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The cat-eye effect in optical systems enables active laser detection at long distances and high orientation pre-
cision. However, few studies focus on the influence of a multi-band laser with a large incident angle on the echo
distribution. This study proposes a three-dimensional echo distribution calculation model of an obliquely inci-
dent multi-band laser based on the Collins diffraction integral formula and aperture function expansion as the
sum of complex Gaussian functions. The echo distributions for different detection ranges are calculated by
coupling the size of the detector in a cat-eye optical system into the model. In the numerical simulation, the
influences of laser wavelength, incident angle, and target detector parameter are quantitatively analysed by
introducing a target-missing quantity of echo spot and peak light intensity. The results show that the peak light
intensity decreases with an increase in incident laser wavelength. When the incident angle increases to a
particular value, the peak light intensity decreases sharply, and the target-missing quantity of the echo spot
centroid is positively correlated with the incident angle. We can effectively extract important information, such
as the working band and detector size, from the cat-eye target echo using this model and provide a trajectory

prediction theory for the active detection of a cat-eye target moving at high speed.

1. Introduction

Optical lenses used in photoelectric equipment are typically equip-
ped with reflective or semi-reflective elements at their focal plane [1].
Therefore, when an active detection laser irradiates the target optical
system, an echo is reflected from the original path. This effect is called
the cat-eye effect, and such a system is called a cat-eye system [2-5]. The
cat-eye effect is widely used in free-space optical communications,
confocal systems, three-dimensional imaging and adjustment-free lasers
[6-9]. The cat-eye system can collimate the detection laser; therefore,
the reflected light intensity of the cat-eye system is 2-4 orders of
magnitude higher than the general diffuse reflection intensity[10-14].
Thus, laser active detection technology based on the cat-eye effect may
realise long-distance target detection.

In the 1980 s, C. Lecocq et al. developed an aiming and positioning
system based on the principle of the cat-eye effect [15]. Combining this
system with blinding laser weapons can realise accurate aiming and
directional confrontation. Researchers from the United States proposed
that the principle of the cat-eye effect can be used for laser active
detection to search for the optical equipment and photoelectric sensors

* Corresponding author.

of enemy targets, determine their working status and position infor-
mation, and execute accurate attacks and blinding[16]. Recently, there
have been some limitations in using the geometric optical ray tracing
method to study the echo beam characteristics of the cat-eye optical
system. For example, an accurate description of the light field cannot be
obtained in the far field, and it is difficult to realise the real-time active
detection of high-speed moving cat-eye targets. Therefore, Zhao et al.
proposed the use of the Collins diffraction integral formula combined
with the aperture function expansion as the sum of complex Gaussian
functions to obtain the analytical formula of the echo beam distribution
of a cat-eye optical system under far-field conditions [17]. Based on this,
Wu et al. introduced the concepts of the optical transmission matrix and
combined diffraction aperture to obtain a further cat-eye target echo
light field model [18]. For the active detection of cat-eye targets moving
at a low speed, He et al. proposed the use of trajectory prediction to
achieve the purpose of real-time detection [19].

With the rapid development of intelligent and multifunctional pho-
toelectric equipment, the wavelength bands that are used are diversi-
fied, and the detector is complicated. When actively detecting the cat-
eye target, it is necessary to effectively collect important information,
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such as its working band, incident angle, and detector size. However,
current research on the influence of wavelength and large-angle oblique-
incidence variables in laser active detection using the cat-eye effect is
not detailed enough. Additionally, there is a lack of quantitative analysis
of the echo spot; therefore, the size information of the cat-eye target
detector cannot be effectively obtained. The theory proposed by Liu
et al. can only describe the echo light field distribution at a small-angle
incidence [20]; however, in practice, the incidence angle of a laser beam
entering a cat-eye optical system is relatively large. Zhao et al. proposed
that the angle tilt can be converted into a displacement tilt to study the
echo light-field distribution at large-angle oblique incidence; however,
the propagation process of the detector on the photosensitive surface of
the cat-eye target was not considered [21]. In practice, the cat-eye target
detector has a significant impact on the echo light field. Therefore, this
study makes a unique contribution to current research by establishing a
three-dimensional light-field distribution model of the original return of
a multi-band Gaussian beam passing through a cat-eye optical system
under the condition of a large-angle oblique incidence. The centroid
coordinates and target-missing quantity of the echo spot are quantita-
tively analysed, which provides a theoretical basis for the real-time
detection of a cat-eye target moving at high speed.

2. Theoretical derivation of three-dimensional echo light-field
distribution

In the large-angle oblique-incidence theoretical model proposed by
Zhao [21], the influence of the detector at the photosensitive surface of the
cat-eye target is not considered. Therefore, the detector at the photosen-
sitive surface divides the middle optical interval into two, and the three-
interval model is expanded into a four-interval model, as shown in
Fig. 1. The cat-eye target in the figure is composed of a focusing lens and a
plane mirror, and it is symmetrically expanded to convert the reflected
light path into a transmitted light path for processing. At this time, the
coordinate system is x'y’z’, as shown in the figure; the 2’-axis is the optical
axis direction of the cat-eye optical system, the y’-axis is perpendicular to
the 2z’-axis, and the x’-axis is perpendicular to the paper surface. The
incident angle of the detection light #), forms a displacement tilt on the cat-
eye target detector Ays, and the Collins diffraction integral formula is no

i . © ik
——exp(ikL,)- // Eo(x0,y0)-exp —
ﬂbl —o0 1

E ) =
1 (2, 1) 2h

Input reference

[a1 (x5 +¥5) — 2(xox1 +yoy1) + i (x7 +37) ] }dxldyl.
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longer applicable when 6), is larger.

The coordinate axis is rotated about the direction of the incident
light, as shown in Fig. 2; thus, the z-axis denotes the direction of the
incident rays. A new coordinate system xyz is established, and the angle
tilt at the optical axis is transformed into the displacement tilt. The
equivalent aperture at the photosensitive surface of the cat-eye target is
transformed from a circular hole hard-edge aperture into an elliptical
hole hard-edge aperture, where the displacement tilt Ay is the coordi-
nate value at the centre of the ellipse. At this time, the Collins diffraction
integral formula may still be used.

Assuming that the input reference plane is the plane on which the
waist radius of the Gaussian beam is wy and the peak intensity on the
axis is 1, the light field distribution at the input reference plane can be
written as follows:

M) o

Eo(x0,y0) = exp( S
o

The cat-eye effect model is decomposed into four optical intervals
using matrix optics. The first interval is from the input reference plane to
the front mirror of lens 1, which does not contain a hard-edge aperture.
The second interval is from the front mirror of lens 1 to the front plane of
the detector, which contains the hard-edge aperture of lens 1 (diameter
D). The third interval is from the front plane of the detector to the front
mirror of lens 2, which contains the hard-edge aperture of the detector
(diameter d). The fourth interval is from the front mirror of lens 2 to the
output reference plane, which contains the hard-edge aperture of lens 2
(diameter D). Combined with the Collins diffraction integral formula,
the optical propagation processes of the four intervals are theoretically
deduced.

The transmission matrix of the first interval can be written as

ay
’

p] 1 L
d] - 0 1|’
where L is the detection distance from the input reference surface to the
cat-eye lens.

Using the Collins diffraction integral formula, the optical field dis-

tribution of the emitted beam passing through the first interval to the
front mirror of lens 1 can be deduced as follows:
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Fig. 1. Cat-eye effect reflection model diagram.
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Fig. 2. Cat-eye effect reflection model diagram after coordinate rotation.

Using a special integral formula / exp[ — (Px* + Qx) |dx =
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The second interval includes the hard-edge aperture of lens 1 and a
range of air transmission distance. Therefore, the interval transfer ma-
trix can be obtained by multiplying the two parts of the matrix. The
transmission matrix of the second interval can be written as follows (The
second formula is derived from the dispersion formula of thin lens, from
which the wavelength variable can be introduced.):

fo+o
- 0 6
{az bz}i[l ﬁ,-«—&} 11 0 7 1) ot
(&) dz 10 1 —— 1 - 1
2 .
1 !

(6)

where fj and ng are the lens focal length and lens refractive index cor-
responding to the central wavelength of the cat-eye target, respectively,
§ is the off-focus of the cat-eye target, and f (\) and n()\) are the focal
length and refractive index of the cat-eye target lens corresponding to
the incident laser wavelength, respectively.

As the emitting beam tilts into the cat-eye target, the shapes of the
three equivalent hard-edge apertures become elliptical after the rotation
of the coordinate axis. Therefore, the window functions of the three
equivalent apertures can be expressed as follows:

2 2 2
X i D
+ A% =
" cos?0, cosZH_V 2(2)

0, otherwise
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0, otherwise
—A 5 —A D\?
1 (x3 . x3)+(y3 . YE)é©,/2<7>
My(x3,y3) = cos’6, cos’0, 2

0, otherwise

Axy = —f-tanf,, Ay, = — f-tand,

Ax3; = —2f-tanf,, Ay; = — 2f-tand,.
where 6, and 6, are the oblique angles of the incident laser in the x and y
directions, respectively, D is the cat-eye target lens diameter, d is the
diameter of the detector at the photosensitive surface of the cat-eye
target, and Ax and Ay are the vertical distances between the centre of
the equivalent diaphragm and the new z-axis after the rotation of the
coordinate axis in the x and y directions, respectively.

The window function of the elliptical hard-edge aperture in equation
(7) is approximated by the sum of finite complex Gaussian functions.
The expansion formula is as follows:

x i
|
1 (X1, 1) Z exp{ D? <cos29X +00329y>}

L | —Axn) (0 — Ap)’
2(32:72) Z exp{ cos?0, cos?0, ®
jz [( AXS)Z (_)’3 - A)’3)21
3(x3,)3) Z eXP{ T cos20, cos20, 1}

where F; and Gj are the expansion coefficients and compound Gaussian
coefficients, respectively, and their values can be obtained from
Ref. [22] for M = 10.

Using the Collins diffraction integral formula, the optical field dis-
tribution of the emitted beam at the front plane of the detector through
the second interval can be deduced as follows:
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The complex Gaussian function expansion of the hard-edge aperture follows:

is substituted into equation (9), and the following can be deduced using
the special integral formula:

ik ik M. F; B2 3 ikd,
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= % +1271+ W—Pz—i-%. 1 The optical field distribution of the emitted beam as it reaches the
? ! 1 oSO front mirror of lens 2 through the third interval can be deduced as fol-
The transmission matrix of the third interval can be written as lows:
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Fig. 3. Three-dimensional distribution and spot distribution of echo light field at different wavelengths (a)(b) A = 587.6 nm, (c)(d) A = 3.8 um, and (e)(f) A =
10.6 um.
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Li(x4,y4) = Ea(x4,y2)-E4 (X4, ya). (20)

The transmission matrix of the fourth interval can be written as 3. Numerical simulation and discussion of echo light field

a, b 1 L

Li dﬂ = {0 12}‘ (16) Based on analytical formula (20), the specific distribution of the
three-dimensional echo light field of a cat-eye optical system under
different wavebands, different large-angle incidence angles, and
different detection distances can be completely described. In the nu-
merical calculation, the initial values are set as follows: the focal length

Using the Collins diffraction integral formula, the light field distri-
bution of the emitted beam at the output reference plane through the
fourth interval can be deduced as

i °° ik
Eqy(x4,94) = mexp(ikLz)-// E3(x3,y3)-Ms (x3,y3)-exp{ "2, [a4 (25 +¥3) — 2(x3xs + ysya) + da (2 +33) ] }dx3dy3 a7

of the cat-eye target lens is 100 mm, the diameter of the aperture is 25.4
mm, the diameter of the detector at the focal plane is 10 mm, and the

The complex Gaussian function expansion of the hard-edge aperture defocus is zero. Assuming that the peak intensity on the axis at the waist
is substituted into the above equation, and the following can be derived of the incident beam is 1, the simulation results are the relative values of
using the special integral formula: the light intensity. The numerical simulation primarily considers the

effects of the wavelength of the incident light and the large angle of
where incidence on the echo light-field distribution of the cat-eye optical

ik ik ik ik
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system.
3.1. Influence of incident light wavelength on echo light-field distribution

Previous research shows that after detection light of different bands
enters the cat-eye target, the actual focal length will change towing to
the different wavelengths; therefore, the defocus is introduced to change
the echo light-field distribution. However, the influence of the change in
wavelength itself has not been studied. The different wavelengths of
incident light change the diffraction limit, which change the diffraction
effect and diffraction field broadening in the process of beam propaga-
tion. In the numerical simulation, the material of the cat-eye target lens
is changed, such that the wavelength of the incident light is always the
centre wavelength of the cat-eye target lens, and the defocus caused by

the wavelength change is maintained at zero. The cat-eye target lens
materials are fused quartz, MgF,, and ZnSe. The central band and inci-
dent light wavelengths are 587.6 nm for visible light, 3.8 um for
medium-wave light, and 10.6 um for long-wave light. The focal length of
the cat-eye lens corresponding to the central band is 100 mm.

The formula for the diffraction limit Airy-spot diameter is

yl
Dy = 2.44-D—~L, 21

H

where Dy is the Airy-spot diameter, and Dy is the effective diffraction
aperture of the cat-eye target. When the detection laser is transmitted
into the cat’s eye target after a certain distance, the actual diffraction
aperture will change due to the change of the incident angle, not the lens
aperture, so it is necessary to introduce Dy. The schematic diagram is
shown in Fig. 6 in 3.2.2. From this formula, when the wavelength

A

Projection of
equivalent aperture 1

(0,2ftano)

Projection of
equivalent aperture 2

Fig. 6. Schematic of effective diffraction aperture of cat-eye target.



Z. Lvetal

0.0012
0.0010 -
0.0008 -
0.0006 -
0.0004 -

0.0002 - ,/
.mw‘l’

Optics and Laser Technology 151 (2022) 108044

0.0000 : ; : -
-0.04 -0.03 -0.02 -0.01 0.00

Light Intensity at the Reference Plane I,

T T
0.01 0.02

0.03

0.04

Reference Plane y,( m)

Fig. 7. Relationship between the incident angle and y-z plane of the echo light field at L = 100 m.

increases, the diffraction limit increases, and the diameter of the Airy
spot increases. Fig. 3 shows the light-field distribution diagrams of the
incident light of different central bands returning to the receiving
reference plane along the original path after entering the cat-eye target
when the detection distance L is 200 m. Comparing the echo light-field
distribution patterns of the three central bands, it can be observed that
with an increase in the incident-light wavelength, the central energy
gradually diffuses outward. Additionally, the echo-spot diameter in-
creases, which corresponds to the Airy-spot diameter formula.

The relationship between the incident light wavelength and the peak
light intensity of the echo light field when the diffraction limit is the
main influencing factor is shown in Fig. 4 for different detection dis-
tances. It is intuitively inferred from the figure that the peak light in-
tensity of the echo light field decreases with an increase in the incident
light wavelength. This occurs because an increase in the incident-light
wavelength causes increases in the diffraction effect and echo-spot
diameter; thus, the echo energy diffuses outward, and the peak light
intensity decreases gradually. According to the investigation, it is first
proposed that the incident-light wavelength has a particular corre-
sponding relationship with the echo peak light intensity because it af-
fects the diffraction limit. Using this relationship and the detection
distance, an analysis of the echo light-field distribution can effectively
obtain the working-band information of the cat-eye target.

3.2. Influence of large incident angle on echo light-field distribution

The effects of the incident angle on the echo peak light intensity,
echo light-field distribution, and target-missing quantity of the echo spot
are primarily considered in the numerical simulation. The relevant
variables are set as follows: the central wavelength of the cat-eye target
and the wavelength of the incident light is 587.6 nm, the focal length of
the cat-eye target lens is 100 mm, its aperture diameter is 25.4 mm, the
diameter of the detector at the focal plane is 10 mm, the detection dis-
tance L is between 100 m and 2000 m, the incident angle of the light 6,

increases gradually from 0° to 3°, and 6y is zero.

3.2.1. Influence of incident angle on echo peak intensity

The peak light intensities of the echo light field under different
detection distances and different incident angles are extracted, and the
corresponding relationship diagram is shown in Fig. 5. The inset of the
figure is a partially enlarged view of the dotted portion. It is observed
from the local enlarged view that the maximum peak light intensity at a
short distance occurs when there is a finite incident angle, not when the
incident angle is zero in the geometric optics method; this is consistent
with the description in Ref. [23]. From the simulation model diagram, it
can be further observed that with an increase in the detection distance,
the angle of the maximum peak light intensity gradually decreases. After
reaching a particular distance, the maximum peak light intensity ap-
pears when the incident angle is zero. This is due to the competitive
effect of the incident angle and detection distance on the diffraction
effect. The specific explanation of the influence of the incident angle on
the echo light field distribution is given in section 3.2.2.

According to formula (7), when the incident angle is 2.9°, the
displacement tilt Ay,, which is introduced by the angle inclination at the

Table 1
Target-missing quantity values of the echo spot corresponding to different
detection distances and incident angles.

Target-missing quantity (m) Detection distance (m)

100 200 500 1000 2000
Incident angle (°) 0 0 0 0 0 0
0.5 0.0011 0.0015  0.0015  0.0014  0.0016
0.0024  0.0030  0.0031 0.0030  0.0033
1.5 0.0038 0.0046 0.0047 0.0046 0.0049
0.0054  0.0063  0.0061 0.0061 0.0065
2.5 0.0071 0.0079  0.0076  0.0078  0.0081
3 0.0086  0.0095  0.0091 0.0093  0.0094
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photosensitive surface of the cat-eye target, is approximately 5.06 mm;
this is slightly larger than the 5 mm radius of the detector at the
photosensitive surface. At this time, most of the energy of the incident
light does not enter the cat-eye target. Therefore, the echo light intensity
on the receiving plane will also be very weak, which is consistent with
the rapid reduction of the peak light intensity at the incident angle of
2.9° under different detection distances in Fig. 5. In the practical active
detection of the cat-eye target, this conclusion can be used to obtain the
relevant information of the size of the cat-eye target detector from the
echo light field. The size of the detector at the photosensitive surface of
the detected cat-eye target can be retrieved by obtaining the incident
angle corresponding to the sudden decrease in the echo light intensity.
This study proposes a novel solution to effectively obtain the size in-
formation of the cat-eye target detector in the active detection of the cat-
eye target.

3.2.2. Influence of incident angle on echo light field distribution

In Fig. 2, equivalent aperture 1 is projected onto equivalent aperture
2 along the direction of the incident light. The overlapping part of the
two apertures is the effective diffraction aperture of the cat-eye target, as
shown in the shaded part of Fig. 6. The effective diffraction aperture Dy
decreases gradually with an increase in the incident angle 6.

Because the tilt effects in the x and y directions are consistent, only
the change law of the incident angle in the y direction is studied. The y-z
plane distribution of the echo light field at different incident angles of L
=100 m is extracted, as shown in Fig. 7. Theoretical analysis shows that
with an increase in the incident angle 6,, the effective diffraction aper-
ture of the cat-eye target decreases, the profile of the light-field distri-
bution gradually decreases, the diffraction peak gradually decreases, the
main diffraction peak light intensity gradually shifts to the secondary
diffraction peak light intensity, and the highest peak begins to increase
slowly. This is consistent with the y—z plane distribution of the echo light
field at different incident angles when L = 100 m in Fig. 7. However,
with a gradual increase in the detection distance, the diffraction effect
increases sharply, and the broadening speed of the diffraction light field
is greater than that of the diffraction peak. Therefore, the incidence
angle when the peak light intensity reaches its maximum gradually
decreases. Additionally, when the peak light intensity reaches its
maximum after a particular distance, the incidence angle is zero, which
is consistent with the description in section 3.2.1. This also shows that
the theoretical model is self-consistent.
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3.2.3. Influence of incident angle on target-missing quantity of echo spot

The definitions of the spot-centroid coordinates and spot target-
missing quantity are introduced to quantitatively analyse the echo
spot pattern. The spot-centroid coordinates are given by the first-order
moment of the spot data. The absolute value of the centroid difference
of the echo spot at different incident angles and zero degrees is defined
as the spot target-missing quantity. The definition formulas are as fol-
lows:

Z}”:lz:'lzlxljlij(k) (k) = Z}ilZ?:lyijlij(k)
OAED VAN (S IR DAl SN A

Ax(k) = |xo(k) = xo(k) [Ay(k) = |yo(k) = yo(K) |, (22)

x(k) =

where x(k) and y(k) are the transverse and longitudinal coordinates of
the spot centroid, respectively, n and m are the number of pixels in the x
and y directions of the receiving plane, respectively, x; and y; are the x-
and y-coordinate values corresponding to the number of pixels in the
receiving plane, respectively, [;j(k) are the light intensity values corre-
sponding to the pixels, yo(k) and yg(k) are the ordinate of the spot
centroid corresponding to 0° and 6° incident angles, respectively, and Ax
(k) and Ay(k) are the target-missing quantities in the x and y directions,
respectively.

This study only considers incidence at different angles in the y di-
rection, and the x direction is similar. Therefore, the target-missing
quantity data of the echo spot in the y direction at different detection
distances and different incidence angles are obtained, as shown in
Table 1.

The data in Table 1 are linearly fitted, as shown in Fig. 8. The inset of
the figure is an enlarged view of the dotted box. It can be observed from
the figure that the target-missing quantity of the echo spot centroid is
positively correlated with the incident angle, its slope is only related to
the parameters of the cat-eye target itself, and the detection distance
only changes its intercept. This provides a theoretical basis for trajectory
prediction in the active detection of a cat-eye target moving at high
speed, and it provides continuous tracking and active detection in real
time.

4. Conclusions

We proposed a three-dimensional echo-distribution calculation
model for a multi-band laser obliquely incident on a cat-eye target. The
focal length dispersion formula is introduced into the optical trans-
mission matrix to calculate the influence of the incident-light wave-
length on the performance of the laser active detection. By considering
the target detector in the model, the influence of the size of the target
detector on the echo distribution can be effectively obtained. The nu-
merical simulation primarily considers the influences of the incident
laser wavelength and angle on the echo light field of the cat-eye target,
and the target-missing quantity of the echo spot and the peak light in-
tensity were obtained for quantitative analysis. The results show that the
peak light intensity decreases with an increase in the incident laser
wavelength. When the incident angle increases to a particular value, the
peak light intensity decreases sharply, and the target-missing quantity of
the echo spot centroid is positively correlated with the incident angle.
The theoretical model in this study provides a new method to obtain the
target working band and target detector size for laser active detection,
and it offers a trajectory-prediction theory for the laser active detection
of cat-eye targets moving at high speed. However, there are some lim-
itations in the work of this paper. For example, the cat-eye target is
composed of a focusing lens and a plane mirror in this model, but the
real cat’s eye target is not made up of this. In the future work, we will use
the actual CCD instead of the simple cat’s eye target model. And the
influence of atmospheric turbulence on light wave propagation will be
considered.
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