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Analysis of New Laser Warning Technologies to Propose a 

New Optical Subsystem 

S. Mohammad Nejad*(C.A.), H. Arab* and N. Ronagh Sheshkelani*

Abstract: In this paper, after a brief overview on laser warning system (LWS), a new 

structure for an optical array that is used in its optical subsystem is introduced. According 

to the laser threats’ wavelengths (0.5 – 1.6 µm) and our desirable field of view (FOV), we 

used 6 lenses for gathering the incident radiation and then optimized the optical array. 

Lenses’ radius, their semi diameter, their distance from each other, their thickness and the 

kind of glass used in them was chosen in which we access a very high transmission 

coefficient. Also the optical reflection and absorption of the array decreases at the same 

time. After optimization, the obtained optical transmission in our desirable FOV is up to 

82% and the obtained optical reflection and absorption is less than 15%. Total aberration of 

the incident ray decreased notably and the results showed that this parameter is less than 

2µm. The laser spot diameter which is focused on the detector is smaller than 400 µm in the 

worst case which is the laser radiation with 1.54 µm wavelength and field of 10 degrees. 

Total track of the array is 66.819 mm and effective focal length and F/# parameter are as 

small as possible which leads to high quality of the light’s focus on the detector and smaller 

dimension and lighter weight for the receiver. Using optical devices with such appropriate 

arrangement and very good optical transmission coefficient, the offered structure has a 

remarkable signal to noise ratio (SNR) which is up to 160 dB. The receiver’s operation in 

far distances from laser sources (beyond 15 km) and in hazy conditions and low 

temperatures is quite suitable as well. 

Keywords: Laser Warning Systems, Threat Detection, Optical Array, Field of View, 

Aberration, Optical Transmission. 

1 Introduction1 

n the last century, with development of science and

technology, guided weapons with high accuracy has 

been prevailing.  The laser-guided equipment threatens 

the strategic platforms. These advanced equipment 

combines electronic devices with the best optical 

technologies. Hence, the development of a high-

precision laser warning system is an essential 

requirement to protect the important centers such as 

planes, ships, armored vehicles, tanks, factories etc. In 
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fact, the purpose of these systems is detecting the 

optical signals from a wide range of incident angles and 

determining the characteristics of the threatening 

sources. This extracted information is used in active 

defense systems [1-4].  

   In this paper, we introduce the defensive systems and 

its components in elementary sections. In the next 

sections, the requirements of the system, threat 

detection methods and effective parameters in designing 

are investigated. Finally, an optimized optical array is 

designed and its characteristics are studied. 

2 Laser Warning System and Its Requirements 

   A laser warning system consists of an optical 

subsystem, a detection subsystem, and a processing 

subsystem. The incident laser beam is focused and 

directed by the optical subsystem and transmitted 

toward the detection subsystem. In response to the 
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optical signal, a digital signal is generated by detection 

subsystem. Finally, the processor subsystem produces 

the warning output which contains the characteristics of 

the laser radiation. This information can be used to have 

an appropriate countermeasure against laser-guided 

weapons. The components of the laser warning system 

are shown in Fig. 1 [4-11].  

   The optical subsystem may contain reflectors, fiber 

bundles, beam splitters and lenses to focus and navigate 

the incident laser beam. In addition, other components 

such as filters are used to reduce the effects of 

background noises. A block diagram of this subsystem 

is shown in Fig. 2 [4-11]. 

   The detector subsystem receives the focused light and 

provides a digital signal in response to the optical 

signal. As it shown in Fig. 3, this subsystem may 

include different kinds of photo-sensors, a spectrometer, 

and a current-to-voltage converter. In addition, a day-

light sensor can be applied to detect sunlight. In 

response to the incident laser beam, the photo-sensor 

generates free electrons to convert the focused light into 

current and the spectrometer determines the wavelength 

of the incident beam. The photo-sensor is the main part 

of the detection subsystem and we can use CCD, CMOS 

or CMT sensors for this part [4-17]. 

   The processing of the digital signal which is generated 

by detection subsystem is very critical. This subsystem 

consists of digital signal processors to determine the 

azimuth and elevation angle of the laser beam source. 

Other components such as GPS, a navigation processor, 

and a digital ground mapping processor are used to 

determine the location of the laser beam source. The 

block diagram of this subsystem is shown in 

Fig. 4 [2,4,13,18].  

   These warning systems should be able to distinguish 

different kinds of threats. In fact, the characteristics of 

the incident beam are measured and compared with the 

pre-stored data in the processor to determine the type of 

the threat. Laser rangefinders (LRF), laser target 

designators (LTD), and laser beam riders (LBR) are the 

conventional laser threats.  The characteristics of these 

three types of laser threats are summarized in Table 1. 

Also, the incident angle and direction of the laser beam 

is used to determine the position of the laser beam 

source [2,19-25].  

   In addition, this system should be able to face multiple 

threats and separate them from each other, 

simultaneously. Also, the scattered and reflected beams 

by surfaces and atmosphere should be distinguished to 

reduce the false alarm rate. Finally, the last requirement 

for this warning system is to communicate with the 

central processor and other countermeasure systems [2]. 

 

 

 
Fig. 1 The schematic of a laser warning system. 

 

 
Fig. 3 The block diagram of the detector subsystem. 

 

 
Fig. 2 The block diagram of the optical subsystem. 
 

 
Fig. 4 The block diagram of the processing subsystem. 

 
Table 1 Typical laser threat sources characteristics [38]. 

Characteristics LRF LTD LBR 

Typical laser peak (W) 106 106 A few 

Laser beam divergence (mrad) A fraction of A fraction of Several (variable) 

Power density at the target High (on axis) 

Low (off axis) 

High (on axis) 

Low (off axis 

Very low (on axis) 

Undetectable (off axis) 

Wavelength (µm) 1.06 and 1.54 1.06 Near IR 

Speed of the associated weapon (Mach) 2 1-2 Up to 4+ 
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3 Threat Detection Methods and Effective 

Parameters in Designing 

   There are several methods to determine the 

characteristics of the incident laser beam such as Fabry-

Perot etalon, Michelson interferometer, Fizeau 

interferometer, and grating diffraction. Fabry-Perot 

etalon is based on the interference between multiple 

reflections of a light beam and two surfaces of a thin 

plate. In addition, this optical resonator is able to split 

the incident light into many coherent beams and it is 

used to measure the wavelength of incident ray [2,26]. 

   The Michelson interferometer has good resolution, 

whereas its sensitivity is very low. Also, it needs an 

imager such as CMOS image sensor or area array CCD 

to receive signals. On the other hand, its hardware 

circuit is complex and processing of the signal is hard. 

Fizeau interferometer is used to detect the frequency of 

the incident light and also able to separate the 

wavelengths of oriented parallel surfaces. So, it is 

suitable for rapid detection of pulsed laser sources. 

Compared to others, this interferometer is able to 

measure variety kinds of wavelengths as a function of 

distance. In addition, it is easily influenced by 

environment temperature. The last and the best method 

is grating diffraction. The advantage of this route is to 

determine the wavelength and incident angle, 

simultaneously. In fact, it is the fast and easiest way to 

calculate these parameters. The systems using this 

method are able to measure the bandwidth of the 

wideband pulse lasers. Also, it should be mentioned that 

this method has high sensitivity and good 

resolution [9,13,19,26,27]. 

   The effective parameters in designing the laser 

warning system are related to the source of the laser 

beam, atmosphere and the receiver. The first group of 

parameters is related to the source of the threat which is 

usually approximated by a Gaussian distribution 

beam [28,29]. 

   The second group is related to parameters which are 

affected by the atmosphere. These effects will be 

studied in two parts; the first part includes parameters 

that change the intensity of the laser beam. To 

investigate these cases, the effects of absorption and 

scattering of laser radiation should be considered. The 

second part consists of parameters that change the laser 

beam spatial characteristic. The components of this 

group such as; temperature changing, moisture, and 

density of particles in the atmosphere change the 

refractive index of the atmosphere. So, the Kolmogorov 

equation should be used to investigate these 

disturbances. Due to the absorption and scattering, the 

laser beam is attenuated in the atmosphere. This 

attenuation and the amount of the beam alteration are 

depended on the wavelength and output power of laser 

radiation and the characteristic of the atmosphere. When 

the ray is low power, the behavior of the effects tends to 

be linear. Absorption, scattering, and the atmospheric 

turbulence are the examples of the linear effects. On the 

other hand, new non-linear effects will observe if the 

power of the ray is high enough. Some significant non-

linear effects which can be placed in this category are 

thermal blooming, kinetic cooling, beam trapping, two-

photon absorption, bleaching and atmospheric 

breakdown [28,30-36]. 

   The third category includes parameters such as 

aperture diameter and focal length of the optical array 

which is related to laser beam receiver. An optimized 

system with high sensitivity and low noise will be 

achieved by adjusting the parameters of this group [29].  

 

4 Proposed Optical Subsystem 

   As mentioned, the optical subsystem is used to gather 

the incident beam, determine the field of view (FOV) 

and direction of the laser beam source. This subsystem 

may include reflectors, fiber bundles, beam splitters and 

lenses to focus the incident beam on the photodetector.  

   In this proposed subsystem, our purpose is designing 

the lenses which can gather and transmit the light to the 

detector. The thickness, semidiameter and the radius of 

the lenses, their distance from each other, and the kind 

of glasses are optimized to reach the highest optical 

transmission and reduce the aberration, absorption, and 

reflection. Furthermore, it should be able to distinguish 

pulsed laser sources with very narrow width and 

continuous signals with the wavelength between 0.5 – 

1.55 µm. So, the detection of this wide range of signals 

is very difficult. Also, designing an optical array to 

gather this wide range of wavelengths is effortful. The 

structure of proposed optical subsystem is shown in 

Fig. 5. 

   In order to gather the light on the detector, 6 lenses are 

used. It is able to distinguish radiations with 10 degrees 

over the horizon. So, the field of view of the proposed 

optical subsystem is 20 degrees.  

   In order to optimize the structure, a global search with 

a well-known algorithm has been used for three 

wavelengths of 0.63 µm, 1.06 µm, 1.54 µm and three 

categories of beams with the angles of 0, 5 and 10 

degrees over the horizon. Table 2 shows the obtained 

values for the lens parameters which are used in 

proposed structure after optimization. 

   Matrix of spot diagram for proposed optical array 

increases with the increase of wavelength and this is 

 

 
Fig. 5 The 3D schematic of the proposed optical array. 
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Table 2 Parameters of the lenses in the proposed subsystem. 

Lens # 

Left Surface Right Surface 
Thickness 

(mm) 
Glass 

Distance from 

the next lens 

(mm) 
Curvature 

radius (mm) 

Semidiameter 

(mm) 

Curvature 

radius (mm) 

Semidiameter 

(mm) 

1 32.651 15.956 91.961 15.26 5.274 SK2 0.301 

2 21.676 13.657 Infinity 11.709 8.441 SK16 0 

3 Infinity 11.709 13.427 8.693 2.277 F5 16.087 

4 -15.408 7.419 Infinity 8.792 2.277 F5 0 

5 Infinity 8.792 -22.297 10.122 6.532 SK16 0.301 

6 118.427 10.835 -40.486 11.044 4.135 SK16 - 

 

shown in Fig. 6. As it can be noticed, the spot diameter 

because of the characteristics behavior of Gaussian 

beams propagation that will be calculated as (1) [39]: 
 

2

0 2
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W z W
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 (1) 

 

In (1), W(z) is the spot diameter in an arbitrary z, W0 is 

the minimum spot diameter and λ is the wavelength of 

the radiation. Gaussian beam is an ideal beam and 

according to (1),W(z) increases with increase of  λ. 

   It could be argued that more divergence of radiation in 

the laser source causes the increase of spot diameter 

with increase of the field.  

   We can see that the optical array has focused the 

radiation on the detector as well, and in the worst case 

with the wavelength of 1.54 µm and field of 10 degrees, 

the spot diameter is about 400 µm and due to the 

detector size, the detector would not have any problem 

in detecting the laser radiation.  

   Another important parameter which should be 

considered in designing of the optical array is the 

aberration. Fig. 7 shows the ray aberration for the 

proposed optical array. Horizontal and vertical axis in 

this picture represent the entrance pupil of optical array 

and the errors which occur in the direction of axis “Y” 

and “X”, respectively. An off-axis aberration function at 

an arbitrary point Q may be expressed as (2) [39]: 
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(2) 

 

As we can see, off–axis aberration is a function of 3 

parameters, r is the distance from the optical axis, θ is 

the angle with perpendicular line and h' is the height of 

paraxial image. The C coefficients in (2) are subscripted 

by numbers that specify the powers of the term 

dependence on h', r and cosθ respectively. These 

coefficients are obtained from geometrical optics and 

they are functions of refractive indexes of the lenses. 

The dependence of the coefficients on the wavelength is 

due to the dependence of the refractive indexes to the 

wavelength but we do not have an explicit formula for 

this dependence and it’s depending on the glass type. 

Fig. 7 is a manifestation of chromatic dispersion of the 

optical array and the reason is the dependence of the 

refractive index of the lenses on the wavelength. As a 

result, radiations with various wavelengths focus on 

various points in the image plane. 

   According to Fig. 7, maximum error occurs when the 

radiation enters from the end of the pupil and also when 

the wavelength increases which leads to an increase of 

aberration’ itself. In other hand, symmetry of the curves 

about the origin shows that the coma aberration in this 

optical array is demolished. Also, the maximum error in 

this array, is smaller than the detector size and thus the 

incident radiation would be detected by the detector as 

well. 

   Fig. 8 shows the optical transmission of the proposed 

optical array. As we can see, after optimizing and 

selecting appropriate glasses for our lenses, according to 

20 degrees of field of view, the transmission of our  

 

 
Fig. 6 A matrix of the laser spot diagram in the proposed 

optical subsystem. 
 

 
Fig. 7 The ray aberration of the optical array. 
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optical array is more than 80% that this value is much 

more efficient in comparison with common systems 

with 40% to 60% of transmission [40]. 

   In our design, we used anti-reflection coating on the 

lenses which not only helps the optimization but also 

minimizes the reflection of the radiations (less than 10% 

in all the wavelength range and our field of view) and 

this parameter is shown in Fig. 9. All transmission and 

reflection optical spectrums are wavelength depended 

and this is due to dependence of lenses’ refractive index 

to the wavelength. In all optical systems the most 

optical transmission occurs in the field of 0o. this is the 

intrinsic property of optical systems and with the 

increase of angle, optical transmission increases while 

optical reflection decreases at the same time. 

   Fig. 10 reveals the relative illumination of our optical 

array. The light beam usually have a Gaussian 

distribution and its maximum energy is in the center and 

as the distance from the center increases, its energy 

decreases exponentially. 
 

2

0

0( )

x

x
I x I e

 
 
 
   

(3) 

 

Equation (3) shows the intensity of a Gaussian beam. 

The maximum intensity of a beam is I0 and occurs at 

x = 0. At x = x0, the intensity of the beam becomes 

1/e I0. The area below the curve between [-x0, x0] is 

much more than outside of this range and 68% of the 

laser radiation energy will be in this region and Fig. 11 

shows this. As we can see in Fig. 10, this event occurs 

in red region of the figure. By considering of the  

 

 
Fig. 8 Optical transmission of the proposed subsystem. 

detector’s size which is bigger than the red region of 

this figure, we do not have any problem for detecting 

the radiation. An ideal optical subsystem should be able 

to pass signals as much as possible and focus them on 

the light detector. So, the process of the radiation 

detection will be done without any problem.  

   According to Fig. 12, the laser beam will be focused 

on the detector with the dimensions up to about 1mm. 

This figure is another manifestation from Fig. 6 which 
is obtained from simulation and shows the spot diagram 

in one dimension and confirms the system performance. 

   Fig. 13 shows the Seidel diagram of the optical array. 

The Seidel Diagram shows the Seidel aberration 

coefficients as a histogram for each surface, and as a 

system sum. It helps to identify easily those surfaces 

that add or subtract most of a certain aberrations, and 

also which surfaces are balancing aberrations. This 

diagram is presented to better identify the system’s 

aberrations and to find a better view of the system. This 

figure demonstrates all of the laser beam aberration 

including spherical, coma, astigmatism, field curvature, 

distortion, axial color and lateral color that occurs along 

the optical array in each surface of it. As we can see, 

total distortion and aberration which occur on the laser 

signal is very small (less than 2 µm) that reveals the 

optimal and appropriate design of the optical array. It 

should be mentioned that the effective focal length of  
 

 
Fig. 9 The reflection of the proposed subsystem. 
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this array is exactly equal to 50 mm and total track of 

this optical array is 66.819 mm. So we can see that these 

parameters are as small as possible and thus the 

dimension of the system gets smaller and its weight gets 

lighter compared to common systems. Also F# 

parameter is 2.889 and this value provides better quality 

of gathering the rays in comparison with common 

systems that their F# is more than 3. 

   One of the most important parameters that should be 

checked in the mentioned array is the signal to noise 

ratio (SNR). The process of calculating will be 

explained in the following [41]: 
 

d R  (4) 
 

where d is laser spot’s diameter on the detector, θ is 

laser’s divergence in radian and R is distance from the 

laser source to the detector. So the laser spot’s area on 

the detector can be obtained from (5). 
 

2 2 2 2

2 4 4

d d R
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For calculating the irradiance, (6) is used. 
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  (6) 

 

In (6), P0 is the peak power of the laser source and τa is 

the atmospheric attenuation for the laser in a special 

wavelength. So the power on the detector is calculated 

with (7). 

 

 
Fig. 10 The relative radiation of proposed optical subsystem. 
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- x0 x00

1/e I0

68% of energy

 
Fig. 11 Intensity of a Gaussian beam. 
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where Ad is the detector’s area and τ0 is the optical 

transmission coefficient. When the laser radiation hits 

the detector’s surface, the maximum voltage of the 

detector can be obtained from (8). 
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2 2

4 d a

S d
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   (8) 

 

In (8), Rλ is the spectral responsivity of the detector in a 

special wavelength and is obtained from equation (9). 
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In equation (9), Dλ
* is detective parameter in a particular 

wavelength, Δf is the detector’s bandwidth and Vn is 

environmental noise signal voltage. So we have: 
 

*

d
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A f
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  (10) 

 

Eventually SNR will be calculated with (11). 
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Fig. 12 The radiation pattern of the laser beam in terms of the 

coordinates and the dimension of the detector. 

 

 
Fig. 13 Seidel diagram of the optical array. 

The atmospheric attenuation τa for the lasers in near IR 
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wavelengths can be obtained with a function of distance 

(R) and also extinction coefficient (σ) by (12). 
 

R

a e    (12) 
 

   In [37], there are extinction coefficients for different 

lasers in 5 atmospheric and 2 aerosol conditions based 

on the distance. 2 aerosol conditions include a condition 

without any aerosol particles and clear which visibility 

in this way is up to 23km, and another condition is the 

hazy one which visibility limits to 5 km. 

   If the worst atmospheric condition which means semi–

polar condition in winter, is selected, the extinction 

coefficient is 0.08724/km for clear and 0.42734/km for 

hazy conditions. 

   If InGaAs APD is used as the detector, lasers with 

wavelengths shorter than λmax = 1.55µm can be detected 

and with this in mind that lasers used in battlefields 

work in the wavelength range between 0.5 µm – 1.6 µm, 

using this detector for each array can be a good choice. 

Of course if more detectors with different wavelength 

range is used in a way that divides the intended 

spectrum into more parts and an appropriate filter is 

used for each part, we can obtain better accuracy. 

   For InGaAs APD, the Dλ
* is about 

1015 (cm.Hz0.5.W-1). Most of the laser threats use pulses 

with 5 – 500 nsec widths, so considering 5nsec pulse 

width, the detector’s bandwidth limits to Δf = 200 MHz. 

If we consider the laser’s peak power equal to 107 W 

and the laser’s ray divergence equal to 0.5 mrad, 

knowing the transmittance coefficient of optical devices 

and the detector’s active area which is 0.05 cm2, the 

SNR in clear and hazy conditions as a function of 

distance diagram can be drawn for our optical array. 

Table 3 shows the obtained optical transmission for our 

optical array after optimization. 

   According to Table 3 and other parameters that 

represented, the SNR diagram vs. distance is shown in 

Fig. 14. 

   Based on Fig. 14, it is plain to see that SNR for both 

clear and hazy conditions in near distances is a great and 

remarkable value and shows an improvement of several 

orders in comparison with presented structure by 

J. R. Wootton in [41]. On the other hand, the majority of 

distance that still can use this array is more than 15km 

which in modern operating systems is a noteworthy 

value. 

 

5 Conclusion   

   Laser warning systems have a vital role in the 

defensive systems of each country. These systems are 

composed of several sub-systems which are designed 

according to the consideration of each project. These 

receivers should be able to detect threats and their 

parameters to have an appropriate countermeasure. 

   In this paper, a new structure was proposed for optical 

array. In order to gather the light on the detector, 

6 lenses were used to distinguish radiations with narrow 

 Table 3 Optical transmission for proposed optical array. 

    Wavelength 

    Field  
0.63 µm 1.06 µm 1.54 µm 

0o 0.940 0.816 0.720 

5o 0.940 0.815 0.720 

10o 0.940 0.814 0.719 

 

 
Fig. 14 Signal-to-Noise Ratio for the proposed optical array in 

clear and hazy atmospheric conditions. 
 

bandwidth and 10 degrees over the horizon. So, the field 

of view of the proposed optical subsystem is 20 degrees. 

   After optimization of the array, the optical 

transmission of our array was obtained more than 80%. 

This value is more than usual values in conventional 

systems and leads to considerably higher SNR. Also, 

using the anti-reflection coating reduces the reflection 

rate less than 10% and other important parameters in 

our optical array are quite suitable as well. 

Consequently, the proposed optical array is able to 

focus the laser beam on the detector, accurately. 
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