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Abstract: In order to meet the urgent need of infrared search and track applications for accurate identification and
positioning of infrared guidance aircraft, an active-detection mid-wave infrared search and track system (AD-
MWIRSTS) based on "cat-eye effect" was developed. The ADMWIRSTS mainly consists of both a light beam
control subsystem and an infrared search and track subsystem. The light beam control subsystem uses an integrat-
ed opto-mechanical two-dimensional pointing mirror to realize the control function of the azimuth and pitch direc-
tions of the system, which can cover the whole airspace range of 360°x90°. The infrared search and track subsys-
tem uses two mid-wave infrared cooled 640%x512 focal plane detectors for co-aperture beam expanding, infrared
and illumination laser beam combining, infrared search, and two-stage track opto-mechanical design. In this
work, the system integration design and structural finite-element analysis were conducted, the search imaging and
two-stage track imaging for external scenes were performed, and the active-detection technologies were experi-
mentally verified in the laboratory. The experimental investigation results show that the system can realize the in-
frared search and track imaging, and the accurate identification and positioning of the mid-wave infrared guid-
ance, or infrared detection system through the echo of the illumination laser. The aforementioned work has impor-
tant technical significance and practical application value for the development of compactly-integrated high-preci-
sion infrared search and track, and laser suppression system, and has broad application prospects in the protection
of equipment, assets and infrastructures.
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Introduction

With the continuous progress of infrared imaging
technology, its threat to high-value targets is also grow-
ing, and its prominent role is in the application of infra-
red guided aircraft. In the Gulf of 1991, the US, with a
huge scientific and technological advantage, lost only 19
aircraft, most of which were shot down due to the role of
infrared guidanceil:. Under the traction needs, infrared
imaging guidance technology has become a hot spot in
the development of photoelectric precision guidance tech-
nology™. Especially after the Gulf of 1991, the various
kinds of aircrafts relying on infrared imaging technology
have been successfully used, making infrared guidance
technology become the focus of research on high-value
target strike technology™*'. To cope with the threat of in-
frared guidance system to high-value targets, the techni-
cal demand for rapid and effective protection of high-val-
ue facilities or equipment during photoelectric guidance
or optical imaging moving targets approach is increasing.
The infrared guidance system can be simplified into two
parts: infrared optical lens and infrared detector. The in-
frared detector is the core component that converts ther-
mal radiation into electrical signals. Direct interference
or damage to the infrared detector can cause the infrared
guidance system to fail. Laser is called "the fastest
knife", "the most accurate ruler" and "the brightest
light", which is the best means to interfere with or dam-
age the infrared detector. However, how to accurately
identify and locate the infrared guidance system during
search and track is a big challenge.

The infrared search and track (IRST) system is a
device that uses the principle of infrared imaging to accu-
rately search and track targets. As a passive detection
method, infrared search and track has the advantages of
strong anti-interference ability, good concealment and
all-weather work>”". In the infrared band, the 3-5 wm of
the mid-infrared band is in the atmospheric window, and
the transmittance in the atmosphere is high'*'. Moreover,
the tail flame spectrum formed by fuel combustion of im-
portant targets such as aircrafts, powered missiles and
rockets is also mostly in the mid-infrared band of 3-5
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wm". Therefore, the 3-5 wm mid-wave infrared band

occupies a very important position in infrared guidance
systems, infrared lasers, and infrared search and track.

The OEPS-29 infrared search and track system,
equipped by Russia’s Su-27 SK, uses a 64-element lin-
ear indium antimonide infrared detector. The infrared az-
imuth instrument, laser range finder and helmet targeting
device are integrated together to form an application sys-
tem. The scanning range is: azimuth -60°-60° , pitch
-15°-60°, and the system mass is 175 kg'"®". The Dutch
"Sirius" is the most typical linear array scanning infrared
search and tracking system in the early days. The system
includes two cooled infrared detectors, which work in the
3-5 pm mid-wave infrared and 8-12 pm long-wave infra-
red bands respectively. The resolutions of the two detec-
tors are 300x10 and 300x8, respectively“”. SIMONE,
an infrared surveillance, observation, and navigation sys-
tem developed by Germany’s Diehl BGT Defense Compa-
ny, has a 360° search capability. The first SIMONE sys-
tem was put into service on the German Navy's new F125
frigate in 2017. The SIMONE system uses multiple de-
tector stare imaging, with each detector module using a
640x512 uncooled detector operating in the 8-12 pm
band, with a single detector module having an azimuth
coverage of 40° and an elevation range of 50", The
Dutch IRSCAN infrared search and track system is de-
signed for destroyers, with a scanner head weighing
about 75 kg, a pitch field view of 14. 6°, an azimuth cov-
erage of 360°, and uses a 1024-element focal plane array
detector operating in the 8-14 wm band""*'.

According to the results of the literature survey, do-
mestic research on the application of infrared search and
track system started late and there are few publicly avail-
able related materials. The advanced technology coun-
tries have carried out extensive research on infrared
search and track system, but there is no compact opto-
mechanical integrated system design with two-stage track
and infrared illumination laser integration, and it is im-
possible to accurately identify and locate the infrared
guidance system by active detection, which cannot meet
the effective application requirements for infrared guid-
ance system. Moreover, there are few public research re-
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sults in this area. This paper innovatively realizes the en-
gineering application of the active-detection mid-wave in-
frared search and track system (ADMWIRSTS) based on
"cat-eye effect", and completes the integration of infra-
red search, two-stage infrared track, mid-wave laser illu-
mination and light beam control functions using two mid-
wave infrared cooled 640X512 focal plane detectors for
detection. The echo of the illumination laser is received
by the fine track module, and the integrated application
of infrared search and track, and illumination laser is fi-
nally realized. The ADMWIRSTS is designed with com-
pact opto-mechanical integration. The size of the AD-
MWIRSTS is 660 mm (length) x 607 mm (width) x 664
mm (height) , and the mass is less than 68 kg, which
meets the requirements of compact and lightweight engi-
neering application. The ADMWIRSTS developed in this
paper carries out the co-aperture transmission and recep-
tion of infrared search and track, and mid-wave illumina-
tion laser, and searches for targets in the 3-5 pm band,
and then locks onto targets with coarse and fine track. It
can accurately identify and locate the infrared guidance
or infrared detection system through the echo of the illu-
mination laser, with an infrared identification resolution
better than 35 prad. The results of outfield imaging and
laboratory experiments show that the system can realize
the accurate identification and positioning of active detec-
tion in infrared search and tracking imaging for mid-wave
infrared guidance or infrared detection system, and the
engineering application effect is good.

1 System principle

In optical systems, there is a physical property
known as "cat-eye effect". When the cat’s eyes are irra-
diated with light in the night, bright light will be emit-
ted. This is because the cat’s retina has a very high re-
flectivity of light. When the light passes through the pu-
pil and enters the retina, it can return in the same way.
This is so-called "cat-eye effect"''*. In the optical imag-
ing system, the "cat-eye effect" can be simplified as the
model shown in Fig. 1, which is composed of the con-
verging lens and the focal plane. When the beam EF par-
allel to the optical axis of the lens converges to the focal
plane through the lens, it can be known from the revers-
ibility of the light that the reflected beam will return
along the FE direction. Similarly, when the obliquely in-
cident beam MN converges to the focal plane through the
lens, the reflected beam will return along the NM direc-
tion' ™", For laser irradiation, the "cat-eye effect" re-
flection light, due to the focusing reflection of the lens,
will have an echo light energy higher than that of ordinary
target echoes' ™",

The application of the laser "cat-eye effect" in for-
eign optoelectronic systems started earlier, and has
formed a variety of engineering applications such as vehi-
cle-mounted active laser systems, anti-sniper laser sys-
tems, ship-mounted and airborne active laser sys-
tems'™?), However, there are few publicly available en-
gineering application results of the mid-infrared "cat-eye
effect" both domestically and internationally.
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Imaging
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Fig. 1 The schematic diagram of "cat-eye effect"
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The technical route of the ADMWIRSTS based on
"cat-eye effect" is that the mid-wave infrared search and
track identifies the target through infrared search, and
locks the target through coarse track and fine track. After
emitting laser with the illumination laser of the common
optical path of fine track, the target is accurately identi-
fied and located through the active detection of the "cat-
eye effect".

As shown in Fig. 2, the ADMWIRSTS mainly in-
cludes a light beam control subsystem and an infrared
search and track subsystem. The main body of the light
beam control subsystem adopts a high-precision two-di-
mensional pointing mechanism, which realizes the light
beam control function through the movement of the path
turning and the opto-mechanical reflecting mirror. The
opto-mechanical two-dimensional motion mechanism can
cover the whole airspace range of 360°x90°.

Light beam control
- subsystem
Pitch’
rotation -—\_gii_,/«/'Azimuth
rotation
Infrared search and
track subsystem
Search and e
Illumination
coarse track
. laser
module Fine track
_ module
" L]
g i |
Two-dimensional x }
fast steering mirror

Mid-wave infrared high-energy laser interface

Fig. 2 Principle block diagram of active-detection mid-wave in-
frared search and track system (ADMWIRSTS)
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The infrared search and track subsystem mainly in-
cludes search and coarse track module, fine track mod-
ule, two-dimensional fast steering mirror, beam expand-
ing component and illumination laser.

The mirror of the light beam control subsystem ro-
tates continuously in the azimuth direction in the search
mode, and the infrared search and coarse track module
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mechanism adjusts the pitch angle (pitch baseline) of n.h"ue“ _ : |
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tion of the infrared search and coarse track module is to < » |
receive the thermal radiation of the target, and use target- : Turning
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dimensional opto-mechanical scanning mechanism of the Pitch < ]
light beam control subsystem to realize the passive coarse axis SCUiHg tHtoE o
track of the target. B l

The main function of the fine track module is to ac-
tively detect the target echo under the illumination of the
laser, accurately identify and locate the target optical sys-
tem according to the principle of "cat-eye effect", extract
the target-missing quantity of the target, drive the two-di-
mensional fast steering mirror to accurately correct the
target optical axis at the prad level, and realize the fur-
ther accurate track function of the target optical system.

The system'’s search and coarse track function is
completed by combining search and coarse track with
light beam control. The combination of coarse track and
fine track is used to accurately identify and locate the tar-
get optical system. The system completes the integrated
design of infrared search, infrared track and light beam
control functions, and finally realizes the integrated ap-
plication of infrared search and track, and illumination
laser.

The opto-mechanical interface of the mid-wave infra-
red high-energy laser is reserved in the active detection
system. In the coarse track, the light beam control sub-
system locks the target. After the fine track accurately
identifies and locates the target optical system, the high-
energy laser can be emitted in the fine track optical path
for laser damage irradiation.

2 Light beam control subsystem design

2.1 Light beam control subsystem opto—mechani-
cal design

The schematic diagram of the principle of the light
beam control subsystem is shown in Fig. 3. The main
body of the light beam control subsystem adopts an opto-
mechanical miniaturized two-dimensional pointing mech-
anism. Through the optical path turning and the move-
ment of the opto-mechanical mirror, the infrared search
and track optical path and the laser beam are controlled
in the azimuth and pitch directions. The opto-mechanical
two-dimensional pointing and scanning motion mecha-
nism includes azimuth mechanism and pitch mechanism,
which can cover the whole airspace range of 360°x90°.
The light beam control subsystem is mainly composed of
azimuth drive mechanism, pitch drive mechanism, turn-
ing mirror and scanning mirror. The turning mirror and
scanning mirror rotate around the azimuth axis, and the
scanning mirror rotates around the pitch axis to realize
the field of view of the system covering the airspace.

The opto-mechanical structure of the light beam con-
trol subsystem is shown in Fig. 4. The main body is a
compact and lightweight two-dimensional turntable that

Azimuth drive mechmnsm‘ ‘

v

Infrared and laser entrance KILJ

Azimuth axis

Fig. 3 Principle diagram of light beam control subsystem
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drives the azimuth and pitch rotation of the scanning mir-
ror. The overall size is 460 mm (diameter) X 362 mm
(height). The weight of the subsystem is about 20 kg,
which meets the use demand of miniaturized system. The
pitch scanning mirror is a reflector mirror installed at a
45° angle, and the pitch driving mechanism drives the
pitch scanning mirror to pitch rotate around the rotation
center. Through the optical reflection of the pitch-rotat-
ing pitch scanning mirror and the fixed 45° reflector, the
search and track optical path and the laser beam rotate in
the pitch 90° range, and the azimuth rotation is driven by
the azimuth drive mechanism, so as to search and track
imaging in the airspace. The pitch scanning mirror and
45° reflector are designed by opto-mechanical integra-
tion. The material is 7075-T6 high-performance aviation
aluminum alloy, and the diameter of the reflected optical
path is 84 mm. The sealed upper ball cover of the azi-
muth rotation part adopts an approximate hemispherical
design, which greatly reduces the wind resistance during
azimuth rotation. The light-transmitting hole of the light
beam control subsystem is 86 mm.

The pitch drive mechanism, the pitch scanning mir-
ror and the 45° reflector are installed on the scanning
base slab. The upper ball cover seals the reflector,
search and track optical path and laser beam are emitted
from the infrared window. The azimuth drive mechanism
is installed on the outer cover supporting pedestal to
drive the scanning base slab to rotate 360° in azimuth,
completing the azimuth rotation of the pitch scanning mir-
ror and the 45° reflector around the azimuth axis. Hollow
electric slip ring is installed between the rotating end and
the fixed end of the azimuth rotation to meet the electron-
ic interface connection during continuous rotation. At the
same time, the center of the azimuth drive mechanism is
a hollow light hole structure for optical path and beam
transmission.

2.2 Calculation of light beam control motion pa-
rameters

In order to ensure the reliability of the spatial point-
ing of the light beam control subsystem, the motion pa-
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Fig. 4 Opto-mechanical structure of light beam control subsys-
tem: (a) 3D model; (b) front view; (c) section view
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rameters of the two-dimensional pointing mechanism are
analyzed and calculated. According to the system re-

quirements, the time ¢ pointing to the rotation is 1 s, and
the rotation angle is 90° within 1 s in the pitch direction.
Because the azimuth direction can be rotated in the for-
ward or reverse direction, the rotation angle is 180° with-
in 1 s in the azimuth direction. The two-stage control
strategy of "equal acceleration + equal deceleration" is
adopted in the rotation process. The relationship between
the rotation time ¢ and the speed v is shown in Fig. 5, a
is the angular acceleration, and at/2 is the maximum an-
gular velocity in the rotation process.

v(°/s)
A

at/2

> 1(s)

t/2

Fig. 5 The relationship between rotation time and speed
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According to the relationship between the rotation
time and the speed, the calculation Eq. (1) of the rota-
tion stroke can be obtained:

at’

SZT , (1)

In Eq. (1), S is the angle stroke of the scanning
pitch mirror in the pitch or azimuth direction of the sys-
tem in 1 s, with pitch stroke SP=90O , azimuth stroke S =
180°, t=1 s. Through Eq. (1) and the relationship be-
tween rotation time and speed, the pitch angular acceler-
ation a,, the pitch maximum angular velocity v,, the azi-
muth angular acceleration a,, and the azimuth maximum
angular velocity v, can be obtained, as shown in Table 1,
rpm (Revolutions Per Minute) represents the number of
circumferential rotations per minute of the motor.

Table 1 System pitch and azimuth angular acceleration,
maximum angular velocity

x1 RS RGHFHINEE &KX REE

Parameter Index

Pitch angular acceleration 360°/s”
Pitch maximum angular velocity v, 180°/s(30 rpm)

Azimuth angular acceleration a, 720°/s”
Azimuth maximum angular velocity v, 360°/5(60 rpm)

As shown in Table 1, the maximum theoretical
speed of the pitch drive mechanism should not be less
than 30 rpm, and the maximum theoretical speed of the
azimuth drive mechanism should not be less than 60 rpm.

The pitch rotation load of the light beam control sub-
system mainly includes the pitch scanning mirror, the
pitch grating encoder, the pitch shaft system rotation part
and the pitch torque motor rotation part. The azimuth ro-
tation load mainly includes the upper ball cover, the
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pitch drive mechanism, the pitch scanning mirror, the
45 ° reflector, the scanning base slab, the azimuth grat-
ing encoder, the azimuth shaft system rotation part, the
azimuth torque motor rotation part. The mass of the load
and the moment of inertia around the rotation axis are ob-
tained from the three-dimensional design model. The
light beam control subsystem servo load parameter indi-
ces are shown in Table 2.

Table 2 Servo load parameter indices of light beam con-
trol subsystem

x2 ERES S REFARAHSBISE

Parameter Index
Pitch load mass m_ 0. 44 kg
Pitch moment of inertia J, 1.53x10*kg+m”
Azimuth load mass m, 8. 65 kg
Azimuth moment of inertia J, 0.13 kg'm2

The continuous torque T, of the drive motor is de-
termined by Eq. (2):

/T,,Z X1, + T2 %1, + T, X1,

T, = p , (2)
In Eq. (2): "
Tf = % ’ (3)
_3.14 % Ja
Ta - 180 Tf ° (4)
3.14 X Ja
T,= —180 L (5)

In Eqs. (2) - (5), T, is the friction torque that
needs to be overcome in the rotation, d is the inner diam-
eter of the bearing, d =10 mm in the pitch drive mecha-
nism, d, =110 mm in the azimuth drive mechanism, u is
the friction coefficient, p is 0. 1, m is the load mass, q,
is the sum of the vibration acceleration and the gravity ac-
celeration in the vertical horizontal direction, a,=2.5 g=
24.5 m/s’, n is the efficiency, 771is 0. 8; T, is the torque
required for the acceleration section in the system rota-
tion, and 7, is the maximum peak torque required for the
mechanism; T, is the torque required for the deceleration
section of the system, J is the moment of inertia of the
load around the rotation axis, and a is the angular accel-
eration; t, is the acceleration time in the rotation, ¢,=0. 5
s, t, is the uniform speed time in the rotation, t=0 s, ¢, is
the deceleration time in the rotation, #,=0. 5 s, ¢ is the to-
tal rotation time of the system, =1 s.

From Tables 1 and 2, the angular acceleration,
load mass and moment of inertia in pitch and azimuth ro-
tation can be obtained. Through Eqs. (2) - (5), the
continuous torque and peak torque required by the pitch
drive mechanism and the azimuth drive mechanism can
be obtained, as shown in Table 3. The calculation result
of T, is negative, indicating that the pitch drive motor
has the same torque action direction in the acceleration
section and the deceleration section, and the pitch rota-
tion ability can reach a higher level under this torque.

Table 3 Continuous torque and peak torque of pitch
and azimuth drive mechanism
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Parameter Index
Pitch drive mechanism continuous torque 7, 0.7x107> N-m
Pitch drive mechanism peak torque T, 0.8x107>N-m
Azimuth drive mechanism continuous torque 7' 2.2N-m
Azimuth drive mechanism peak torque 7', 3.1 N-m

3 Infrared search and track subsystem
design

3.1 Infrared search and track subsystem overall
design

The overall design of the infrared search and track
subsystem is shown in Fig. 6, which mainly includes the
search and coarse track module, fine track module,
beam expanding component, two-dimensional fast steer-
ing mirror, and illuminating laser, with dimensions of
660 mm (length)x562 mm (width) % 332 mm (height) ,
and the weight of the subsystem is about 42 kg. All com-
ponents of the infrared search and track subsystem are in-
stalled on the search and track integrated base slab,
which has good structural stiffness while being light-
weight. The infrared search and track subsystem uses
sealed outer cover to seal the subsystem, and electronic
interfaces are designed on the cover for power and image
transmission, and communication connections.

The two-dimensional fast steering mirror and illumi-
nation laser technology in the infrared search and track
subsystem are relatively mature, and the mature scientif-
ic research supporting equipment on the market is adopt-
ed. The size of the two-dimensional fast steering mirror is
112 mm (length) X71 mm (width)x93.5 mm (height) ,
the weight is about 1 kg, the two-dimensional rotation
stroke is +20 mrad, the accuracy is about 5 prad, and
the optical aperture is 70 mm. The size of the illumina-
tion laser is 315 mm (length) X166 mm (width) X 97 mm
(height ), the weight is about 6 kg, the laser output wave-
length is 3.7 pm, the repetition rate is not less than
9 kHz, the average power is about 3 W, the divergence
angle is 5 mrad, and the beam diameter is 6 mm.

3.2 Beam expanding component and opto—mechan-
ical beam combination

In the infrared search and track subsystem, the fine
track optical path and the illumination laser beam are co-
aperture beams expanded through the beam expanding
component. The beam expanding component adopts re-
flective optical beam expanding, and its functions mainly
include: 1) increasing the spot diameter of the illumina-
tion laser; 2) reduce the divergence angle of the laser
beam; 3) as the main receiving mirror of the fine track
detection, receiving the illumination laser "cat-eye ef-
fect" echo, to achieve accurate identification and posi-
tioning of the target by laser active detection. The optical
design parameter indices of the beam expanding compo-
nent are shown in Table 4, and the optical path diagram
is shown in Fig. 7.
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Fig. 6 Overall design of infrared search and track subsystem: (a)
3D model; (b) front view; (c) upper view (the sealed outer cover
is hidden)
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Table 4 Optical design parameter indices of beam ex-
panding component

R4 TRAGRFRITSHIER

Parameter Index

Beam expanding band Mid-wave infrared

Beam expanding ratio 5
Reflectance 98%
Anti-laser damage threshold 30 MW/cm?

The schematic diagram of the search and track opto-
mechanical beam combining is shown in Fig. 8. The dot-

Fig. 7 Beam expanding component optical path diagram
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ted line in the figure represents the fine track optical
path. The fine track optical path and the illumination la-
ser beam pass through the beam combining mirror 1 to
perform the opto-mechanical integrated beam combining
of infrared and illumination laser; the beam combining
mirror 2 is a reserved beam combining mirror, which can
perform co-aperture beam combining of mid-wave infra-
red high-energy laser beams in the fine track optical
path, and its function is to reserve a high-energy laser in-
terface; the fine track optical path and the search and
coarse track optical path are opto-mechanical integration
beam combining of the infrared search and track through
the beam combining mirror 3. The infrared optical path
is combined with the laser beam to form a co-aperture out-
going optical path.

Integrated stray light
elimination structure

Illumination
laser input

Fine track optics

Beam
expanding
component

Beam

Beam
combining
mirror 3

Two-dimensional

fast steering Beam Search and

IHrrar, combining coarse track

mirror 2 optical input

Fig. 8 Search and track opto-mechanical beam combining sche-
matic diagram
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From Fig. 8, the fine track optics is at the front po-
sition of the search and track opto-mechanical beam com-
bining optical path, and the search and coarse track op-
tics is at the end position of the search and track opto-me-
chanical beam combining optical path. The fine track op-
tical path and the illumination laser beam share the same
optical path in the whole search and track optical path.
The fine track pointing is performed by the two-dimen-
sional fast steering mirror, and the optical path is ex-
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panded by 5 times by the beam expanding component.
After beam expansion, the illumination laser divergence
angle is 1 mrad, and the beam diameter is 30 mm. An in-
tegrated stray light elimination structure is designed be-
tween the beam combing 1 and the fine track optics to
eliminate and absorb the stray light.
3.3 Search and coarse track module design

The detector of the search and coarse track module
uses an area array cooled infrared detector. The imaging
output frame frequency is not less than 100 Hz, and the
effective aperture is 55 mm. The optical design parame-
ters of the search and coarse track module are shown in

Table 5.

Table 5 Search and coarse track optical parameters

*5 HEREREXLZSH

Parameter Index
Band range 3.7-4.8 pm
Detector pixel number 640x512
Detector pixel size 15 pmX15 pm
F number 2
Imaging field angle 5°%x4°
Focal length 110 mm

Search and coarse track optical lens is designed to
achieve a compact structural layout, using a secondary
imaging with a total of 6 lenses and a reflector in the mid-
dle for optical path turning. The opto-mechanical struc-
ture of the search and coarse track module is shown in
Fig. 9. The detector and lens of the search and coarse
track module are installed on the search and coarse track
base slab. To make the system structure compact, the
lens makes a 90° turning of the optical path, and the bot-
tom of the module is supported by two support frames.

Search and coarse
track detector

Search and
coarse track lens

£

m;l |
Search and i
coarse track “ﬁ

base slab ;I‘
Search and Ql

coarse track suppol

Fig. 9
module
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Opto-mechanical structure of search and coarse track

The optical path of the search and coarse track mod-
ule is shown in Fig. 10.

Fig. 10 Search and coarse track module optical path diagram

K10 85 SO R ER RO B 15]

The single-pixel instantaneous field of view of the
search and coarse track module is 0. 136 mrad, and the
athermalization design is adopted. According to the MTF
(Modulation Transfer Function) curves of the athermal-
ization design of the search and coarse track module at
different temperatures in Fig. 11, the athermalization de-
sign of the search and coarse track module is good,
which can ensure the imaging quality of the search and
coarse track module in high and low temperatures.

3.4 Fine track module design

The detector of the fine track module uses an area
array cooled infrared detector. The imaging output frame
frequency is not less than 100 Hz, and the effective aper-
ture is 80 mm. The optical design parameters of the fine
track module are shown in Table 6.

The optical lens design of the fine track module uses
4 lenses for one imaging design. The opto-mechanical
structure of the fine track module is shown in Fig. 12.
The detector and lens of the fine track module are in-
stalled on the fine track base slab. A cam-type focusing
mechanism is used to compensate for the focal length
changes of the fine tracking module in high and low tem-
peratures. The bottom of the module is supported by two
support frames.

The fine track module passes through the beam ex-
panding component and beam combining mirror, two-di-
mensional fast steering mirror optical path turning, and
the optical path diagram is shown in Fig. 13.

The single-pixel instantaneous field of view of the
fine track module is 34. 1 prad, and the temperature fo-
cusing compensation design is adopted. It can be seen
from the MTF curve of the fine track module in Fig. 14
that the theoretical limit MTF of the 33 Ip (line-pairs)/
mm in Fig. 14(a) is low due to the high F number in the
fine track optical design. On the basis of maintaining the
same resolution as the search and coarse track, the MTF
of the 17 lp/mm is analyzed as shown in Fig. 14(b). It
can be seen from Fig. 14 that the optical design of the
fine track module is good, which can ensure the imaging
quality.

4 System integration and experimental
verification

4.1 System integration and simulation
The integrated design of the ADMWIRSTS is shown

in Fig. 15. The infrared search and track subsystem
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Table 6 Fine track optical parameters

*6 RREAFSE

Parameter Index
Band range 3.7-4.8 um
Detector pixel number 640x512
Detector pixel size 15 pmx15 pm
F number 5.5
Imaging field angle 1.25°x1°
Focal length 440 mm

adopts an inverted structure, and the light beam control
subsystem is installed on the search and track integrated
base slab of the infrared search and track subsystem for
system integration. The search and track support plate is
installed on the outer ring of the active detection system
as the system installation structure. The size of the AD-
MWIRSTS is 660 mm (length) x 607 mm (width) x
664 mm (height) , and the weight of the ADMWIRSTS
is less than 68 kg. The system aperture is 80 mm.

The ADMWIRSTS is taken as a whole model, and

the finite element simulation analysis of the internal opto-

base slab

Fine track support

Fig. 12 Opto-mechanical structure of fine track module

K12 ORGEREEELHOLHLES

mechanical structure is carried out. After simplifying the
structure and adding mechanical coordination to the mod-
el, material parameters are added to the parts, and fixed
constraints are added to the search and track support
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Fig. 13 Fine track module optical path diagram
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Fig. 14 Fine track module MTF: (a) 33 Ip/mm MTF; (b) 17 lp/

mm MTF
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MTF

plate installation surface. In the actual use environment,
the gravity load is added to the model, and the influence
of vibration is considered. The acceleration load of 24. 5

m/s” is applied to the whole machine in the direction of

(a)

Infrared search and
track subsystem

Light beam
control subgystem
/

Search and frack
integrated base

k
664

660
(b)
Search and track
support plate
el
o & :J
s

J

e e T TN

S

I

(c)

Fig. 15 Integrated design of ADMWIRSTS: (a) 3D model; (b)
front view; (c) upper view
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gravity by increasing 1.5 times of gravitational accelera-
tion.

After meshing, the stress and displacement simula-
tion analysis is carried out, as shown in Fig. 16. The
maximum stress of the active detection system structure
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is at the reinforcement of the lens support structure of the
search and coarse track module. The maximum stress is
0.98 MPa. The maximum stress of the structure is
small, which will not affect the use of the system. It can
be seen that the structural strength is sufficient. The
maximum displacement of the system is in the front of the
lens structure of the search and coarse track module. The
maximum displacement is 2. 67X10° mm, and the dis-
placement is small. It can be seen that the structural dis-
placement will not affect the system performance, and
the system design is reasonable and reliable.
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Fig. 16  Structure finite element analysis of ADMWIRSTS: (a)
structural stress; (b) structural displacement
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4.2 Infrared search and track imaging verifica-
tion

After the actual processing, assembly and integra-
tion of the ADMWIRSTS designed in this paper, the out-
field infrared imaging of the distant urban building exteri-
or is carried out in front of the floor-to-ceiling window on
the roof. The imaging results are shown in Fig. 17. Fig-
ure 17(b) is a panoramic search imaging image obtained

by stitching the continuous imaging images of the search
and coarse track module when the pitch scanning mirror
of the light beam control subsystem rotates in the azimuth
direction. Figure 17 (c) is the coarse track staring imag-
ing image of the search and coarse track module in the
track mode. Figure 17(d) is the fine track staring imag-
ing image of the fine track module in the track mode.

The main function of the fine track module in the
system is to accurately identify and locate the echo of the
illuminating laser based on the "cat-eye effect". In the
design of the optical system, the energy of the fine track
module is mainly concentrated in the working wavelength
band of the illuminating laser, the energy collected from
the external scene by the fine track module is weak, and
the image contrast needs to be increased when imaging
important objects.

(a)

(b)

(¢c) (d)

Fig. 17 Outfield imaging of infrared search and track: (a) out-
field imaging; (b) panoramic search imaging diagram; (c) coarse
track imaging diagram; (d) fine track imaging diagram
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Since the focal length of the fine track module is 4
times that of the search and coarse track module, the res-
olution of the fine track image of Fig. 17 (d) is higher
than that of the coarse track image of Fig. 17 (¢). For
the same target, the fine track module obtains more de-
tailed information of the building and improves the resolu-
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tion accuracy of the system. As can be seen from Fig.
17, the search and coarse track module, and the fine
track module have clear image quality and good imaging
in the system's infrared search and track imaging.

4.3 Experimental verification of active—detection
technology

The active detection technology of the ADMWIRSTS
is experimentally verified in the laboratory, as shown in
Fig. 18. The active detection system is installed in front
of the parallel light tube in the laboratory. After the infra-
red imaging of the large circular hole target and the small
circular hole target in front of the thermostatic blackbody
of the parallel light tube, the illumination laser is emitted
to verify the active detection technology based on the
"cat-eye effect". As shown in Fig. 18 (b) , the search
and coarse track module emits an illumination laser after
imaging the large circular hole target. The laser converg-
es to a bright spot on the large circular hole target
through the convergence of the parallel light tube. The
clear imaging of the illumination laser can be obtained by
the fine track imaging shown in Fig. 18(c). In Fig. 18
(d), the search and coarse track module emits an illumi-
nation laser after imaging the small circular hole target.
The laser converges to a bright spot on the left side of the
small circular hole target. The clear imaging of the illu-
mination laser can be obtained by the fine track imaging
shown in Fig. 18(e). In Fig. 18(d), the target recogni-
tion locking in infrared search and track is turned on,
and the small circular hole target and the illumination la-
ser are locked.

In the optical design, the fine track module mainly
receives energy in the working band of the illumination
laser. Without image contrast enhancement, Fig. 18(c)
and Fig. 18 (e) only image the converging illumination
laser, which can verify the fine track module’s ability to
accurately identify and locate the optical lens of the mid-
wave imaging system. In Fig. 18(c), the illumination la-
ser is imaged on the blackbody and deviates from the im-
aging focal plane of the parallel light tube, so the imag-
ing is more divergent. In the corresponding Fig. 18(e),
the illumination laser is imaged on the target, and the la-
ser convergence position is closer to the imaging focal
plane, and the imaging is more concentrated. Figure 18
(¢) and Fig. 18(e) have some diffuse reflections around
the image due to the rough surface of the imaging posi-
tion.

As can be seen from Fig. 18, the ADMWIRSTS
based on "cat-eye effect" can actively detect and accu-
rately identify and locate the infrared guidance or infra-
red detection system through the illumination echo of the
illumination laser in the infrared search and track imag-
ing. The engineering use effect is good.

5 Conclusions

In this work, a set of active-detection mid-wave in-
frared search and track system (ADMWIRSTS) based on
"cat-eye effect" was developed. The system includes a
light beam control subsystem using an opto-mechanical
integrated miniaturized two-dimensional pointing mecha-

(d) (e)

Fig. 18 Experimental verification of active detection technolo-
gy: (a) laboratory imaging; (b) search and coarse track large target
illumination imaging; (c) fine track large target illumination imag-
ing; (d) search and coarse track small target illumination imaging;
(e) fine track small target illumination imaging
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nism and an infrared search and track subsystem with in-
frared search, two-stage track, and illumination laser
common aperture emission. The size of the system is 660
mm (length) X 607 mm (width) X 664 mm (height) ,
and the weight of the system is less than 68 kg. The sys-
tem structure meets the requirements of compact and
lightweight engineering.

The co-aperture transmission and reception design
of infrared search and track and illumination laser is car-
ried out in the active detection system. The single pixel
instantaneous field of view of the search and coarse track
module is 0. 136 mrad, and the single pixel instanta-
neous field of view of the fine track module is 34.1
wrad. Through the integration of light beam control and
infrared search and track, the ADMWIRSTS realizes the

search and track imaging of mid-wave infrared, and the
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accurate identification and positioning of active detection
of infrared guidance or infrared detection system. The
system completes the application integration of infrared
search, infrared track and light beam control functions
through integrated opto-mechanical design, and finally
realizes the integrated application of infrared search and
track, and illumination laser. The ADMWIRSTS devel-
oped in this paper is currently working in the mid-wave
infrared band, and has certain target infrared spectrum
recognition limitations. In the future, the ADMWIRSTS
will develop in the direction of spectral recognition expan-
sion, extending the working band to short-wave infrared
and long-wave infrared, and the reserved high-energy la-
ser interface will integrate infrared high-energy laser to
make the ADMWIRSTS have the ability of laser suppres-
sion.

With the continuous improvement of the infrared
recognition ability of moving targets, the research results
of this paper can be applied to the new infrared guided
moving target protection system. Through the active de-
tection, accurate identification and positioning function
in infrared search and track imaging, the target is locked
in the two-stage aiming of coarse track and fine track.
The reserved high-energy laser interface can emit high-
energy laser to deal with the threat of high infrared recog-
nition ability of moving targets. The research results
have important academic and technical significance and
practical application value for the development of com-
pactly-integrated high-precision infrared search and
track, and laser suppression system to meet the wider
needs of security, anti-terrorism and so on, and have
broad application prospects in the protection of important
targets.
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