spatial sampling capability and reduced localization accuracy, the proposed method
employs LOM-based optical measurement units to form a well-defined measurement
plane. By extending the laser paths closer to the SW source generated by the FO, higher-
intensity SW signals can be acquired, thereby enhancing the robustness and accuracy of
IP localization. Both theoretical error analysis and experimental validation demonstrate
strong consistency, with the localization error remaining below 0.5 mm. Compared with
existing IP positioning approaches, the proposed DRRLOMA-based system achieves higher
measurement precision while maintaining a significantly lower system cost, highlighting
its practical applicability and scalability. Although the experimental validation in this study
is confined to a 1 m × 1 m measurement plane due to laboratory constraints, the method
can be readily extended to larger areas (e.g., 10 m × 10 m) by appropriately increasing the
distance between the transmitter and receiver ends of the LOM, ensuring their alignment,
and securing the assembly on a newly constructed 10 m × 10 m mount.

Future work will further investigate the influence of key parameters, including the
distance between the LOM and the FO’s trajectory, as well as the LOM length l, on time-
delay characteristics and positioning accuracy, thereby providing a more comprehensive
understanding of system performance.
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Abbreviations

FO Flying object
IP Impact point
LS Light screen
CCD Charge-coupled device
SW Shock-wave
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TDOA Time difference of arrival
DRRLOMA Dual-rectangular-ring linear optical microphone array
LOM Linear optical microphone
ASWV Apparent shock-wave velocity
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