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Optoelectronic imaging equipment is easy to expose to active laser detection devices because of “cat eye” effect. In
this paper, we propose a new structure of optical system to reduce the retroreflector effect of a cat eye target. Decentered
field lens structure is adopted in the design without sacrificing imaging quality and clear aperture. An imaging system with
+30° field of view is taken for example. The detailed design and simulation results are presented. The results indicate that
this kind of optical system can reduce the retroreflection signal substantially and maintain acceptable imaging performance.

Keywords: geometric optical design, cat eye effect reduction, decentered field lens

PACS: 42.15.Eq

1. Introduction

Because of strong ability and high precision in detecting
and capturing target images, the scouting, tracing, and measur-
ing devices based on optoelectronic imaging are widely used.
However, “cat eye” effect exists in most of imaging devices,
leading to the retroreflection of incident light energy.!!?! Tt
is shown that the retroreflected light power is several times
stronger than the power of diffusion target around. This
cat eye effect is employed to scan, detect, and recognize an
optoelectronic imaging equipment by the active laser detec-
tion technology.’ The active laser detection devices are
widely used in manportable, mobile, and onboard optoelec-
tronic warning systems and possess good performance, and
thus increasingly challenging the traditional optoelectronic
imaging equipments. (613

Some methods are proposed to reduce the retroreflec-
tion signal and cut down the effective range and identifica-
tion probability of an active laser detection device. Defocus-

ing method !

can change the position of intersection point of
reflected rays which are hence blocked by the lens diaphragm
partly. But it will influence the imaging quality on the im-
age sensor because of the departure from the optimal focus
position. Camera tilting method can change the exit direction
of the retroreflection rays and reduce the strength of reflected
light to a certain extent. The more slanted the camera, the
more the reflected energy that could be obscured. However,
the seriously tilted image plane will induce large aberrations
and also sacrifice the imaging quality. Another method is to
use the band stop optical filter which will absorb the incident
probe beam energy.[!>! This method will not affect the imag-
ing performance, but it can affect certain specific wavelengths
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only. An active laser detection device based on the wavelength
tunable laser will abandon this method. An alternative way is
to obscure part of the aperture stop.!'®! The incident light en-
tering the clear aperture will be blocked by the obscured part
when it is retroreflected, hence no echo wave energy can be
detected theoretically. Although this method has the potential
to eliminate the cat eye effect completely, it reduces at least
half of the pupil aperture in fact and affects the illuminance of
image plane and diffraction limit of imaging lens. The above
methods can reduce the cat eye effect of optoelectronic imag-
ing system to an extent; however, they have limitations when
put into practice.

Therefore, it is necessary to work out an improved
scheme that has few influences on imaging performance but
has an effect on more active laser detection device. In the
present paper, we propose an ordinary and effective geomet-
rical method in which a decentered field lens structure is
adopted for reducing the retroreflection effect, and an exam-
ple imaging system maintaining acceptable image quality is
proposed. The simulation results are also shown subsequently.

2. Cat eye effect equivalent model

An ideal cat eye effect model can be equivalent to a com-
bination of an imaging lens and a reflecting surface located on
the focal plane!'”! as shown in Fig. 1. As the detection beam
irradiates the cat eye target, the laser ray will fill and enter into
the lens entrance pupil. All the incident laser beam will be
reflected along the direction that it originates from.

The laser echo power received by the receiving system
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detector can be described as!'®]

_ 0.838PyAsAp, 2737
" (1/4m)R*6262

)

where P is the laser output optical power, 0.838 is the percent
of power distributed in the first obscure ring of Airy disc, As
is the area of the receiver optics of the target, A, is the area
of the receiver optics of the detection system, ps is the cat eye
target reflectance, 7; is the transmission of the optic receiver, T
is the transmission of the atmospheric path, 7 is the transmis-
sion of the target transmitter optics, R is the distance between
the detection system and the target, 6 is the emitting beam di-
vergence angle, and 6; is the back-reflected laser divergence
angle.

image sensor

lens

Fig. 1. (color online) Cat eye effect equivalent model layout including
imaging lens and reflecting mirror.

3. Field lens decenter structure for eliminating
retroreflection beam

If there exists a scheme in which the incident ray falling
on the reflecting plane could be reflected by a completely dif-
ferent route, it will be able to find a way to block the reflected
beam in an appropriate manner. A feasible way is to change
the incident angle on the reflecting plane. As all the rays in an
incident beam hit the reflecting plane on one side of optic axis
as shown in Fig. 2, all the reflected rays will be traced only on
the other side of the optic axis. And hence the desired effect
could be achieved.

Considering that the field lens is commonly placed at or
near the focal plane, the effect of the lens is to change the ray
angle at the image plane, and hence reducing the clear aper-
ture of the lens group behind usually. If placed exactly at the

focus, it has little effect on the power and aberrations of the
objective.

image sensor

lens

Fig. 2. (color online) Rays incident on one side of optic axis, thus re-
flected rays can be blokcked.

As shown in Fig. 3, d is a ray off-center distance relative
to the optic axis of the field lens; «’ is the deflection angle of
the ray parallel to the optic axis, passed through the lens. It is

easy to know that angle #’ can be described in matrix notation
as!1]
[ tan(u') ] 1~
= f { } ; (2)
d 0 1 d

where f is the focal distance of the field lens.

Fig. 3. (color online) Deflection of ray passed through field lens.

objective lens field lens .
image surface

relay lens

Fig. 4. (color online) Secondary imaging scheme including decentered
field lens.

field lens
objective lens

image surface

relay lens

Fig. 5. (color online) Deflection of off-axis ray passed through decentered field lens.
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If the field lens is decentered in the direction perpendicu-
lar to the axis, the deflection angle of the chief ray of each field
of view will change a certain amount. Figure 4 shows a kind
of secondary imaging scheme containing objective lens, field
lens, and relay lens. The direction of incident rays is from left
to right. In this optical structure, the objective lens and relay
lens are both telecentric. For the chief ray of an arbitrary field
of view as shown in Fig. 5, hp is the intersection height on
the field lens, df is the off-center magnitude of the field lens
relative to the optical axis, Ag is the intersection height on the
relay lens, uj; is the refraction angle after the field lens and ug
is the refraction angle after the relay lens.

For the field lens, the matrix notation can be described

as!
1
1 ——
—up ] fr 0 3)
—(dr+hRr) Lo 1 LR | [ —dp |’
e

where fr is the focal length of the field lens, and Lgg is the
distance between the field lens and the relay lens. Because of
the telecentric structure, the front focal plane of the relay lens
and the rear focal plane of the field lens are coincident. So Lgg
can be described as

Lrr = fF+ /R, “4)

- QZ

physical stop T field lens

objective lens

where fr is the focal length of the relay lens.
For the relay lens, the matrix notation can be described

as[l9]

—uj I —— | [ -y
{_hﬂ = fr {_h;} S

Substituting Egs. (3) and (4) into Eq. (5), the refraction angle
can be described as
dr
tanup = —. 6)
R Rk
It can be seen that the incident angle of the chief ray of an ar-
bitrary field of view on the image surface is related only to the
off-center magnitude of the field lens and the focal length of
the relay lens. Here the incident angle of the chief ray on the
image surface uj is designed to be greater than the image cone
angle uc, as the off-center magnitude of field lens should meet

dp > tan(uc)fR . 7)

At this point, the reflected ray will go back along a com-
pletely different way from the incident ray, and can be blocked
by the physical stop as shown in Fig. 6

image sensor

<
uc

relay lens

Fig. 6. (color online) Reflected rays going back in a completely different way from incident ray.

4. Utilization of decentered field lens structure
in anti-detection imaging optical system

The accomplished system layout (as shown in Fig. 7) is
the result of a stepwise design process. The field lens is de-
centered to meet the requirement for anti-detection function as
analyzed in Section 3. The field lens and the relay lens group
are both telecentric, which make each field of view satisfy the
above requirement. Table 1 lists the design specifications. The
ultimate value of modulation transfer function calculated by
optical simulation software vs. field of view (field lens decen-
tering direction) with decentered and coaxial field lens for 25

cyc/mm and 50 cyc/mm are shown in Fig. 8, and RMS spot
radii before and after decentering the field lens are shown in
Table 2, which indicates that the imaging performance degra-
dation of the decentered structure is not significant.

physical stop n
SIS

b. t. l w;
OPJECHVE TEUS 1014 Tens

relay lens

Fig. 7. (color online) Complete anti-detection imaging optical system.
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Fig. 8. (color online) Plots of modulation transfer function vs. field of view (direction of field lens decenter) with (a) decentered field

lens and (b) coaxial field lens.

Table 1. Relevant specifications for designing anti-detection imaging
optical system.

incident beam

Focal length 6 mm

Field of view +30°

F/# F/6
Spectral band 480-650 nm
Field lens decenter distance 1.15 mm

N\

detection laser and receiver

reflected beam blocked
by physical stop

L :"""’»’='F‘-”'

/

image sensor

Table 2. RMS spot radius vs. field of view (direction of field lens de-
center) with decentered field lens and coaxial field lens.

RMS spot radius/pm

Field of view/(°)
with decentered field lens  with coaxial field lens

-30 5.744 10.169

-20 6.252 6.850

-10 7.074 4.242

0 6.431 3.903

10 4.470 4.242

20 8.54 6.850

30 10.868 10.169

Equal weight 7.054 6.632

average value

Next, the commercial optical illumination modeling soft-
ware is used to simulate the detection procedure, and the re-
sults are shown in Fig. 9. In this model, the wavelength of the
laser source is 632 nm, the diameters of the probe laser and
receiver are the same as the entrance pupil of the lens, and the
distance between the source laser and the imaging system is
15 times the focal length of the imaging lens. The reflectivity
of the image sensor is set to be 10%, and the glass surfaces are
coated with a quarter wave anti-reflection film.

Fig. 9. (color online) Detection procedure simulating.

Figure 10 shows the simulation results, i.e., the plots of
detection laser reflectivity versus field of view with the decen-
tered and coaxial field lens respectively. The highest reflected
value of laser with undecentered field lens is 7.99% appear-
ing in 0° field of view, and the highest value with decentered
field lens is 0.59% appearing in about 15° field of view, which
is only 1/13.5 as much as the former. The data indicate that
the field lens decentering scheme reduces the retroreflection
signal substantially.

9
—A— field lens decentered (direction
along decenter)

field lens decentered (directign
perpendicular to decenter)

—8— field lens coaxial

Reflectivity /%

Field of view/(°)

Fig. 10. (color online) Plots of laser reflectivity versus field of view
with decentered and undecentered field lens.
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5. Conclusion

We analyze and show the design of an anti-detection op-
tical imaging system with field lens decentering scheme. The
decentered field lens is an effective and practical way to reduce
the cat eye effect. The value of modulation transfer function is
greater than 0.2 at 50 cyc/mm across more than 70% of central
field of view, and the average values of RMS spot radius for
7 fields of view before and after decentering the field lens are
6.632 um and 7.054 um, respectively. It indicates that the in-
tegral imaging quality degradation is little compared with the
coaxial lens, and the field lens decentering scheme maintains
acceptable imaging performance.
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