OPTOELECTRONICS AND ADVANCED MATERIALS — RAPID COMMUNICATIONS

Vol. 15, No. 11-12, November-December 2021, p. 593-600

Illuminance distribution of target imaging spot and
detection model of missile guidance laser photoelectric

detection system
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According to the detection mechanism of the missile guidance photoelectric detection system, combining the distribution
function of the imaging spot of laser reflected by target surface, the experimental illuminance and the size of the
photosensitive surface of photoelectric receiving detector, we study the illuminance distribution characteristics of the target
imaging spot and set up the calculation model of illuminance distribution. Based on this model, we establish the output
voltage signal function of the missile guidance laser photoelectric detection system, and then derive the calculation model of
the signal-to-noise ratio of the system using the experimental illuminance, the thermal noise and the target radiation photon
noise. Through experimental test and analysis, the results show that the target imaging spot energy at different detection
distances is different, which makes the peak of the output voltage signal of the system significantly different. At the same time,
with the increase of the detection distance, the laser echo energy decreases, and the peak of the output voltage signal of the
system also decreases. In addition, we verify the illuminance distribution of target imaging spot under different detection

distances.
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1. Introduction

In the field of laser-guided weapon system, laser has
the advantages of adjustable divergent beam, strong
directivity, good monochromatism, high brightness, large
emission power and far detection distance. It makes the
way of laser guidance play a great role in the development
of weapons, especially in the aspect of short-range
detection and guidance of various laser fuzes and
intelligent missiles [1-2]. The laser works in the optical
band of electromagnetic wave, and its wavelength is very
small. So, the geometrical parameters of the emitting and
receiving field of view of the laser can be accurately
controlled by using optical elements. For air-to-air and
surface-to-air missiles [3-4], such as mortar bombs, cluster
bombs, they are all require that the fuze has
omnidirectional detection ability, which is usually
achieved using multiple sets of laser emitters and receivers,
that is, the fuze emitter and receiver are evenly arranged in
the circumferential direction of the missile (usually 3-6
groups are required). The emitting optical system first
collimates the laser beam of large divergence angle, and
then, uses the cylindrical mirror, reflecting cone and
optical wedge to expand the beam in the radial direction of
the missile to form circumferential detection in 360° field
of view [5-7]. However, due to the large emission field of
view and the difference in the radiance illuminance of the
surface of target in space, the detection ability of various
guided missiles that adopts laser as the carrier has changed
obviously. In addition, the detection ability of the laser
fuze is insistent in different natural environments. How to

improve the detection ability of the guided missiles is an
important task in the development of guided weapon.
There have been several researches on the missile
guidance based on laser detection mechanism. For instance,
the authors in [8] studied a projectile-target intersection
algorithm for scanning six-quadrant laser detection system,
proposed a mathematic model of the missile rotational
velocity and analyzed the relative motion equation of
projectile and target and the iterative decoupling algorithm.
Bo Peng et al. [9] studied the laser circumferential
scanning detection model of underwater targets,
established the intersection equation of scanning beam and
moving targets, and then simulated the laser scanning
detection process of underwater target. Shanshan Chen et
al. [10] studied the modeling of acquisition for ground
target by using pulsed laser circumferential detection
method, derived the analytical expression of pulsed laser
echo signal for plane targets, and established the
projectile-target intersection model of the laser
circumferential detection system. However, all of them do
not take into account the influence of the laser illuminance
distribution and the target imaging spot illuminance
distribution on detection performance of the system. In
this paper, based on the illuminance distribution
characteristics of the target imaging spot, we establish its
illuminance distribution calculation model. By combining
the environmental illuminance distribution function of the
target location, we obtain the target imaging spot
illuminance change law of the missile guidance laser
photoelectric detection system, and give a calculation
model of the target voltage signal output by the
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photoelectric detection receiving circuit. And then we
establish the calculation model of the signal-to-noise ratio
of the system. The model established in this paper does not
use the traditional laser echo power calculation model,
which is to directly obtain the laser echo power according
to the laser emission power; while in this paper, we add
the characteristics analysis of the illuminance distribution
of the background environment at the detection position of
the target and the illuminance distribution of the target
imaging spot, and then obtain the calculation model of the
voltage signal obtained by the conversion of the echo
energy of the target reflected laser. This method more
vividly characterizes the laser echo characteristics of the
missile guidance laser photoelectric detection system.

2. Echo signal modeling of missile guidance
laser photoelectric detection system

2.1. llluminance distribution of target imaging

According to the laser scanning detection mechanism
of intelligent missile, the missile adopts the
circumferential scanning detection mode. Based on this
mode, the laser emitting device of missile periodically
emits laser beams to form the detection area. If the target
passes through the laser detection area, the echo energy of
the laser reflected by the target is used as the basis to
control the burst of missile [11-14]. The circumferential
scanning detection mode of missile is mainly to obtain the
laser energy reflected by target more reliably, and improve
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the guidance ability of the missile photoelectric detection.
Fig. 1 is the detection principle of missile guidance laser
photoelectric detection system. In Fig. 1(a), laser

photoelectric detection module includes laser emitters A

and A, , emitting optical lens, photoelectric detection

receiver and receiving optical lens. The pulsed laser
emitted by the laser emitters of A and A, through the

laser modulation circuit and the driver circuit. When the
target passes through the laser scanning area, the laser
energy reflected by the target enters the photoelectric
detection receiver through the receiving optical lens to
form a weak electrical signal, and the electrical signal is
adjusted to a pulse signal by the signal processing module.
When the pulse signal is greater than the threshold voltage
set by the system, the system sends a detonation command
to the ignition control circuit. The laser echo energy
reflected by the target is related to the actual detection
distance and angle of the missile-target intersection, etc. A
single laser emitting and receiving optical path can form
an independent detection system, while the missile itself
has two laser emitting and receiving optical paths, then
two different laser emission coverage areas are formed by
two laser emitting optical paths at the detection distance of
R. From the Fig. 1(a), we can find that there is an
overlapping region at the two laser emission coverage
areas. In the overlapping region, the laser energy is
superimposed. Fig. 1(b) is the schematic diagram of the
principle of the laser emitting module and photoelectric
detection receiving module.
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(b) The principle of the laser emitting module and photoelectric detection receiving module

Fig. 1. The detection principle of missile guidance laser photoelectric detection system
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When the target intersects with the missile at the
detection distance of R, according to the rotating
scanning mechanism of the missile, there is always a laser
emission coverage area that can detect the target and form
a reflection echo signal [15-16]. Because of the fast
rotation velocity of the missile, the laser echo signal
reflected by the target is a continuous signal with a certain
time interval, and the peak of the echo signal energy is
determined by the laser emission power and the
reflectivity of the target [17-19]. In order to effectively
evaluate the detection ability of the guided missiles, it is
necessary to consider the parameters of each laser emitting
and receiving optical path module [20-21]. In Fig. 1, the
distance between the emitter and the receiver of each laser
is d. When the detection distance is R, d is far less than R,
which can be ignored in the calculation of the position of
target. The center of receiving optical lens is regarded as
the coordinate origin of system, and OXYZ is the

coordinate system of the combination unit of laser emitter
and receiver of the missile. P (x, y, z) is the relative
position of the target to the missile. Based on the
combined structure of laser emitter and receiver, this paper
constructs the calculation model of laser echo energy and
signal-to-noise ratio model of the system.

2.2. llluminance distribution of target imaging spot
in the missile-target intersection

According to Fig. 1, if the target is at any position of
the entire field of view of the system, combining with the
imaging basic principle of photoelectric detection receiver,
the image formed by the target on the photosensitive
surface of the photoelectric detection receiver is a diffuse
spot imaging. The laser beam is reflected by target surface,
so the area of the imaging spot is mainly determined by
the cross-sectional area of the target surface. Based on the
principle of optical imaging, the cross-sectional area of the
target surface can be mapped out by the photoelectric
detection receiver to reflect its dynamic changes, which
forms the principle of laser circumferential scanning
detection. The illuminance distribution of the ideal target
image at any position P(X, Y,Z) in the laser scanning area
is E (x, Y, 2), and the point spread function of the optical
system is N(X,Y,2z) , then the actual target imaging

illuminance distribution E' (x, y, z) is given by Formula

().
E'(x,y,2) =E(X,Y,2)*h(X, Y, 2) @)

For the optical detection module in the missile
guidance laser photoelectric detecting system, there is a
certain distance between the target and the optical imaging
system. Hence, it can be considered that the illuminance
distribution of the target imaging is uniform. Then the

target illuminance of E,(X,Y,Z) can obtain by:

E,(x,y,2)=P/s, (2

where P is the radiated power of the photoelectric
detection receiver, S_ is the area of the imaging spot.

Assume that the geometric shape function of the target
imaging spot on the photosensitive surface of the
photoelectric detection receiver is K(X,Y,2) , the
illuminance of it can be expressed as:

E(x, y, 2 K(X y;z) E (X (3)

The point-spread function h(X, Yy, z) of the optical

system is the inverse Fourier function of the optical
transfer function, which is given by Formula (4).

h(x, y,z) = 7a* exp[—(7a’R?)] )

where a is the light spot radius reflected by the target on
the photosensitive surface of the photoelectric detection
receiver. By substituting (7) and (8) into (3), the actual
illuminance distribution of the target imaging spot

E'(X,Y,2) can be obtained.

The guidance mechanism of the missile is based on
the effective laser echo energy reflected from target
surface incidenting on the photoelectric detection receiver.
Hence, the illuminance distribution of the target imaging
spot determines the energy contributed by the target that
can be detected by the photoelectric detection receiver.

3. Photovoltaic conversion calculation
method of target signal

In order to evaluate the photoelectric detection ability
of the guided missiles, based on the illuminance
distribution function of the target imaging spot, assume

that the environmental illuminance is E, (X,Y,Z), then

the difference function of actual illuminance distribution
between the target and background experiment is given by
Formula (5).

AH (%, Y,2) =[E(x, Y,2) - E, (X, V,2)]

®)
' K(X! Y, Z)*h(X! Y, Z)

Through the photoelectric conversion relationship of
the photoelectric detection receiver, the target signal
voltage output by the photoelectric detection receiving
circuit can be obtained by Formula (6).

V=AJ"R([[aH &y 2 ddydz 4} 0

where 4, and A, are the corresponding lower limit
response wavelength and upper limit response wavelength
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of the photoelectric detector receiver, Substituting (5) into
(6), the target signal voltage is changed into Formula (7).

V=A- Li r EXY.2)- EF;Z(X’ V20 %0 g4 (7)

where A, is the total gain of the missile guidance laser

photoelectric ~ detection system, and R, is the

responsivity of the photoelectric detection receiver. M is
expressed by Formula (8).

M =I”K(x, y,2)*h(Xx, y, z)dxdydz (8)

where Q
intersection.

is the spatial region of missile-target

4. Calculation method of signal-to-noise ratio

The photoelectric detection ability of the guided
missiles is generally expressed by the SNR [22-23], which
is defined by Formula (9).

SNR=V /V, )

where Vis the background noise signal voltage
produced by the photoelectric detection receiver due to
the influence of photon noise of target radiation n,,

photon noise of background radiation N, and dark

current noise N,. If V, >V | the missile guidance laser

photoelectric detection system cannot be able to
recognize the target signal.

Assume that the incident photon stream generated by
the random fluctuation of the detection circuit caused by

the photon noise of target radiation is N, , and
n, = (N,)"?. Dark current noise is a kind of white noise,

which is a random process signal caused by the heat
generation of the carrier. Its equivalent electron number

N, is equal to the square root of the electron number of
the dark current, and n, = (N,)"?. The equivalent photon
number of the background radiation noise is n,, and

n,=(N,)Y?. Then, the total equivalent noise electron

number in the photoelectric detection receiver can be
obtained by Formula (10).

N, =yn2+n?+n? =N+ N, +N,  (10)

Thus, the equivalent noise voltage of detection circuit
output by the system is given by Formula (11).

1
V,==e-N, «x 11
n =S A (11)

where x is the total charge transfer efficiency, A, "is

the amplifier gain, C is the output equivalent capacitance,
and e is the electron charge [24].

The SNR calculation function of missile guidance
laser photoelectric detection system can be obtained by
Formula (12).

C[“R-Q([[ [K(x.y.2)*h(x, y, 2)dxclydz)d 2
SNR=——" 9 12)
e-N, -x-A

where Q _ [E(Xv y) - Ebz(xi y)]st T )
R

According to the basic principle of the missile
guidance laser detection system and the illuminance
distribution function of the target imaging spot in Fig. 1,
the detection ability of the system is not only related to the
laser emission power and the optical path of the system,
but also related to the laser illuminance distribution on the
target surface under the missile-target intersection. To
improve the detection ability of the system, the model
established in this paper introduces the analysis of the
characteristics of the illuminance distribution of the target
imaging spot, and then gives its illuminance distribution
function. By using the illuminance distribution function of
the target imaging spot, we derive the expression of the
target voltage signal output by the photoelectric detection
receiver, and construct the signal-to-noise ratio model of
the system. The method proposed in this paper more
scientifically describes the target echo energy of the
missile guidance laser detection system, and provides help
for the design of the missile guidance laser photoelectric
detection  system under uncertain  missile-target
intersection.

5. Experiment and analysis

According to the photoelectric detection mechanism
of the guided missiles, the output voltage function of
detection circuit and the calculation model of SNR are
derived. We tested the fuze of the projectile, and the
diameter of projectile is 76 mm. Based on the fuze
parameters of the projectile, we carried out experimental
tests. Assuming that the peak power of the emission pulse
laser is about 38W, the field of view of the unit laser
emitter is 18.4° the emitted frequency of pulse laser is
3KHz, the field of view of the photoelectric detection
receiver is 20.1° the response wavelength range of the
photoelectric detection receiver is 900 nm - 1100 nm, the
size of the photosensitive surface is 1.5 mmX1.5 mm, the
size of the optical lens aperture is 1:1.2; the transmittance

of the optical lens 7, is 0.92, N, =100e", the charge

transfer efficiency of the photoelectric detection receiver
K is 0.68, and the coefficient « in the point-spread
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function h(X,y,z) of the optical system is 0.42. Based

on the spatial geometrical relationship of the target
detected by the missile guidance laser photoelectric
detection system, the target echo voltage of the
photoelectric detection receiver is calculated by the
quantitative calculation method under the condition of
different detection distances. By comparing the
relationship between the output peak voltage of the laser
echo reflected by target and the average voltage of the
inherent noise outputted by detection circuit, we analyze
the SNR of the system in different environmental
illuminances and different detection distances, which
indicates the detection ability of the missile guidance laser
photoelectric detection system. In order to represent the
SNR of the system, the missile is taken as the center of the
coordinate system and the target is placed at different

positions on the 0Z axis. As shown in Fig. 2, P, and P,
are two different positions. Two parallel planes
AAAA, and BB,B;B, are formed based on points

P and P, respectively, and plane AAAA, and
plane B,B,B,B, are all parallel to the plane XOy. In

the regions of plane AA,A,A, and plane B,B,B.,B,,
the position of the target is adjusted. The echo energy
reflected by the target in the two plane areas is observed
when the detection range are P, =2.5 m and P,=4.5 m
respectively under different environmental illuminances.
The cross-sectional area of the target is 240 mm><300 mm.

The capture card is used to collect the target signal in this
paper, and its capture frequency is 2MHz. Fig. 3 shows the

echo signal at different planes orthogonal to 0z axis. Fig.

3(a) is the pulse waveform of laser emitter A ; Fig. 3(b) is

the pulse waveform of laser emitter A, ; Fig. 3(c) is the
target echo signal waveform.

XA

Fig. 2. Schematic diagram of target placement at different
planes on the OZ axis
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(c) The target echo signal waveform

Fig. 3. The echo signal at the position of P, =2.5m

When the detection distance is 2.5m, the experimental
illuminance in plane AAAA, is represented

as E, (x,y,2.5), the target illuminance is represented
as Ey(x,y,2.5), then the target imaging illuminance

distribution obtained by the photoelectric detection
receiver is determined by E'(x,y,2.5). The laser energy

reflected by target received by photoelectric detection
receiver be determined by Formula (11). Under the
condition that the peak power of pulse laser is 38W, the
environmental illuminance is 2.0x10° cd/m? Table 1

shows the average values of the echo peak signal V and
the noise signal Vn captured by photoelectric detection
system when the center of target at eight different
positions in plane A A, AA,. The unit of coordinate is
meter and the unit of voltage signal is volt.
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Table 1. The echo voltage test data under the environmental
illuminance of 2.0x10%d / m?

No. xIm | y/m |Vv/mv |V, /mV
1 0525 | 0.232 2108 460
2 -0.411 | 0.097 4685 497
3 -0.267 | 0.037 4655 478
4 -0.117 | -0.004 4651 469
5 0.068 | 0.007 4854 488
6 0206 | 0.091 4634 472
7 0416 | 0.037 4628 491
8 0513 | -0.079 2148 466

When the experimental illuminance is changed to
4.2x10%d / m?, Table 2 shows the average values of the

echo peak signal V and noise signal Vn captured by the

system at eight different positions.

Table 2. The echo voltage test data under the environmental
illuminance of 4.2x10%d / m?

yv/m

-0.4

-0.6 |

-0.8
-1 0.5 0 0.5 1

xX/m

Fig. 4. The distribution of echo energy at the position of
P, =2.5m (color online)

When the
environmental

distance is 4.5m, the
in plane B,B,B;B, is
represented as E, (X, Y,4.5), and the target illuminance

detection
illuminance

is represented as E (X, Y,4.5), then the target imaging
illuminance distribution obtained by the photoelectric
detection receiver is determined by E'(X,Y,4.5). When

the environmental illuminance is 2.5x10%d / m? and
4.8x10%d / m? respectively. Eight different position
points are sampled. The average values of the echo peak

signal V and the noise signal Vn is shown in Tables 3

No. | x/m |[y/m |[v/mVv |V, /mV
1 0531 | -0.106 2280 559
2 0426 | 0.151 4892 593
3 20285 | -0.049 4496 526
4 0072 | 0.106 4758 545
5 0.095 | 0.019 4665 533
6 0.266 | -0.055 4962 579
7 0.044 | 0.007 4372 530
8 0524 | -0.085 2412 588

According to the test data in Tables 1 and 2, the
average SNR of the system is calculated to be 8.43 and
7.41, respectively. It indicates that the change of
environmental illuminance affects the SNR of the system.
When the environmental illuminance is 2.0x10%cd / m?, the
average value of the background noise is less than 478mV.
However, when the environmental illuminance increases
to 4.2x10%d / m?, the average value of background noise
is close to 557mV. Under the condition of constant laser
emission power, the increase of environmental illuminance
has a certain impact on the performance of the system.
Meanwhile, it can be seen that when the target position
deviates from the center of the detection area, the peak
voltage output by the photoelectric detection receiver has a
slight decrease. The main reason is that there is an angle of

6 between the target position and the center of the

missile, and @ =arctan/x*+y® /0P, . Hence, the echo

energy at coordinate of P(X,y,2.5) is 1/cos*@ times

that of at the central position. In the effective emitted laser
field and photoelectric receiving field, the target can
reflect a certain echo energy. The distribution of the echo

energy at the position of P, =2.5m is shown in Fig. 4.

and 4.

Table 3. The echo voltage test data under the environmental
illuminance of 2.5x10%cd / m?

No. x/m y/m V/mVv V,/mV
1 -1.009 0.297 790 472

2 -0.925 0.165 896 522

3 -0.589 0.078 1833 514

4 -0.214 0.192 1813 496

5 0.205 -0.005 1970 539

6 0.781 -0.221 1618 471

7 0.802 0.066 1728 503

8 1.039 -0.035 887 530

Table 4. The echo voltage test data under the environmental
illuminance of 4.8x10%cd / m?

No. x/m y/m V/mVv V,/mV
1 -0.997 -0.32 965 647
2 -0.814 -0.095 1936 632
3 -0.55 0.402 1785 568
4 -0.247 0.087 2080 638
5 0.028 -0.011 1858 577
6 0.349 0.282 1906 599
7 0.493 -0.152 2007 655
8 0.985 -0.05 923 603
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According to the test data in Tables 3 and 4, the
average SNR of the system is calculated to be 2.85 and
2.74, respectively. It indicates that the SNR of the system
decreases with the increase of detection distance.
Therefore, when the detection performance of
guided-missile decreases, the detection sensitivity also
decreases. Fig. 5 shows the echo energy distribution at the

position of P,=4.5m.
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Fig. 5. The distribution of the echo energy at the position
of P,=4.5m (color online)

According to Tables 1-4 and Figs. 5-6, under the same
detection distance, the average signal-to-noise ratio of the
system decreases with the increase of environmental
illuminance; the reason is that the increase in the
environmental illuminance leads to the increase of the
target signal voltage output by the photoelectric detection
receiving circuit. However, the noise voltage signal
generated by the background noise will increase more
widely, which will eventually lead to a decrease in the
average signal-to-noise ratio of the system. At the same
time, under the same environmental illuminance, the
average signal-to-noise ratio of the system decreases with
the increase of the detection distance; for a target at
different detection distances, the size of the imaging spot
is different. When the detection distance is larger, the area
of the imaging spot also is larger, and the target
illuminance is smaller, then the weaker the energy of the
average unit. Hence, the reflected energy for the same
target is lower, and the target signal voltage output by the
photoelectric detector receiving circuit is lower. Eventually,
the lower the signal-to-noise ratio of the system. Above
conclusions are basically consistent with the SNR model of
the system established in this paper, which further verifies
the correctness and scientific of the established SNR
model.

6. Conclusions

Based on the detection mechanism of the missile
guidance laser photoelectric detection system, and

combined with the distribution function of the target
imaging spot, the environmental illuminance and the size
of the photosensitive surface of photoelectric detection
receiver, the illuminance distribution of the target imaging
spot is studied and the output voltage signal function of the
system is established; According to the definition of SNR,
the calculation model of SNR for missile guidance laser
photoelectric detection system is constructed. Through the
parameters design of the missile guidance laser
photoelectric detection system, the echo energy obtained
by the system at two different detection distances is given,
and the echo energy distribution of the target in different
positions at the same detection distance is analyzed. Then,
the relationship between the peak signal output by the
system and the environmental illuminance is studied. The
results show that when the center of the missile is
orthogonal to the center of the target, laser echo energy
reflected by target is the strongest; and the target echo
energy is reduced with the increase of the detection
distance. The fuze with single detection system has
inherent weaknesses, and the laser fuze is sensitive to the
interference of light, rain and snow. Therefore, in the harsh
battlefield environment, by combining the laser fuze with
the radio fuze, the capacitance fuze, the electrostatic fuze
and the magnetic fuze, it can be realized to complete the
reliable detection and identification of targets in the harsh
battlefield environment through the fusion technology of
detection information and the conversion technology
between different fuze systems. The theoretical calculation
model and method of detection performance proposed in
this paper provide a basis for the improvement of the
missile guidance laser photoelectric detection system
under uncertain missile-target intersection.
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