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Adaptive optics (AO) systems are becoming more complex to improve their optical performance 
and enlarge their field of view, so it is a hard and time consuming process to set up and optimize the 
components of AO systems with actual implementation. However, simulations allow AO scientists and 
engineers to experiment with different optical layouts and components without needing to obtain and 
prepare them physically. In this paper, we introduce a new AO simulation named the Korea Adaptive 
Optics Simulation (KAOS), independently developed by LIG Nex1. We verified the performance of 
KAOS by comparing with other AO simulation tools. In the comparison simulation, we confirmed the 
results from KAOS and other AO simulation tools were very similar. Also, we proposed a laser tomog-
raphy AO system with five Rayleigh laser guide stars (LGSs) optimized by using KAOS to overcome 
the disadvantages of the AO system with a single sodium LGS for the satellite imaging system. We veri-
fied the performance of the proposed AO system using KAOS, and the simulation result showed aver-
aged Strehl ratio of 0.37.
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I. INTRODUCTION

Adaptive Optics (AO) systems have reached the state-
of-the-art level, which successfully can deliver diffraction-
limited imaging performance [1]. Early AO systems can 
only reach the telescope’s diffraction limit over a narrow 
field with a single Wavefront Sensor (WFS) and a single 
Deformable Mirror (DM) as referred to Single-Conjugated 
AO (SCAO). To overcome the limitation of the early AO 
systems, current AO systems have been developed in two 
main directions: (a) increasing the imaging field of view 
and sky coverage, and (b) improving wavefront correction 
for bright targets. The first approach is to create an artificial 
star in the field of interest by using a bright (5 W–100 W) 
laser beam, so that the wavefront can be measured along a 
direction where no bright star is present [2]. After that, the 

AO systems has been addressed by tomographic AO con-
figurations including Ground-Layer AO (GLAO), Multi-
Conjugated AO (MCAO), Multi-Object AO (MOAO), 
and Laser Tomography AO (LTAO). These tomographic 
AO systems have multiple DMs, WFSs and Laser Guide 
Star (LGS)s to increase the AO corrected field of view and 
wavefront correction. GLAO systems deliver significant 
images sharpening over degree-scale fields by correcting 
only wavefront aberrations induced at low altitude [3]. 
MCAO systems deliver diffraction-limited imaging over 
a continuous arcminute-sized field of view using multiple 
DMs, each optically conjugated to a separate altitude [4]. 
With each DM correcting for atmospheric aberrations in-
duced at the corresponding altitude, the overall wavefront 
correction is valid over a larger angle than is possible with 
a single DM. Also, MCAO systems require the multiple 
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WFSs along multiple directions to measure the wavefront 
error induced from multiple layers. MOAO systems de-
liver the tomographic information in a different manner 
and instead of providing one continuously corrected field 
of view, corrects for a finite number of individual lines of 
sight within a large field of regard. Multiple WFSs of the 
MOAO systems calculate the optimum correction for each 
science direction, and a different DM is used to perform 
correction for each line of sight to each science target [5]. 
LTAO systems deliver diffraction-limited imaging over a 
narrow field of view and mitigate LGS focus anisoplana-
tism also known as the cone effect. LTAO systems are simi-
lar to MOAO, where multiple LGSs are used as guide stars, 
though usually only one direction is corrected for [6]. The 
use of multiple LGSs compensates for the cone effect as the 
overlap of observed turbulence provides the entire cylinder 
observed by the science target. This improves performance 
of LGS AO systems and will be vital for extremely large 
telescopes and AO systems with Rayleigh LGS that have 
large cone effect error.

As mentioned above, recent AO systems are becoming 
more optically complex to improve their optical perfor-
mance. These AO systems require expensive components 
such as multiple DMs, WFSs, and a Real-Time Controller 
(RTC), which are non-trivial to setup and optimize. Also, it 
is a hard and time-consuming process to setup and optimize 
the components of AO systems with actual implementation. 
However, simulations allow AO scientists and engineers to 
experiment with different optical layouts and components 
without needing to obtain and prepare them physically. So, 
simulations play a number of important roles in the devel-
opment, creation and operation of AO systems. Novel and 
optimized concepts can be explored quickly and perfor-
mance gains estimated by allowing AO scientist to decide 
whether such a concept will provide suitable gains. Also, 
the parameters for existing AO systems can be optimized in 
a systematic way as it is possible to replicate a configura-
tion in simulation and alter only one variable at a time.

In this paper, we introduce a new AO simulation named 
Korea Adaptive Optics Simulation (KAOS), independently 
developed by LIG Nex1, and we verified the performance 
of KAOS by comparing with other AO simulation tools. 
Also, we propose a LTAO system with five Rayleigh LGSs 
optimized by using KAOS to overcome the disadvantage of 
the AO system with a single sodium LGS. We already test-

ed the AO system with a single sodium LGS for a satellite 
imaging system, which shows a good optical performance 
[7]. However, sodium LGS has a disadvantage for use in 
South Korea. The disadvantage is that we, unfortunately, 
have only a few weeks to use the AO system because the 
summer in South Korea has a heavy rainy season and high 
humidity, even though a greater sodium density is observed 
during the winter than summer. Also the sodium LGS has 
a common disadvantage that is the variation of the sodium 
density with season and time, it causes that the variation 
of the LGS magnitude. Therefore, we proposed the LTAO 
system with five Rayleigh LGSs that can be operated for all 
four seasons without the variation of the LGS magnitude, 
and optimized by using KAOS. The design and configura-
tion of KAOS are presented in Section II. Also, we com-
pared with other AO simulation tools to verify KAOS, and 
these results are presented in Section III. Lastly, the simula-
tion result of the proposed LTAO system with five Rayleigh 
LGSs for the satellite imaging system is discussed in sec-
tion IV.

II. KOREA ADAPTIVE OPTICS SIMULATION

2.1. Simulation Overview
KAOS is written entirely in the Matlab® programming 

language and software suite designed by MathWorks for 
science computing, available for Linux, Mac OS X and 
Windows [8]. Because of the compatibility of the Matlab® 

(MathWorks, MA, USA), KAOS works well regardless of 
the user’s operating system or environment, and does not 
require the installation of additional modules. We also have 
designed it to be easy, be extremely modular, and flexible 
to use to enable development of new AO concepts. So, 
the modules can be used in a “stand-alone” fashion, and 
a monolithic end-to-end simulation too. The modules of 
KAOS consist of an atmospheric turbulence, LGSs & Line 
of Sight (LOS), WFSs, DMs, and reconstruction & correc-
tion. The flow of the end-to-end simulation of KAOS is 
shown in Fig. 1, and each module is detailed in the follow-
ing sections. Figure 2 shows the Graphical User Interface 
(GUI) of the end-to-end simulation of KAOS, (a) is the 
phase screen observed by WFS, (b) is the detector image 
of tip-tilt WFS, (c) is the detector image of five SH-WFSs, 
(d) is the satellite image before AO correction, (e) is the re-
sidual wavefront error, (f) is the graph of Strehl ratio, and (g) 

FIG. 1. Diagram showing the flow of the end-to-end simulation of KAOS.
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is the satellite image after AO correction. 

2.2. Atmospheric Turbulence
KAOS generates one or more phase screens to simulate 

the atmospheric turbulence above a telescope. We used 
two methods to generate the phase screens [9]. Firstly, by 
generating very large phase screens using a Fast Fourier 
Transfer (FFT) method, that are then moved across the 
telescope with a given direction and wind speed. However, 
we assumed that the phase screens are independent of time 
variation following “Frozen Flow” [10]. This method is 
preferred for long time simulations, because the simulated 
phase screens are generated by using the FFT method 
which results in a screen that is periodic and continuous 
across its opposite edges. As multiple phase screens at dif-
ferent heights and with different wind speeds and directions 
are used, this potential problem from periodic edges of the 
FFT method can be mitigated.

The other method is to generate smaller, uncorrelated 
phase screens for each AO loop. These are generated with 
additional sub-harmonics to better approximate the low-or-
der spatial frequency in the atmospheric turbulence, which 
are often not present in the FFT method [9]. This method 
is called by a subharmonic method and can be very useful 

when applied to applications that require the random uncor-
related screens. Figure 3 shows the phase screens gener-
ated by the FFT method and the subharmonic method. We 
noticed that the phase screen generated by the FFT method 
clearly showed the periodic and continuous phase values 
across its opposite edges, and the phase screen generated 
by the subharmonic method clearly showed the low-order 
spatial frequency (tip/tilt and focus) in the atmospheric tur-
bulence.

2.3. Laser Guide Stars & Line of Sight
One of the main function of LGSs & LOS modules is to 

simulate the propagation of light through the atmospheric 
turbulence in a specific direction determined by the LGS, 
and to simulate the cone effect induced by the LGS as show 
in Fig. 4. Once the altitude and position of the LGS is set, 
the phase and complex amplitude of light through the phase 
screens in a specific direction are simulated by using LOS 
function. This can be achieved using either a geometry ray 
tracing method or using an angular spectrum method. The 
geometrical ray tracing method means that phase from each 
phase screen layer is simply summed to get the final wave-
front distortion. On the other hand, the angular spectrum 
method means physical light propagation, and it is imple-

FIG. 2. A screenshot of KAOS GUI running a simulation of a 1.6 m telescope using five Rayleigh LGSs, and five 18 × 18 sub-
aperture SH-WFSs, and a 19 × 19 actuators DM. (a) is the phase screen observed by WFS, (b) is the detector image of tip-tilt WFS, (c) 
is the detector image of five SH-WFSs, (d) is the satellite image before AO correction, (e) is the residual wavefront error, (f) is the 
graph of Strehl ratio, (g) is the satellite image after AO correction.
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mented in KAOS using Matlab® code derived from Schmidt 
[9]. Figure 5 shows the original phase (a), and LOS phase (b) 
simulated by LGSs & LOS module, and these two phase 
screens are slightly different because of the LOS and cone 
effect of the LGS. From this result, we confirmed that the 
propagation of light through atmospheric turbulence and 
the cone effect can be effectively simulated by using LGSs 
& LOS module.

Also, KAOS has the function that calculates the num-

ber of return photons from the LGS to simulate the photon 
noise and readout noise for the WFS module. It can be cal-
culated separately according to the type of the LGS (‘So-
dium’ and ‘Rayleigh’) [11]. Using this function, a user can 
optimize the power, repetition rate, and altitude of the LGS.

2.4. Wavefront Sensors
In WFSs module, two types of the WFS are simulated, 

Shack-Hartmann WFS (SH-WFS) and Pyramid WFS (Py-

FIG. 3. Phase screens generated by the atmospheric turbulence module. (a) is generated by FFT method, and (b) is generated by 
Sub-harmonic method. The size of the phase screens is 2048 × 2048 grid.

FIG. 4. The examples of the cone effect induced by (a) Sodium LGS, and (b) Rayleigh LGS.
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WFS), and the principles of the wavefront measurements of 
each are shown in Figs. 6(a) and 6(b), respectively. Micro-
lens array of the SH-WFS divide the incident wavefront, 
and each of the beams in the sub-apertures focus onto the 
detector. SH-WFS measures the slope of the incident wave-
front using the displacement of the spots on the detector 
[12]. PyWFS uses a pyramid prism in the image plane to 
create four sub-beams on the detector. Using these four sub-
beams, PyWFS measures the slope of the incident wave-

front [13]. Also, the noise of the detector can be simulated 
according to the number of return photons as shown in Fig. 
7, and multiple WFSs for the tomographic AO system can 
be easily simulated by the modular nature of the simulation 
design. In tomographic AO simulation, each of the WFSs 
measures the phase through the phase screens in a specific 
direction simulated by LGSs & LOS module. Additionally, 
the tip-tilt WFS of the AO system can be simulated as the 
SH-WFS that has only 2 × 2 sub-apertures in this module.

FIG. 5. A comparison of the phase screens (256 × 256 grid). (a) is the original phase, and (b) is LOS phase simulated by LGSs 
& LOS module with a single LGS at an altitude of 20 km. The center hole of the phase screens represents the obscuration of the 
secondary mirror.

FIG. 6. Principle of the wavefront measurement of (a) SH-WFS, and (b) PyWFS. The phase (left) and detector images (right) of this 
figure are simulated by KAOS.
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2.5. Deformable Mirrors
DMs module generates the interaction matrices, which is 

consistent with the influence functions of the actuators. The 
influence functions are a grid of the actuators where each 
influence function is the shape of the DM where only one 
actuator is activated and modeled by 2-dimensional Gauss-
ian functions [14]. This simulates a thin mirror surface 
when pushed or pulled by an actuator. Also, a tip-tilt mir-
ror is modeled with only the tip-tilt modes as the influence 
functions. Figure 8 shows three examples of the simulated 
Gaussian influence functions by the DMs module. In Fig. 8, 
the center one is the influence function of the center actua-
tor for the DM, which has 9 × 9 actuator array and diam-
eter of 100 mm, and the left and right one is the influence 
functions of the next right actuator, respectively. Finally, 
the interaction matrices can be generated by using pseudo-
inverse of the influence functions.

2.6. Reconstruction & Correction
In KAOS, reconstruction & correction module is used 

to reconstruct the wavefront from the slope measured by 
WFSs, and create a command matrix using the interaction 
matrix computed by a DMs module. This module has two 
types of the reconstruction method, one is Zonal method 
using the Southwell algorithm [15–17], the other is a modal 
method using a Zernike basis [18]. After that, using the 
reconstructed wavefront, the command matrix can be calcu-
lated by a simple Matrix-Vector-Multiply using the interac-
tion matrix. Finally, the correction process is simulated by 
using the command matrix and influence functions of the 
DMs. Also, this module calculates the residual wavefront 
errors, Strehl ratios, Point Spread Function (PSF)s before 

and after AO correction [19]. The PSF is used to simulate 
the satellite image through the AO system using the convo-
lution theory. Figure 9 shows the residual wavefront errors, 
PSFs, simulated satellite images according to their Strehl 
ratios. Additionally, a Learn & Apply algorithm [20] is ap-
plied for tomographic AO simulation.

III. SIMULATION COMPARISONS

When a new AO simulation is introduced, it is important 
to ensure that the results from the new AO simulation are 
accurate. In generally, the performance of the AO simula-
tion is verified against current and accepted AO simulation 
tools. There are a number of AO simulation tools, written in 
a number of different programming languages and provid-
ing a variety of functions [21–24]. The most widely used 
AO simulations of them are Yorick Adaptive Optics (YAO) 
[25], Python Adaptive Optics Simulation (PyAOS, also 
called by SOAPY) [26]. These AO simulations show great 
performance, flexibility, and ease of use. Here, KAOS is 
compared with YAO and SOAPY because KAOS bench-
marked them. 

The comparison simulations consist of two scenarios. 
The first scenario is AO performance with increasing SH-
WFS sub-apertures as shown in Fig. 10. This scenario con-
firms that the simulation is correctly reproducing the fitting 
error expected when a DM with a finite spatial resolution 
is used to correct the wavefront errors with high spatial or-
ders present. The parameters for the first scenario are listed 
in Table 1. As shown in Fig. 10, Strehl ratios of the YAO, 
SOAPY, KAOS are very close, it also indicates that the 
generation and scaling of atmospheric turbulence in KAOS 

FIG. 7. Detector images of the SH-WFS without noise (left), and with noise (right). The enlarged images in the red boxes show the 
noise of the detector.
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is correct. 
The second scenario is AO performance with increasing 

focus anisoplanatism as shown in Fig. 11. This scenario 
confirms that the simulation is correctly reproducing the 
cone effect error according to the altitude of the LGS. Three 
altitudes of LGS are simulated, with 15 km and 25 km 
being typical values for Rayleigh LGS, and 90 km as the 
mean altitude of sodium LGS. For each guide star configu-
ration, a single turbulence layer is simulated, and its height 
increases. The parameters for the first scenario are listed in 
Table 2. As shown in Fig. 10, the layer is at low altitudes, 
the cone effect error is small, Strehl ratios are high for all 
guide star altitudes. As the layer increases, all simulations 
show that Strehl ratios decrease, with the reduction depen-
dent upon the altitude of the guide star. There is a discrep-
ancy in the simulation results. This discrepancy is currently 
under the investigation, however, all simulations obviously 
show the reduction of Strehl ratio because of the cone effect 
error.

FIG. 9. The residual wavefront errors, PSFs, Satellite images according to their Strehl ratio.

FIG. 10. A comparison of Strehl ratios between KAOS and 
other AO simulations with an increasing number of SH-WFS 
sub-apertures.

FIG. 8. Three examples of the simulated influence function by the DMs module. The center one is the influence function of the 
center actuator for the DM, which has 9 × 9 actuator array and diameter of 100 mm, and the left and right one is the influence 
functions of the right next actuator, respectively.
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IV. LTAO WITH RAYLEIGH LGS SIMULATION

4.1.  LTAO with Five Rayleigh LGSs for the Satellite 
Imaging System

As mentioned in Section I, LGS is used to improve sky 
coverage of AO systems. In particular, the AO systems for 
the spy satellite imaging system also require the bright LGS 
because the brightness of the spy satellite is insufficient to 
measure the wavefront error. The most common ways of 
creating an artificial star in the sky are sodium and Ray-
leigh methods. The sodium method creates an artificial star 

on a thin layer of sodium atoms that are present between 80 
and 100 km above the Earth’s surface [27]. The strongest 
of these lines for the sodium atom is the D2 line, centered 
at 589 nm, so the laser of sodium LGS has a wavelength 
of 589 nm. The Rayleigh LGS is created by propagating a 
beam into the atmosphere and observing the light backscat-
tered from molecules in the atmosphere [28]. Therefore, the 
laser of the Rayleigh LGS is pulsed and synchronized with 
a shutter in front of the WFS so that only light at a speci-
fied altitude is observed. As the atmospheric air pressure 
decreases with altitude, the scattered return also decreases. 
This limits the altitude of Rayleigh LGS to around 20-
25 km [29]. Rayleigh LGS is normally green laser with 
Nd:YAG [30] or Yb:YAG [31], and Ultra-Violet (UV) laser 
also can be used [29].

More commonly, sodium LGS is used for AO systems 
because the cone effect of the LGS is much smaller than 
of Rayleigh LGS. The wavefront variance σcone, due to the 
cone effect can be represented by

������ = (���)
��� 

 

, (1)

where D is the diameter of the telescope and d0 is the cone 
effect parameter. The cone effect parameter d0 can be ap-
proximated for the turbulence models with altitude of the 
LGS, zLGS. In this paper, we used the Hufnagel-Valley tur-
bulence model, which is most commonly used in AO [11]:

d0 = 0.018zLGS + 0.39. (2)

From these equations, the sodium LGS AO system has 
smaller wavefront error due to the cone effect than the Ray-

FIG. 11. A comparison of Strehl ratio between KAOS and 
other AO simulations using a single LGS with varying height 
of a single turbulence layer.

TABLE 1. The parameters used in the first AO simulation 
scenario

Parameter Value
Simulation phase elements 128
Number of turbulence layers 4
Integrated seeing strength, r0 (cm) 18.6
Altitude of turbulence layers (km) 0, 5, 10, 15
Fractional layer strength 0.5, 0.3, 0.1, 0.1
Layer wind speeds (m/s) 10, 10, 15, 20
Frame rate (Hz) 400
Whole phase screen diameter (m) 256
Telescope primary diameter (m) 8
Number of sub-apertures 8 × 8–18 × 18
Pixels per sub-aperture 10
Number of DM actuators 9 × 9–19 ×19
Guide star position On-axis
Science target wavelength (nm) 1,650

TABLE 2. The parameters used in the second AO simulation 
scenario

Parameter Value
Simulation phase elements 128
Number of turbulence layers 1
Integrated seeing strength, r0 (cm) 18.6
Altitude of turbulence layers (km) 0–20
Fractional layer strength 1
Layer wind speeds (m/s) 10
Frame rate (Hz) 400
Whole phase screen diameter (m) 256
Telescope primary diameter (m) 8
Number of sub-apertures 8 × 8
Pixels per sub-aperture 10
Number of DM actuators 9 × 9
Guide star position On-axis
Science target wavelength (nm) 1,650
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leigh LGS AO system because of the altitude of the LGS.
However, sodium LGS has a disadvantage for use in 

South Korea. The disadvantage is that we, unfortunately, 
have only a few weeks when we can use the AO system be-
cause the summer in South Korea has a heavy rainy season 
and high humidity, even though a greater sodium density 
is observed during the winter than summer [32]. Also, the 
sodium LGS has two common disadvantages: the variation 
of the sodium density with season and time causes variation 
of the LGS magnitude, and the other disadvantage of the 
sodium LGS is the thick depth of the sodium layer, which 
is of the order of 10 km. When using an SH-WFS, this 
thick depth exhibits itself as an elongation of the WFS and 
reduces the WFS performance.

To overcome the disadvantages of the sodium LGS of 
the AO systems for the satellite imaging system, we pro-
pose the LTAO system with multiple Rayleigh LGSs in 
this paper. Because Rayleigh LGSs use the backscattering 
from molecules in the atmosphere, the AO system can be 
operated for all four seasons without the variation of the 
LGS magnitude. The spot elongation also can be mitigated 
by the shutter in front of the WFS. The biggest issue of the 
Rayleigh LGS is the cone effect, however, it can be miti-
gated by using multiple LGSs. In principle, the cone effect 
error for the multiple LGSs case can then be approximated 
by [11]

d0 = 0.23NLGS + 0.95, (3)

where NLGS is the number of the LGSs. Following this 
Eq., the more LGSs, the better, however, the number of 
the LGSs typically is limited to 3–5 because the LGSs 
should be in the anisoplanatic angle of the object. In the 
multiple LGSs case, however, the reconstruction is more 
difficult than the single LGS case. There is a lot of work 
being done to merge the information from multiple LGSs 
to tomographically reconstruct a three-dimensional map of 
the atmosphere above the telescope. As mentioned section 
2.4, we used the Learn & Apply reconstruction algorithm, 
which has been developed for the Extremely Large Tele-
scope (ELT), and the equation can be represented by

W = (Mcentral Moffaxis
t)(Moffaxis Moffaxis

t)–1, (4)

where W is a tomographic reconstructor, Mcentral is the mea-
surement of the central WFS, and Moffaxis is the measurement 
of the off-axis sensors. In this algorithm, the total wave-
front above can be reconstructed by using the tomographic 
reconstructor and the measurement of the off-axis sensors, 
so that the cone effect also can be effectively mitigated. By 
using KAOS, we simulate the LTAO system with multiple 
Rayleigh LGSs to optimize and verified the optical per-
formance of this system. The details about the simulation 
results will be presented in the following section.

4.2. Simulation Results
To simulate the LTAO system with multiple Rayleigh 

LGSs, we used the same optical components and simulation 
parameters presented in [7], and just increased the number 
of the SH-WFSs and the LGSs, and changed the type of the 
LGS from sodium to Rayleigh. Also, we set the magnitude 
of all LGSs as 6 stellar magnitude, being a typical value 
for the LGS. Firstly, we simulated with the parameters of 
current AO system with a single sodium LGS to compare 
the simulation result from KAOS with actual measure-
ment data. The parameters used in the AO simulations also 
are detailed in Table 3. Figure 12 shows the comparison 
of Strehl ratio between the simulation result and actual 
measurement data. In this figure, the green lines are from 
the simulation result before (dashed line) and after (solid 
line) AO correction, and the blue lines are averaged value 
of Strehl ratio from the simulation (dashed line) and actual 
measurement (solid line). We confirmed that the simulation 
result from KAOS is very close to the averaged value of 
actual measurement data. The difference between averaged 
Strehl ratios is only 1.12%. From this result, we notice that 
the simulation result from KAOS is also well matched with 
actual measurement result. 

After that, we simulated with the parameters of the AO 
system with a single Rayleigh LGS to compare with the 
AO system with Sodium LGS. We remained the magni-
tude of the LGS and changed the altitude of the LGS to 20 
km being a typical value for Rayleigh LGS. As confirmed 
in the Section III, we expected that Strehl ratio of the AO 
system with a single Rayleigh LGS was lower than the AO 
system with a single sodium LGS because of the cone ef-
fect. Figure 13 shows Strehl ratio of the AO system with a 
single Rayleigh LGS, the green lines are Strehl ratio before 
(dashed line) and after (solid line) AO correction, and the 

TABLE 3. The parameters used in section IV for AO simulation

Parameter Value
Simulation phase elements 256
Number of turbulence layers 4
Integrated seeing strength, r0 (cm) 7
Altitude of turbulence layers (km) 0, 5, 10, 15
Fractional layer strength 0.5, 0.3, 0.1, 0.1
Layer wind speeds (m/s) 10, 10, 15, 20
Frame rate (Hz) 2,000
Whole phase screen diameter (m) 256
Telescope primary diameter (m) 1.6
Number of sub-apertures 18 × 18
Pixels per sub-aperture 10
Number of DM actuators 19 × 19
Number of SH-WFSs and LGSs 5
Science target wavelength (nm) 880
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blue dash-dotted line is averaged value of Strehl ratio after 
AO correction. Most of Strehl ratio after AO correction is 
still less than 0.2, not much improvement than before the 
AO correction. We also compared the satellite images be-
fore and after the AO correction to verify the optical perfor-
mance of the AO system. Figure 14 shows the comparison 
of simulated satellite images between uncorrected (left) and 
corrected (right) by the AO system with a single Rayleigh 
LGS. We confirmed that the satellite image after AO cor-

rection is not much different than before the AO correction, 
and concluded that the AO system with a single Rayleigh 
LGS is insufficient to use for the satellite imaging system 
because of a large cone effect.

Lastly, we simulated the LTAO system with five Ray-
leigh LGSs to confirm the AO performance of this AO 
system. There are two reasons why we designed the AO 
system with five Rayleigh LGSs. The first one is that at 
least three LGSs are required to mitigate the cone effect, 

FIG. 12. A comparison of Strehl ratio between the simulation result from KAOS and actual measurement result from current AO 
system with Sodium LGS at 90 km. The green lines are from the simulation result before (dashed line) and after (solid line) AO 
correction, and the blue lines are averaged value of Strehl ratio from the simulation (dashed line) and actual measurement (solid 
line).

FIG. 13. Strehl ratio of the AO system with a single Rayleigh LGS from KAOS. The green lines are Strehl ratio before (dashed line) 
and after (solid line) AO correction, and the blue dash-dotted line is averaged value of Strehl ratio after AO correction.
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and the second one is that five LGSs are optimized number 
of the LGS to use the Learn & Apply algorithm for LTAO 
[20]. Figure 15 shows Strehl ratio of the AO system with 
five Rayleigh LGSs, the green lines are Strehl ratio before 
(dashed line) and after (solid line) AO correction, and the 
blue dash-dotted line is averaged value of Strehl ratio after 
AO correction. In contrast to the case of the AO system 
with a single Rayleigh LGS, most of Strehl ratio after the 
AO correction is increased to above 0.3, which is similar to 
the case of the AO system with a single Sodium LGS. Also, 
as shown in Fig. 16, we confirmed that the satellite image 
after the AO correction was much more improved sharp-
ness, contrast, and resolution compare to the satellite image 
before the AO correction. From these results, we verified 
that the cone effect of Rayleigh LGS is effectively miti-

gated by using multiple LGSs, and proposed AO system is 
appropriate to use for the satellite imaging system.

V. CONCLUSION & FUTURE WORK

Consequently, we proposed a LTAO system with five 
Rayleigh LGSs and optimized this AO system by using 
KAOS to overcome the disadvantages of the AO system 
with a single sodium LGS for the satellite imaging system. 
We expected that this proposed system not only offers more 
available date to use the AO system under atmospheric 
conditions of South Korea, but also shows the similar opti-
cal performance with the sodium LGS AO system. We also 
presented a new AO simulation written by the Matlab® pro-
gram language, which is named KAOS. The key features of 

FIG. 14. A comparison of simulated satellite images between before AO correction with Strehl ratio of 0.07 (left), and after AO 
correction with Strehl ratio of 0.1 (right). These images are simulated with AO system with a single Rayleigh LGS.

FIG. 15. Strehl ratio of the AO system with five Rayleigh LGSs from KAOS.
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KAOS are simple, flexible, extensible, and easy to use AO 
simulation. Also, the modules of KAOS are introduced in 
each of the sections. Because these modules are designed to 
be extremely modular, these can be used in a “stand-alone” 
fashion and a monolithic end-to-end simulation as well. To 
verify the performance of KAOS, we compared it with cur-
rent and accepted AO simulations, and confirmed that the 
simulation results are very close. We also confirmed that 
the simulation result from KAOS is very close to averaged 
values of actual measurement data from AO system with 
sodium LGS of a 1.6 m telescope. Because KAOS is still 
under development, we will continuously update the fea-
tures of the modules to provide users with more options. In 
the near future, the atmosphere module will be added a new 
generation method of atmospheric turbulence, and to the 
reconstruction & correction module will be added another 
reconstruction method for tomographic AO system such 
as GLAO, MOAO, and MCAO. Also, we will improve the 
computational performance of KAOS using multi-core pro-
cessors and Graphics Processing Unit (GPU) to achieve our 
ultimate goal to make KAOS as real-time AO simulation in 
the future works.
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