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A simulation model of a space-based solar-pumped laser system sensitized by a luminescent 

nano-crystal to transfer the power onto the earth is carried out.  The system consists of a solar 

pumped laser by a concentration system set on a satellite.  The laser material is coupled with 

a luminescent nano-crystal that acts as a sensitizer.  The resulted laser is directed onto the 

earth surface, where it can be used to generate power.  The intensity and the divergence of the 

laser are calculated in order to obtain the optimal solar laser system as a payload on the 

satellite and the optimal terrestrial applications in Egypt. 

 

Keywords: Solar Laser; Space Power; Solar Concentration; Satellite Payload; Nano-crystal, 

Sensitizer; Nano-material. 

 

 

 

1. INTRODUCTION 

 

Space-based energy became one of the most important disciplines in the field of 

energy and technology.  It is a matter of increasing the energy capacity needed for nowadays 

technology by harvesting the power from the space.  He most important energy source in the 

space is the solar energy.  In the outer space, we can receive the amount of energy equal to 

the solar constant before it undergoes many radiation interactions with the earth atmosphere 

such as: reflection, scattering, refraction and dispersion. 

The idea of transferring the power from the outer space onto the earth began shortly 

after the beginning of space exploration in the 1950s and 1960s.  The idea was sending great 

http://etn.siats.co.uk/
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solar collectors to collect the solar energy to use it firstly in the space applications such as 

lighting and powering. 

 

  Solar energy is a promising energy source that can help reduce dependence on foreign 

oil, mitigate global climate change and improve the economy.  Nanotechnology started 

recently to improve the use of the solar energy after testing some properties of the nano-

materials.  Many researchers started to think about the enhancing the solar energy devices by 

nano-materials. 

 

  Laser power beaming is the wireless transfer of energy from one place to another 

using laser light.  The basic concept is the same as solar power, where a photovoltaic cell 

converts the sunlight to energy.  Similarly, a photovoltaic cell converts the laser light to 

energy.  The key differences are that laser light is much more intense than sunlight, it can be 

aimed at any desired location, and it can deliver a sustainable power.  This power can be 

transmitted through air or space, or through optical fibers to everywhere.  A sketch of the 

space-based solar laser is shown in Fig. (1). 

 

 

Figure. 1: A sketch of the space-based solar laser. 

 

 The benefits of wireless power beaming include:  

 The narrow beam allows greater energy concentration at long distances;  

 The compact size of the receiver allows easy integration into small devices;  

 Power is transmitted with zero radio frequency interference (e.g. to wi-fi/cellular 

systems);  
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 Electrical power can be utilized for applications where it was previously 

uneconomical or impractical to run wires, including aerial refueling of unmanned 

aerial vehicles (UAVs) and other aircraft;  

 Power beaming can use any existing power source to power the laser; and  

 Power can be delivered through free space or over fiber optic cable.  

Direct pumping uses sunlight developed for the first time by Young [1] as the source of 

the pumping light in order to generate the laser beam.  In order to achieve the required power 

densities for the inversion process, sunlight at 1 a.u. needs to be concentrated from its natural 

1387 W/m2 to concentration values between 200 and a few thousands depending on the lasing 

medium.  

 

De Young et al. [2], [3] and [4] started this trend in the National Aeronautics and Space 

Administration (NASA).  The work of this group through the Space-Based Laser Research 

and Applications Program described a preliminary conceptual design of a space-based solar-

pumped iodide laser emitting 1 MW of laser power for space-to-space power transmission.  A 

near-parabolic solar collector focuses sunlight onto the t-C4FgI (perfluoret-butyl iodide) 

lasant within a transverse flow optical cavity.  The preliminary design of a laser power station 

in Earth orbit did not reveal any major technical problems; thus, this type of power station 

remains a viable concept for future space applications. 

 

Zepata [5] analyzed Nd3+:Glass, Solar-Pumped, High-Power Laser Systems for the 

space applications.  He evaluated the Nd3+ laser as a possible choice for a high-power, space-

based laser.  He reported that the main advantage of the solid-state media proposed is that the 

solar-pumped laser need not be refueled because sunlight, its primary source of power, is 

available on-site.  One can easily envision a mosaic of 1000 of slabs of these materials, 

producing 1 MW of power. Using YAG, the calculations showed that an 80- × 80-cm mosaic 

would produce 1 MW of laser power at a solar concentration of 40000 with a 3.5-percent 

conversion efficiency. 

 

Brauch, Schall and Wittwer [6] and [7] constructed a solar laser system in space.  

Solid state lasers pumped with electric power can currently reach 60% efficiency.  If we 

assume a 30% efficiency for the solar arrays we can have an overall 18% efficiency.  If a 

pumped laser is used, then the focal point can be close to the primary mirror and a high 

concentration factor can be obtained with a relatively small mirror.  For example, if the 

mirror has an area of 314 m2 (equivalent to a 10 m circular mirror), then the collected power 

at 1 AU is 429.5 kW.  The solar array and laser system converts only 18% of this power, 

therefore only 77.3 kW are beamed to the surface of the asteroid, the rest needs to be 

dissipated. 

 

De Young et al. [8] presented a conceptual design of a high-power, long-duration 

lunar rover powered by a laser beam.  The laser transmitter in lunar orbit consists of an SP-

100 reactor prime power source providing 100 kW of electricity to a laser diode array that 

emits 50 kW of laser radiation.  The laser radiation is beamed to the lunar surface where it is 

received by a GaAlAs solid-state, laser-to-electric converter.  This converter provides 22.5 

kW of electrical power to the rover vehicle for science, locomotion, and crew needs.  The 

mass of one laser transmitter is approximately 5000 kg, whereas the mass of the rover power 
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system is 520 kg.  The rover power system is significantly less massive (23 kg/kW) than 

alternative rover power units. 

 

Williams et al. [9] described two systems for transmitting power by laser beam from 

two Lagrange points to the lunar surface.  The systems consisted of satellites and a rover on 

the lunar surface.  The systems differed in the two satellites used. The primary divergence 

between the two satellites was their prime power source.  One satellite was powered by a 

nuclear reactor, while the other by solar photovoltaics (PV).  The nuclear reactor was more 

massive than the photovoltaics and generates thermal and nuclear radiation, but the 

photovoltaics required continuous solar tracking, which may adversely affect satellite 

pointing and tracking.  The rover was a large manned vehicle, of approximately 8 metric tons, 

powered by 30 kW of electrical power received by laser beam from a satellite.  The power 

was used for locomotion (15 kW), environmental sustenance within the rover (16.5 kW 

maximum), scientific tasks (10 kW maximum), and energy storage (2 kW) aboard the rover 

for emergency use.  The rover was roughly 7.5 m long by 3.2 m in diameter.  It can travel at a 

rate of 10 km/h over very rough terrain and up inclines as great as 30°.  The power satellite 

can beamed its power not only to lunar surface entities, but also to other satellites orbiting the 

Moon, satellites orbiting the Earth, or space vehicles within a radius of tens of thousands of 

kilometers. 

 

Neal et al. [10] investigated the System requirements for Laser Power Beaming to 

Geosynchronous Satellites which use solar arrays as their primary source of electrical power.  

The system included the high energy laser device with laser power, the beam control system, 

the beam director, the atmosphere and the satellite.  A specification has been established for a 

system which beams laser power to geosynchronous satellites using reactor pumped laser 

technology.  Although only a few kW of power were finally delivered to the satellite, a 1 MW 

laser beam was required initially because of beam losses arising from sources such as laser 

beam jitter, thermal blooming, atmospheric turbulence and atmospheric isoplanatic angle.  

The adaptive optics requirement was for about 1000 adaptive optics segments over the 4-

meter telescope aperture, all operating at about 1000 Hz.  The most recent adaptive optics 

demonstrations corrected over significantly smaller apertures (1.5 m) and hence some 

development in adaptive optics technology was required. 

 

Abdel-Hadi [11], [12], [13], [14] and [15] started a series of researches based on both 

mathematical simulation and experimental design of new concentration systems and devices 

for solar pumped solid state lasers.  Nd:YAG and Nd:YVO4 crystals were the laser active 

media in these studies.  The published book of Abdel-Hadi (2006) and the articles published 

in 2007 and 2008 (a) reported designs of two main concentration systems of both mirror 

arrays and Fresnel lenses.  Both systems were until that time unconventional in this field.  

These systems have been tested in the European weather in Berlin (Germany).  The 

simulation model of the system of Fresnel lens has been tested for the weather of Helwan 

(Egypt).  The efficiency of these systems was about 3%.  For a Fresnel lens of about 60 cm × 

60 cm, the output power of a 12 mm long laser rod reached to 6.8 W in the case a well 

selected summer day at Helwan. 

Abdel-Hadi et al. [16] reported a comparative study of powering satellites supported 

by different types of solar cells during eclipse happening during the staellites rotation in the 

orbits.  They reported that GaAs type is the well recommended type compared with Si type 
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because of it higher output power per square unit (30% higher than Si type), smaller 

coefficient of efficiency change with temperature and its longer lifetime on orbits (40% - 

60% longer than that of the Si type).  

Summerer and Purcell [17] provided an overview about using lasers to transmit 

energy over large distances especially in space.  Concepts and candidate technologies have 

been presented.  They argued that due to recent advances in direct solar pumped lasers, the 

potential integration of space and terrestrial based solar power plants and potentially radical 

simplifications on the space system design, laser-based wireless power transmission concepts 

should be matured further in order to be involved as an alternative source of energy 

(Summerer and Purcell (2009)). 

Almeida, Liang, Guillot and Abdel-Hadi [18] reported a significant improvement in 

solar laser collection efficiency by pumping the most widely used Nd:YAG single-crystal rod 

through a heliostat–parabolic mirror system. A conical-shaped fused silica light guide with 

3D-CPC output end is used to both transmit and compress the concentrated solar radiation 

from the focal zone of a 2 m diameter parabolic mirror to a 5 mm diameter Nd:YAG rod 

within a conical pump cavity, which enables multi-pass pumping through the laser rod.  40 W 

cw laser power is measured, corresponding to 13.9 W/m2 record-high collection efficiency 

for the solar laser pumped through a heliostat–parabolic mirror system.  2.9% slope efficiency 

is fitted, corresponding to 132% enhancement over that of our previous pumping scheme. A 

209% reduction in threshold pump power is also registered. 

Reusswig et al. [19] reported new results in the field of the nano-material-enhanced 

solar laser.  They constructed a solar-pumped laser based on a conventional 1% atomic 

Nd3+doped Yittrium Aluminum Garnet (YAG) gain medium to form a planar waveguide with 

length, width and thickness of 43 mm × 2 mm × 750 µm, respectively.  The Nd:YAG 

waveguide was coated with a 15-µm-thick poly (vinyl butyral-co-vinyl alcohol-co-vinyl 

acetate) (PVB-CVA-CVAc) thin film containing 10% wt. colloidal CdSe/CdZnS nanocrystals 

of a quantum efficiency 75% when doped into PVB-CVA-CVAc [19]. 

Liang et al. [20] composed a 37.2 W multimode and a 9.3 W TEM00-mode solar-

pumped Nd:YAG lasers of the first-stage heliostat-parabolic mirror solar energy collection 

and concentration system, the second-stage fused silica aspheric lens and the third-stage 

conical-shaped pumping cavity, within which the 4 mm diameter, 35 mm length grooved 

Nd:YAG rod was efficiently pumped.  37.2 W continuous-wave multimode solar laser power 

was firstly measured, corresponding to 31.5 W/m2 multimode solar laser collection efficiency 

and 8.9% slope efficiency.  By adopting the asymmetric large-mode laser resonant cavity, 9.3 

W continuous wave TEM00-mode solar laser power was measured. 7.9 W/m2 TEM00-mode 

collection efficiency is 2.6 times higher than the previous record by the Fresnel lens and 

nearly 2 times higher than the previous record by the parabolic mirror.  Stable emission of the 

most efficient solar laser power from a stationary solar laboratory, both in multimode and 

fundamental mode regimes, could constitute one step futher for many interesting applications 

for solar-powered lasers. 
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Due to its natural four-level system, high emission cross-section, and long excited 

state lifetime, Nd:YAG laser is one of the most used materials in the field of sola-pumped 

laser.  Therefore, we chose it in our investigation in this work. 

 

 

1. Model Scenario 

 

We modeled a solar-pumped laser of the same active media of Reusswig et al. [19] but 

put as a payload on a satellite or a space station in the space.  The solar radiation of a value of 

the total solar constant (1387 W/m2) falls on three-dimensional parabolic dish to be directed 

onto a laser rod in a three-dimensional compound parabolic concentrator (3D-CPC).  

Accordingly, a laser beam will be emitted and directed onto the earth surface where it will be 

detected by plants of photovoltaics modules and transformed into electricity. 

 

The overlap between the solar spectrum and the absorption of the CdSe/CdZnS:PVB-

CVA-CVAc thin film are seen in Fig. (2) (a) which shows the broad spectral absorption of 

the nanocrystals between 350 nm and 600 nm.  The narrow emission and tunability of the 

nanocrystal photoluminescence increases the pumping efficiency through the narrow 

absorption peaks of Nd:YAG.  Actually, as shown in Fig. (2) (b), the CdSe/CdZnS 

photoluminescence is tuned to neodymium’s main absorption peak in the visible at 585 nm.  

The design of the laser cavity is shown in Fig. (3). 

 

 
Figure. 2: (a) Absorption of the luminescent colloidal film, 10% wt. CdSe/CdZnS:PVB-

CVACVAc (blue), overlaid on the AM1.5 solar flux (black).  (b) The luminescence of the 

nanocrystal (red) is tuned to an absorption peak of the Nd3+:YAG (blue), for efficient 

waveguided luminescent pumping of optical gain media [19]. 
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Figure. 3: The design of the laser cavity. 

 

The threshold pumping power of the laser rod can be calculated from Equation (1) 

[21].  

𝑃𝑡ℎ =
𝐴𝑎𝐼𝑠

𝜂𝑞𝜂𝑜𝑣𝑝𝛼
(

2𝛾𝑙−ln(𝑅)

2𝜀
)                                                                             (1) 

where Aa is cross-sectional area of the crystal (rod) and l is the loss per pass in the laser.  The 

other parameters are defined in Table (3). 

We can also calculate the value of the slope efficiency (the efficiency above the 

threshold) using the Equation (2). 

𝜂𝑠 = 𝜂𝑞𝜂𝑜𝑣𝑝𝛼𝜀(
𝑇

(2𝛾𝑙−ln(𝑅))
)                                                                                        (2) 

where the value q is the quantum efficiency (the mean wavelength of absorbed radiation 

divided by the lasing wavelength). 

Put into a form that is often used when presenting solid-state laser performance data, the 

output power can also be written as in Equation (3). 

𝑃𝑜𝑢𝑡  =   𝜂𝑠(𝑃𝑖𝑛  −  𝑃𝑡ℎ)                                (3) 

The measured laser threshold power, as a function of the output coupler mirror 

reflectivity R, can be used to determine both the loss per pass L and the mean pumping 

efficiency  [22]. 

The parameters of the primary concentrator (three-dimensional parabolic dish), Laser rod and 

the nanocrystal are shown in Tables (1), (2) and (3) respectively. 
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Table 1: The parameters of the three-dimensional parabolic dish. 

Parameter  Symbol  Value  

Diameter  D  200 m  

Focal length  f  121 m  

Rim Angle  φ  44.866°  

F-Ratio  F  0.606  

 

 

Table 2: The parameters of the Nd:YAG laser rod. 

Value  Symbol  Parameter  

10 – 100 cm  L
a
  Rod Length  

 2 - 20 mm  D
a
  Rod Diameter  

0.59    Absorption Coefficient  

0.63  
q
  Quantum efficiency  

0.67    Pumping efficiency  

0.14  
ovp

  Overlap Ratio  

0.016  
l
  Loss across the rod  

12.5 W/mm
2

  
I
s
  Fluorescence of the crystal (Saturation flux)  

0.02  T  Transmissivity of the output coupler  

 

 

Table 3: The parameters of the nano-crystal (CdSe/CdZnS). 

Value  Symbol  Parameter  

0.75  
q
  Quantum efficiency  

0. 7    Pumping efficiency  

0.14  
ovp

  Overlap Ratio  

 

Applying the model on the defined data in varying the dimensions of the laser rod 

(length and radius), we could get some curves showing the output power and intensity got 

initially from the system.  Then we calculated the output intensity measured on the earth 
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surface if the system is put on a satellite or a space station on an orbit of 300 km height, Low 

Earth Orbit (LEO) which is an orbit around Earth with an altitude of 2,000 km height, 

Geostationary Orbit (GEO) which is a circular orbit 35,786 km height.  The purpose of 

testing the system in these cases is to find the optimum position for a solar laser system on 

the earth which can transmit a laser beam of optimum output for optimum energy receivers 

(solar cell plants) areas need for the needed applications on the earth.    

Varying the length of the laser rod, the threshold pumping power for laser rod with 

and without the nano-crystal curves can be shown in Fig. (4).  Accordingly, the output power 

and intensity diagrams can be shown in Figs. (5) and (6) respectively with and without the 

nano-crystal.  Finally, a probability diagram of the output intensity received on the surface of 

the earth in the above-mentioned three orbits can be shown in Fig. (7). 

 

Figure. 4: The threshold pumping power of the Nd:YAG laser against the length of the rod 

with and without using the nano-material. 
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Figure. 5: The output power of the Nd:YAG laser against the length of the rod with and 

without using the nano-material. 

 

Figure. 6: The output intensity of the Nd:YAG laser against the rod length with and without 

using the nano-material. 
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Figure. 7: A probability diagram of the output laser intensity against the length of the rod 

without using the nano-material on the three orbits; 300 km height, LEO and GEO 

respectively. 

Similarly, varying the radius of the laser rod, the threshold pumping power for laser 

rod with and without the nano-crystal curves can be shown in Fig. (8).  Accordingly, the 

output power and intensity diagrams can be shown in Figs. (9) and (10) respectively with and 

without the nano-crystal.  Finally, a probability diagram of the output intensity received on 

the surface of the earth in the above-mentioned three orbits can be shown in Fig. (11). 

 

Figure. 8: The threshold pumping power of the Nd:YAG laser against the radius of the rod 

with and without using the nano-material. 
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Figure. 9: The output power of the Nd:YAG laser against the radius of the rod with and 

without using the nano-material. 

 

 

Figure. 10: The output intensity of the Nd:YAG laser against the radius of the rod with and 

without using the nano-material. 
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Figure. 11: A probability diagram of the output laser intensity against the radius of the rod 

without using the nano-material on the three orbits; 300 km height, LEO and GEO 

respectively. 

 

 

2. Results and Discussion 

From the resulted curves in Figs. (4), (5),  (6), (7), (8), (9), (10) and (11), we can notice 

that the there is a remarkable reduction in the threshold pumping power of the laser system in 

the case of coating the laser crystal (Nd:YAG) with a 15-µm-thick poly (vinyl butyral-co-

vinyl alcohol-co-vinyl acetate) (PVB-CVA-CVAc) thin film containing 10% wt. colloidal 

CdSe/CdZnS nanocrystals of a quantum efficiency 75% when doped into PVB-CVA-CVAc.  

The calculated threshold pumping power, in this case, was found to be 38% of its original 

value using the Nd:YAG crystal alone.  Obviously, this will lead to a remarkable increase in 

the conversion (slope) efficiency and which was found to be about 4.5 times and the output 

power which was found to be ranging from 4.58 to 5.25 times depending on the laser 

dimensions.  But the ratio between the output power in the case of nano-crystal coated laser 

rod and that of laser rod alone is decaying slightly by increasing the length of the rod due to 

the loss exceeding through the laser rod.  On the contrary, the ratio between the output power 

in the case of nano-crystal coated laser rod and that of laser rod alone is increasing gradually 

by increasing the radius of the rod due to the gain exceeding through the laser rod. 

Setting the system on a satellite on 300 km height over the surface of the earth is useful 

for getting relatively higher intensities but only for the short run because this orbit can be 
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considered as a decaying orbit.  This setting can be useful for relatively small solar panel 

fields which will receive relatively higher intensity output laser beams on narrower areas 

according to the divergence of the output laser beam.  If the system is set on a satellite on 

LEO orbit, it will be useful for getting lower intensities but it is useful for the long run.  

Accordingly, the area of the solar panel fields will be larger in order to receive the output 

laser beam of a smaller intensity diverged on a wider area.  But if the system is set on a 

satellite on GEO orbit, it will be useful for getting much lower intensities but it is useful for a 

much longer run and wider area. Accordingly, the area of the solar panel fields will be much 

larger in order to receive the output laser beam of a much smaller intensity diverged on a 

much wider area. 

The transmission ratio of Nd:YAG laser beam in the earth’s atmosphere is 0.92, while it 

is 0.7 for that frequency doubled Nd:YAG is 0.7.  So, if the applications on the earth need 

lasers of higher frequency in the case of using Nd:YAG, it has to be known that the out laser 

power will be reduced by a value 0f 0.76.  So, some possible modifications can be done to 

obtain a relatively higher laser output power such as increasing the radius of the rod, 

decreasing the height of the satellite carrying the system or using additional optical 

concentration devices like the light guides.   

 

3. Conclusions 

For the solar laser in general and specially that pumped in space onto the earth, nano-

materials enhancement is good recommendation because of its reducing of the threshold 

pumping power and enhancing the slope efficiency and accordingly the output laser power. 

Using Nd:YAG with the nano-crystal of the type CdSe/CdZnS, three main benefits can be 

attained: 

1- Reduction of the threshold pumping power of 3 times. 

2- Increasing the slope efficiency about 4.5 times (from 0.7% up to 3.1%). 

3- Increasing the laser output power about 4.5 to 5 times (depending on the dimensions 

of the laser rod). 

According to the chosen orbits in this research, we can say that setting the system on a 

satellite on 300 km height over the surface of the earth is useful for getting relatively higher 

intensities but only for the short run because this orbit can be considered as a decaying orbit, 

while setting the system on a satellite on LEO orbit is useful for getting lower intensities but 

it is useful for the long run, but setting the system on a satellite on GEO orbit is useful for 

getting much lower intensities but it is useful for much longer run and wider area. 

Using frequency doubling Nd:YAG laser could readily give a laser beam of higher 

frequency but the total intensity will be reduced around 1.3 times according to the 
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transmission in the earth’s atmosphere.  Therefore, the output intensities will be about 76% of 

the above results due to the atmospheric transmission through the earth’s atmosphere.    
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Positron Annihilation Lifetime (PAL) and X-ray are common nondestructive 

techniques used heavily in materials science to detect deformation and thermal effects in 

metals and alloys. In this work, the investigated wrought 1070 Al-alloy samples were 

plastically deformed at room temperature using a hydraulic press. X-ray diffraction patterns 

of the bulk and the deformed 1070 Al-alloy, at different degrees of deformation, have been 

studied and analyzed using MAUD program. The lattice parameter, the grain size and the 

intensity ratio of the maximum diffraction lines in addition to micro-strain as a function of the 

degree of deformation have been determined. The 20 % deformed sample was annealed and 

the behavior of the positron annihilation mean lifetime of the sample was studied as a 

function of the annealing temperature.  

 

 

Keywords:  

 

1. INTRODUCTION 

 

Aluminum and its alloys have outstanding properties like, light weight, good electrical and 

mechanical properties, etc. which make them highly recommended for a lot of applications. 

The investigated 1070 Al-alloy samples have many applications such as general industrial 

parts, housing and construction, transportation, electrical materials, communication cables, 

fridges and freezer cabinets, and for joining two parts of aluminum. One method that is used 

to improve the mechanical properties of materials is the plastic deformation. Plastic 

deformation occurs when anadequate load is applied to a material causing a change in the 

shape of the material. This change produces deformation that is described as plastic 

deformation when involving the breaking the limited number of atomic bonds through the 
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motion of dislocations. The importance of dislocations comes from the fact that they 

represent the basis for understanding the material’s mechanical properties [1-5]. 

 The characterization of materials can be performed using a diversity of techniques. In 

this work X-ray diffraction (XRD) and the positron annihilation lifetime spectroscopy 

(PALS) has been used. X-ray diffraction is a common non-destructive method which is used 

heavily by materials scientists due to its ability in materials phase identification and in 

determination of some of the most important physical properties such as lattice parameter, 

micro-strain and grain size. XRD was used heavily in studying the plastic deformation effect 

and the annealing process on metals and alloys [6-8]. On the other hand, PALS is known to 

be a powerful sensitive nondestructive nuclear method used in materials science. PALS has 

been used heavily in studying defects in metals and alloys [9-11]. This technique has many 

advantages such as the ability to detect and distinguish between different types of defects 

[12]. 

 

2. Experimental procedure  

Samples of the the1070 Al-alloy, which have the chemical composition shown in the 

table (1), were homogenized at 673 K for 12 hours then slowly cooled to room temperature 

inside non-vacuum furnace. 
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Table 1.The chemical composition of 1070 Al-Alloy [13]. 

Three samples were deformed, at room temperature (RM), to 8%, 13% and 20% 

thickness reduction using a hydraulic press. These three samples, in addition to the bulk 

sample were investigated using XRD technique. Continuous scanning was applied on the 

samples using a slow scanning rate (1 /min) and a small time constant (1sec) by means of a 

JEOL X-ray diffractometer (XRD) (Model JSDX-60PA) prepared with a Cu kα-radiation (λ= 

0.145184 nm), X-ray source at 40 kV and 35 mA. A range of 2θ (from 30 to 100 ) was 

covered, so that all the diffraction peaks could be detected. XRD profile peaks were analyzed 

using MAUD program. 

A couple of 20% deformed 1070 Al-Alloy samples were annealed and the positron 

mean lifetime values were measured as a function of the annealing temperature every 25 C. 

The construction of the positron lifetime experiment was shown elsewhere [5, 14, 15]. The 

positron (e+) source, 22Na, was sandwiched between the 20% deformed couple. The 

sandwiched samples were then enfolded in a thin Al foil. The mean lifetime of the positron 

was recorded by a time spectrometer using a fast/fast coincidence method. Each spectrum 

was recorded a period of 3 hours during which about 5×105 coincidence counts were 

accumulated. The time resolution of the system using 60Co source was approximately 340.0 

Ps.The lifetime spectra were analyzed with POSITRONFIT program [16].  

 

3. Results and discussion 
  The XRD spectrums of the investigated samples are shown in Figure 1. X-ray charts 

show that only peaks (111, 200, 220, 311, and 222) of Al-based FCC crystal structure are 

present for the 1070 Al-alloy. There is a variation in the intensity of the diffraction lines with 

increasing the degree of deformation; meanwhile there is no change in the phase was 

observed. The analysis of the X-ray diffraction charts was performed using MAUD program 

[17, 18] to get more information about some physical properties of the alloy under 

investigation. The miller indices (hkl) of the different peaks and the d-spacing for the non-

deformed and the 20% deformed samples are indicated in Table 2. The measured d-spacing 
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values of all diffraction lines for the non-deformed sample is higher than that of the 20% 

deformed sample. 
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Figure 1. XRD charts of 1070 Al-alloy samples at different degree of deformation. 
 

  The lattice parameter, grain size and the intensity ratio I(200)/I(111) are shown in Figures 

2, 3 and 4 respectively as a function of the degree of deformation. The lattice parameter 

seems to have a very slight decrease with thickness reduction from around 4.05 Å at zero 

deformation to approximately 4.03 Å at 20 % deformation. The grain size has value of about 

0.31 𝜇𝑚 below 10% thickness reduction above which an abrupt decrease in the measured 

grain size is observed until 14% thickness reduction is reached. Grain size value of about 0.15 

𝜇𝑚 was obtained at higher degree of deformation.Figure 4 shows that the relation between 

both the intensity ration I(200)/I(111)and the macro-strain as function of thickness reduction 

seems to have the same behavior at which slow decrease is observed until 14% thickness 

reduction is reached then both values of the intensity ratio and micro-strain are kept constant.  

 

Table 2.d-spacing of  non-deformed and 20% deformed samples at the corresponding hkl of 

1070 Al-alloy 

 

d for non-deformed sample d for 20% deformed sample 

2.343 Å 2.326 Å 

2.029 Å 2.014 Å 

1.435 Å 1.424 Å 

1.223 Å 1.214 Å 

1.171 Å 1.163 Å 
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Figure 2.Lattice parameter as a function of thickness reduction of 1070 al Alloy. 
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Figure 3. Grain size as a function of deformation of 1070 Al alloy 
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Figure 4.I(200)/I(111) and Micro strain as a function of Thickness reduction of 1070 Al alloy.  
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  Then, a 20% deformed couple was subjected to annealing and the positron mean 

lifetime values were measured as a function of the annealing temperature. The mean positron 

lifetime values, as obtained experimentally, are plotted in Figure 5 as a function of annealing 

temperature. The value of the positron mean lifetime in the trapped state (τt) (deformation 

20%) was found to be 202.9 ps and it was gradually decreased to reach 165.6 ps at 300 C 

which is the same value of the mean lifetime ofpositron in the defect free state (τf).  
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Figure 5.The mean lifetime as a function of annealing Temperature. 

The accuracy of the positron mean lifetime measurements has been verified by 

measuring the variance of the mean lifetime versus annealing temperature. The 

variance of goodness of fit using PATFIT program analyses is close to unity as shown 

in Figure 6.  
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Figure 6.The variance of goodness of fit as a function of the annealing Temperature. 

 

Table 3. The lattice parameter and grain size of 20% deformed 1070 Al-Alloy. 
 

1070 al 

alloys 

Lattice 

parameter 

Grain 

size by 

(XRD) 

Grain 

size by 

(PALT) 

Deforme

d 20% 

4.02945 Å 0.13285 

µm 

0.1318 

µm 
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The mean crystal size (l) can be obtained from the positron results according to the 

equation reported by Hidalgo and de Diego [19]: 

   1










d

ftf

L
  

  Where Ld is the mean diffusion length of positron in metal (Al) :Ld =1500 A. This 

equation was used to calculate the grain size for the 20% deformed couple as indicated in 

Table 3, and it was found to be 0.1318 µm that is in a very good agreement with the grain 

size calculated from the XRD charts for the same deformed sample, 0.13285 µm. 

 

4. Conclusions 

From our measurements concerning the influence of plastic deformation and the 

annealing of the 1070 Al-alloy using X-ray diffraction and positron annihilation lifetime 

technique, we found that: 

- The XRD spectrums show that only diffraction peaks of Al-based FCC crystal structure are 

present for the 1070 Al-alloy. 

- There is no change in the phase was observed and the lattice parameters seems to have a 

very slight decrease with increasing the degree of deformation. 

- The grain size decreased from about 0.31 μm at 0% deformation to approximately 0.14 μm 

at 20% deformation. 

- The relation between both the ratio of the intensity I(200)/I(111)and the macro-strain as 

function of thickness reduction was found to be similar. 

- Positron mean lifetime values of about 202.9 ps and 165.6 ps was obtained for the trapped 

state and the defect free state respectively.  

- The grain size values determined by XRD (0.1318 µm) and PAL (0.13285 µm) techniques 

are in a very good agreement with each other.  
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This work describes cold work effect on the positron annihilation parameters, which 

are used in determination of the stored dislocation energy of the investigated 6082 Al-alloy 

samples. The investigated samples were homogenized for 6 h at 723 K then annealed at room 

temperature and finally plastically deformed up to 23 % degree of deformation. The 

annihilation parameters of the alloys under investigation were determined using the trapping 

model after fitting with the experimental measured data of the positron annihilation lifetime. 

12% thickness reduction was found to be the start of saturation trapping region of positron in 

defect states at which an annihilation lifetime value of about 209±4 ps is obtained.A trapping 

efficiency of 6×10-7 cm3s-1 gives the best fit of the experimental measurements with the 

theoretical mean lifetime values obtained using the trapping model. The stored dislocation 

energy can be determined from the data of the positron annihilation lifetime due its ability to 

determine the density dislocation during plastic deformation. An increase in the strain (degree 

of deformation) creates comparable increase in both defect and dislocation densities, hence an 

increase in the measured stored dislocation energy. Maximum stored dislocation energy of 

about 29.5 KJ/m3 was obtained at the region of saturation of dislocation. 

 

 

Keywords:  

 

1. INTRODUCTION 

 

The Earth’s crust is rich with aluminum and its alloys, which have a wide-ranging of 

applications due to their worthy properties such as high strength, good corrosion, oxidation, 

high thermal and electrical conductivities, low density, and pretty low cost. Aluminum and its 

alloys are nontoxic and have the face-centered cubic (fcc) structure leads to an excellent and 
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easiest formability and recyclability to any of the structural materials. The 6xxx Al-alloy 

series (Al-Mg-Si) is one famous series of wrought heat treatable Al-alloys which can be 

precipitation hardened to improve the strength levels of alloys. Cold work (deformation 

below half alloys melting point) is an important method that produces dislocations mainly 

used in improving the mechanical properties of the Al-alloys. When a sufficient compression 

is applied to a metal or alloy, it causes either an elastic or plastic deformation in the material. 

Plastic deformation produces an irreversible shape change after removing the applied work. 

Plastic deformation of single crystals samples is simple and definitely produces dislocations 

but in polycrystalline plastic deformation becomes complex due to several interactions 

between the grain boundaries and dislocations [1]. 

The energy consumed in plastically deformed metal is mainly divided into two parts, 

one part is transformed into heat depending  on  the  type  of  the loading  and  on  the  degree  

of  deformation. The other part is stored inside the defects in the form of strain energy [2]; 

means the metal becomes battery of energy. The stored energy during cold work was 

experimentally determined by many authors [3–7]. Positron annihilation lifetime 

spectroscopy (PALS) is one method that can be used in determination of this stored energy 

during cold work. Positron annihilation technique is a sensitive, powerful and non- 

destructive nuclear method used heavily in studying defect properties in metals and alloy [8-

12]. The effect of plastic deformation on positron annihilation in metals was extensively 

studied by many groups [13-15]. It has been suggested that positrons may be trapped in the 

core of dislocations which are produced during deformation. The localized variations in 

electron density at these dislocations in metals and alloys are able to trap positrons and 

thereby cause them to annihilate with a different electron distribution than in a defect free 

lattice. In this work the trapping model of the positron lifetime measurements was used to 

determine the positron annihilation parameters, which are used in determination of the 

dislocation energy stored in plastically deformed Al-alloy. 

2. Experimental procedure  

Samples of (Al-Mg-Si) 6082-alloy with chemical composition given in table (1) and with 

dimensions (12 x 12 x 3) mm3 were cleaned, chemically etched, then annealed to room temperature after 

homogenized for 6 hours at 723 K in a non-vacuum furnace. These prepared samples were 

then deformed in the range of 0% to 23% from its original thickness at room 

temperatureusing a hydraulic press. A fast coincidence positron annihilation technique, 

described elsewhere [16, 17], was used in measuring the mean lifetime ofpositron for 12 

couples of plastically deformed Al 6082 samples. The resolution of the system is 337.9 ps as 

measured using the coincidence by 60Co. A very thin radioactive 22Na was used as a positron 

source in this study, so that only small portion of the positrons annihilate in the source. The 

positron source is inserted between two similar samples [18]. The samples thickness is 

suitable to absorb all emitted positrons. The source-sample configuration was then wrapped 

in a thin aluminum foil. The lifetime value of the source contribution (kapton foil) was 

subtracted during the analysis. Each spectrum was accumulated for a period of 3 h during 

which about 5×105 coincidence counts were accumulated. The data of the lifetime spectra for 

the investigated 6082 Al-alloys samples was analyzed using the PATFIT computer program 

[19]. 

 

Table (1): The chemical composition of 6082 Al-alloy. 
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3. Results and discussion  

3.1. Estimation of the positron parameters (mean lifetime, trapping rate, 

trapping efficiency, defect density and dislocation density) 

The relation betweenexperimentally measured mean lifetime ( values (data points) 

and the degree of deformation (thickness reduction) is shown in figure (1). The positron mean 

lifetime value of the undeformed (annealed) sample is 183±5.8 ps after which, an increase in 

the values of the positron mean lifetime was observed with increasing the thickness reduction 

until 12% is reached. Above 12% thickness reduction, the obtained results of is 

approximately kept constant in the region for saturation trapping of positron in defect states. 

A positron annihilation lifetime value of about 209±4 ps is obtained for saturated 
dislocation samples. 
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Figure (1): Experimental results (data points) and the theoretical fitted curve (solid line) of 

the mean lifetime as a function of thickness reduction of 6082 Al-alloy. 

The trapping model described in equation (1) [20] was used to analyze the obtained 

positron lifetime results in order to determine the fitted mean life time curve shown in figure 

(1). This trapping model presumes that the positron can exist either in the Bloch (free) state or 

in the defect (trapped) state of the material.  

τ =  𝜏𝑓
1+κ𝑑τt

1+ κ𝑑τf
  (1) 

where τf is the mean lifetime for the annealed sample (defect free), τt is the mean lifetime of  

dislocation saturated sample and κ𝑑 is the trapping probability per second (trapping rate). 

The missing positron trapping rate κ𝑑 values of equation (1) must be determined using 

equation (2):  

κ𝑑 = 1.248 𝑥10−3[log (1 − R)]2 𝜈

𝑏3                                                                                                                   (2) 

where R is the fractional thickness reduction and b is the Burger vector of Al = 2.86 Å 

and  is the trapping efficiency.  



88 

 Exp. Theo. NANOTECHNOLOGY 2 (2018) 85 – 92                                          

 

0 2 4 6 8 10 12
-1x10

10

0

1x10
10

2x10
10

3x10
10

4x10
10

5x10
10

6x10
10

7x10
10

8x10
10

9x10
10

1x10
11

 

 

T
ra

p
p

in
g

 r
a
te

 k
t 

 (
s

-1
)

Thickness reduction (%)

 
Figure (2): The trapping rate versus thickness reduction of6082 Al-alloys. 

 

The predicted value of the positron trapping efficiency (which gives the best fit of 

the experimental positron lifetime data points of figure (1) after substituting in the positron 

trapping rate equation (2) was determined to be 6×10-7 cm3s-1The theoretical (fitted) mean 

lifetime values obtained using the trapping model equations (1 and 2) is shown in the solid 

line of figure (1). The trapping rate values obtained using the trapping model of equation (2) 

using the predicted fixed value of the trapping efficiency versus thickness reduction is 

presented in figure (2). An exponential increase in the trapping rate values of positron was 

observed. A slow increase at lower thickness reduction up to 6% degree of deformation is 

obtained. This increase in the trapping rate of positron is followed by a bit faster increase 

with increasing of thickness reduction. Positron trapping rate value of about 9.6x1010s-1 was 

obtained at 12 % thickness reduction. 

The positron trapping rate, κ𝑑, is proportional to the defect density (defect 

concentration), �̅�, which is the trapping sites number per unit volume as: 

κ𝑑 = 𝜈�̅�
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Figure (3): The defect density of 6082 Al-alloy as a function of thickness reduction. 
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Figure (4): The dislocation density of 6082 Al-alloy as a function of thickness reduction. 

 

The dislocation as a result of plastic deformation is considered to be a chain of 

spherical scattering centers as interpreted in the way of Baram and Rosen [20], means that the 

defect density �̅� (𝑐𝑚−3) is connected to the dislocation density 𝜌 (𝑐𝑚−2) according to:

�̅�(𝑐𝑚−3) =
𝜌 (𝑐𝑚−2)

𝑏
                                                                                                    (4) 

The variations of both the defect and the dislocation density as functions of thickness 

reduction are depicted in figures (3 and 4) respectively, where both values of the defect 

density and the dislocation density was estimated from the trapping rate values as in 

equations (4 and 5).The defect density and the dislocation density reveal the same behavior as 

the calculating trapping rate shown in figure (2) as a function of the degree of deformation. 

Maximum values of defect and dislocation densities of about 1.65x1017cm-3 and 4.75x109cm-2 

respectively obtained at 12% thickness reduction.  

The positron trapping coefficient () can be calculated by substituting from equation 

(3) into equation (4) as follows: 

𝐾𝑑(𝑠−1) =
υ

𝑏
 ρ(cm−2)  = μ ρ(cm−2)                                                                                             (5) 

A linear relationship for the dislocation density (ρ) as a function of the trapping rate 

(kd) is depicted in figure (5). From this figure, the positron trapping coefficient which is the 

ratio between the positron trapping efficiency and the Burgers vector of the Al-alloy can be 

determined as 20.87 𝑐𝑚2 𝑠⁄ . 

3.2. Determination of the stored energy based on the dislocation density 

Stored energy, classically, is related to the amount of cold work (plastic deformation) 

a material receives [21]. A deformed metal or alloy has normally large energy stored at 

dislocation and, on annealing at higher temperatures; it will typically return to lower energy 

state by structural progression during recrystallization and recovery [22].The energy stored in 

dislocation (E) due to the generation of crystalline defects such as point defects and 

dislocations can be determined on the basis of the dislocation theory. The dislocation density 

 is related to the stored energy (E) as [22, 23]: 
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Figure (5): The trapping rate of the 6082 Al-alloy as a function of dislocation density. 

 

E = Gb2                                                                                                                    (6) 

where is the dislocation interaction parameter, which is of the order of 0.5, G is the 

bulk modulus of Al-alloy (G = 26 GPa) and b is the burger vector (b = 2.86 Å) [24, 25]. 

PALS provide an indirect approach in determination of the stored energy due to 

dislocations as a result of the plastic deformation by calculating the density of dislocation 

from the trapping model as in figure (4). Then substituting the dislocation density values into 

equation (6), the stored dislocation energy can be determined. 
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Figure (6): The stored dislocation energy versus thickness reduction (%) of 6082 Al-alloy. 

 

Figure (6) reveals the changes of the stored dislocation energy with thickness 

reduction. From the figure, it is clear that a small value of stored energy is obtained at lower 

thickness reduction. An increase in thickness reduction creates comparable increase in the 

defect and the dislocation densities lead to increase in the measured stored dislocation energy. 

Stored energy of about 0.18 KJ/m3 is obtained at 1 % thickness reduction. The probability of 
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producing dislocations is small at lower degree of deformation, described by the slow 

increase in the stored dislocation energy at lower thickness reduction. This probability 

increases with degree of deformation, described by a faster increase in the stored energy of 

dislocation at higher thickness reduction. Maximum stored energy of about 29.5 KJ/m3 is 

reached at 12 % degree of deformation. 

 

4. Conclusions  
 PALS technique can be used to determine the annihilation parameters in metals and alloys. It can be 

easily detect the concentration of defects in 6082 Al-alloy under investigation. 

 Saturation trapping of positron in defect states starts at 12% thickness reduction at which a positron 

annihilation lifetime and trapping rate values of about 209±4 ps and 9.6x1010s-1 was respectively 

calculated. 

 PALS technique can be used in determination of one part of the total stored energy which called the 

stored dislocation energy due its ability to determine the density of dislocation during plastic 

deformation.  

 An increase in the degree of deformation creates comparable increase in both defect and dislocation 

densities, hence an increase in the measured stored dislocation energy. 

 The probability of dislocations production is small at lower degree of deformation, this probability 

increases at higher deformation which leads to increasing the stored dislocation energy. 

 Maximum stored dislocation energy of about 29.5 KJ/m3 was obtained at the region of saturation of 

dislocation. 

References  

[1] Priester, L., Couzinié, J. P., & Décamps, B. Advanced Engineering Materials, 12(10), 

(2010) 1037. 

[2] Kator, L., & Nyulas, P. Strength of Materials, 3(1), (1971), 28-31. 

[3] Benzerga, A. A., Brechet, Y., Needleman, A., & Van der Giessen, E. Acta Materialia, 

53(18), (2005),  4765. 

[4] Hajizadeh, K., Alamdari, S. G., & Eghbali, B. Physica B: Condensed Matter, 417, (2013), 

33. 

[5] Bever, M. B., Holt, D. L., & Titchener, A. L. Progress in materials science, 17, (1973),  

5. 

[6] Anand, L., Gurtin, M. E., & Reddy, B. D. International Journal of Plasticity, 64, (2015),  

1. 

[7] Setman, D., Schafler, E., Korznikova, E., & Zehetbauer, M. J. Materials Science and 

Engineering: A, 493(1), (2008),  116. 

[8] Cízek, J., Procházka, I., Kmjec, T., & Vostry, P. Physica Status Solidi A Applied 

Research, 180(2), (2000),  439. 

[9] Pandey, B., Nambissan, P. M. G., Suwas, S., & Verma, H. C. Journal of magnetism and 

magnetic materials, 263(3), (2003), 307. 

[10] Salah, M., Abdel-Rahman, M., Badawi, E. A., & Abdel-Rahman, M. A. International 

Journal of Modern Physics B, 30(18), (2016),  1650110. 

[11] Oshima, R., Hori, F., Fukuzumi, M., Komatsu, M., & Kiritani, M. Radiation effects and 

defects in solids, 157(1-2), (2002),  127. 

[12] Klobes, B., Maier, K., & Staab, T. E. M. Philosophical Magazine, 95(13), (2015),  1414. 

[13] Dekhtyar, I. Y., Levina, D. A., & Mikhalenkov, V. S. (1964, December). In Soviet 

Physics Doklady, 9, (1964), 492. 

[14] Berko, S., & Erskine, J. C. Physical Review Letters, 19(6), (1967),  307. 



92 

 Exp. Theo. NANOTECHNOLOGY 2 (2018) 85 – 92                                          

 

[15] Hodges, C. H. Physical Review Letters, 25(5), (1970),  284. 

[16] Falciglia, F., Savio, F. L., Savio, M. L., Oliveri, M. E., & Patané, F. Nuclear Instruments 

and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and 

Associated Equipment, 355(2-3), (1995), 537. 

[17] Mohammed Salah, M.Sc. thesis (2015) Nuclear Technique (Positron Annihilation 

Spectroscopy) to Study the Properties of Some Wrought Al-Alloys. Minia University, Egypt. 

[18] De Vries, J. (1987). Positron lifetime technique with applications in materials science 

(Doctoral dissertation, Delftse Universitaire Pers). 

[19] Kirkegaard, P., Pedersen, N., & Eldrup, M. (1989). PATFIT Program Risø-M-2740. 

RNL, Roskilde, Denmark.  

[20] Baram, J., & Rosen, M. Aphysica status solidi (a), 16(1), (1973), 263. 

[21] Titchener, A. L., & Bever, M. B. Progress in metal physics, 7, (1958),  247. 

[22] Baker, I., Liu, L., & Mandal, D. Scripta metallurgica et materialia, 32(2), (1995), 167. 

[23] Ashby, M. F. Philosophical Magazine, 21(170), (1970), 399. 

[24] Castro, S. F., Gallego, J., Landgraf, F. J. G., & Kestenbach, H. J. Materials Science and 

Engineering: A, 427(1), (2006), 301. 

[25] Zhou, F., Liao, X. Z., Zhu, Y. T., Dallek, S., & Lavernia, E. J. Acta Materialia, 51(10), 

(2003), 2777. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2018 The Authors. Published by SIATS (http://etn.siats.co.uk/). This article is an open 

access article distributed under the terms and conditions of the Creative Commons 

Attribution license (http://creativecommons.org/licenses/by/4.0/).   

 

http://etn.siats.co.uk/
http://creativecommons.org/licenses/by/4.0/


Theo. Exp. NANOTECHOLOGY 2 (2018) 93 – 104 

 

                                                                                                                              

 

Experimental and Theoretical 

                                                                              NANOTECHNOLOGY 
                                                                                                     http://etn.siats.co.uk/ 

 

 

Theoretical Investigation of Slow-Light VCSEL Amplifier 

 
Ahmed M. A. Hassan1,2, Moustafa Ahmed3, M. Nakahama1 and Fumio Koyama1 

 
1Laboratory for Future Interdisciplinary Research on Science and Technology, Tokyo 

Institute of Technology, Yokohama 226-8503, Japan. 

2Department of Physics, Faculty of Science, Al-Azhar University, Assiut Branch, Egypt. 

3Department of Physics, Faculty of Science, Minia University, 61519 Minia, Egypt. 

Email: ah.hassan84@gmail.com 

 

Received 27 March 2016, Revised 29 May 2016, Accepted 11 July 2016 

 

 

We present numerical analysis of a slow-light vertical-cavity surface-emitting laser (VCSEL) 

amplifier basing on a travelling wave model. The model takes into account two oscillating 

modes; the vertical lasing mode and a slow light mode. We describe the amplification of the 

slow light mode through the amplifier when it is biased above the threshold level of the vertical 

lasing mode. The output power is investigated at different bias currents and lengths of the 

amplifier. The numerical results ascertain the possibility to obtain high gain more than 22 dB 

for amplifier length of 1 mm. 

 

Keywords: Bragg reflectors, high power lasers, slow light, VCSEL. 

 

1. INTRODUCTION 

 

There is always an interest in boosting the performance of VCSEL. Due to its 

superiority, VCSEL is an important optical source for wide range of applications. Compared 

to other semiconductor lasers, VCSELs are low-cost, easy to fabricate in two-dimensional 

arrays, wafer-level testing low threshold current, low power consumption, low diversions and 

high beam quality [1]. 

 Moreover, VCSEL supports single longitudinal mode because of the short length 

cavity in-between two highly reflective distributed Bragg reflector (DBR) mirrors. Also, to 

confine the output of VCSEL into single transverse mode, the oxidization confinement aperture 

http://etn.siats.co.uk/
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is usually reduced to 2-3 𝜇m [2]. This small cavity size leads to low output power not exceeding 

few milli-watts [3]. High power VCSEL is still a big challenge, especially for applications like 

as free space communications [4], material welding and processing [5], and self-driving cars 

based on light detection and ranging (LiDAR) systems [6].  

Many different approaches to scale-up the output power of VCSELs have been 

proposed. Combing a large number of VCSELs in 2-dimentional arrays can push the power to 

Watt-regimes. 10 W output of VCSEL arrays were reported in [7], with conversion efficiency 

more than 20%. The total output power of array constitutes a single lobe was obtained with 

small divergence in comparison to high power edge emitting laser bars, with many significant 

contributions having been done to improve the beam quality of the array’s main lobe [8]. 

Distinctive 6x6 arrays with stable single lobe in the far field were obtained by weak coupling 

of single mode VCSEL array [9]. A. Pruijmboom and et.al. [9, 10] demonstrated high power 

VCSEL arrays in the range of kilo-Watt levels for thermal treatment and other industrial 

application [9,10]. VCSELs with a large aperture can provide high power but with a low beam 

quality [11]. In phase coherent coupling, beam steering and beam shaping are still needed to 

more improvement toward enhancing the VCSEL’s power for industrial applications [9].    

Recently, Koyama’s group proposed a new approach to boost the output power of 

VCSEL [12]. This scheme is based on slowing down light in a Bragg reflector waveguide [13]. 

Controlling the light velocity in the waveguide is an attractive phenomenon that improves light-

matter interactions [14]. Many novel devices and new VCSEL functionalities are proposed 

basing on slow light waveguides such as high speed modulators [1, 6], transverse coupled 

cavity VCSELs [15], beam scanners [1], switches [6] and semiconductor optical amplifiers 

[12]. Reducing the light velocity in the Bragg reflection waveguide may be considered as a 

result of its zigzag-like propagation, when the optical wave experiences consecutive reflections 

from the Bragg mirrors as shown in Fig. 1(a) [12]. This waveguide is aimed to guide light in 

the core with refractive index lower than the surrounding cladding refractive index [16,17]. 

The group velocity 𝑣𝑔𝑠 is defined as  
𝜕𝜔

𝜕𝛽
 , where 𝜔 is angular wave length of guided light. The 

propagation constant for Bragg-reflectors is determined by the relationship [18]: 
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𝛽 = 2𝜋𝑛 (
1

𝜆2 −
1

𝜆𝑐
2)

1/2

                                                                              (1) 

 

 

 

 

 

Figure.1. (a) Bragg-reflector waveguide, (b) slowing down factor vs wavelength of 

propagation light in Bragg-reflector waveguide 

 

Figure 1(b) shows the slow down factor versus wavelength. Close to the cut-off 

wavelength 𝜆𝑐 of the Bragg waveguide, the propagation constant 𝛽 is highly dispersive [19]. In 

this case, the propagation constant is dramatically decreased and hence the group velocity is 

also reduced by factor f called slow-down factor and defined as: 

𝑓 =
𝑣

𝑣𝑔𝑠
=  

𝑛𝑔

𝑛
                                                                                         (2) 

From Eqs. (1) and (2), the group velocity vgs can be seriously shrink when the light is 

tuned close to the cut-off wavelength of the Bragg-reflector waveguide. DBRs themselves 

serve as mirrors with high reflectivity to confine the optical field in the optical cavity and 

VCSEL gain medium [1]. Because of structure similarity between the VCSEL and Bragg-

reflector waveguide, it’s easy to integrate them together and create new functionalities [6].   

In this paper, we introduce numerical analysis of a novel scheme of slow-light VCSEL 

amplifier to improve output power of VCSELs to the Watt-class. The VCSEL is assumed 

biased above the threshold level. Both the rate equation and travelling wave models are used 

for describing a lasing mode and a slow light mode through the VCSEL cavity. For simplicity, 

we used single lasing mode rate equations. Although a long cavity supports many transvers 

vertical modes, using single mode rate equations is still accurate to a great extent because all 
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of these modes are assumed to be uniform. We optimize the amplifier length, current, top mirror 

reflectivity and input power saturation for the purpose of high power VCSEL applications. 

2. Theoretical Model and Calculations 

 

The proposed slow-light VCSEL amplifier has the same structure of a conventional 

VCSEL [12]. Figure 2 shows the structure of this VCSEL amplifier. The active region and an 

oxidization confinement layer are sandwiched by two DBR mirrors. A slow-light mode is then 

excited along the waveguide. This slow light propagates with group velocity 𝑣𝑔𝑠 and the top 

mirror reflectivity is designed to allow for portion of light to go outside the cavity as radiation 

loss. Because, the top-mirror reflectivity depends on the number of DBR pairs, it’s important 

to optimize the number of DBR layers to get enough radiation output light. High loss from 

travel waves can be compensated by current injection to the active region. To get more output 

power, the length of amplifier and injection current should be increased. By raising current 

above the threshold current, the light intensity of the slow light mode becomes more uniform 

along the amplifier and the beam divergence get narrower. As a result of output uniformity 

along the cavity, the output power is directly proportional to the length of amplifier [12].   

Our analysis of the VCSEL amplifier is based on a travel-wave equation of the slow 

light mode in the VCSEL gain medium. In addition to the slow light mode, there is a vertical 

lasing mode which has a zero group velocity in the horizontal direction. The lasing mode gain 

and loss are almost the same for the slow light mode, which propagates in the lateral direction. 

We consider the forward component only for the slow light that moves in the positive z-

direction.  The rate equations are then written as: 

𝑑𝑆𝑙

𝑑𝑡
= 𝑣𝑔(Γ𝑙𝑔 − 𝛼𝑖 − 𝛼𝑚)𝑆𝑙 + Γ𝑙�́�𝑠𝑝                                                                               

(3) 

1

𝑣𝑔𝑠

𝑑𝑆

𝑑𝑡
+

𝑑𝑆

𝑑𝑧
= 𝑓(𝛤𝑔 − 𝛼𝑖 − 𝛼𝑟)𝑆                                                                                                                (4)      

𝑑𝑁

𝑑𝑡
=

𝜂𝐼

𝑞𝑉
− (𝑅𝑠𝑝 + 𝑅𝑁) − 𝑣𝑔𝑔𝑆𝑙 − 𝑓𝑣𝑔𝑠𝑔𝑠𝑆                                                                      (5) 

where 𝑆𝑙, 𝑆, 𝑣𝑔 and 𝑣𝑔𝑠 are photon densities and group velocities for the vertical lasing 

mode and slow light mode, respectively. 𝑅𝑠𝑝 and 𝑅𝑁 represent the spontaneous and non-

radiative  recombination rates. 𝜂 is the injection efficiency or internal quantum efficiency, I is 

injection current, q is elementary charge and V is volume of active region. 𝛼𝑚 is the  mirror 
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loss whereas 𝛼𝑖 is the internal cavity loss. 𝛼𝑟 is slow light radiation loss which constitutes the 

output power of the slow light mode and its value is approximately equal to 𝛼𝑚. A logarithmic 

expression is simply used for gain 𝑔 = 𝑔0log (
𝑁

𝑁𝑡𝑟
), where 𝑔0 is the gain coefficient and 𝑁𝑡𝑟 is 

the transparent carrier density [20]. 

 

Figure.2 Schematic diagram of the VCSEL amplifier divided into K sections. 

These rate equations are complicated and difficult to be solved analytically. The 

numerical solution is obtained by dividing the amplifier into small sections as seen in Fig. 2. 

The injection current is assumed uniformly distribution along the cavity. Every section work 

as a small amplifier and the position dependency is cancelled.    

2.1 Steady –state solutions 

At steady state, time derivative is vanished. So, by integrating Eq. (4), the solution 

becomes: 

𝑆𝑜𝑢𝑡(𝑘) = 𝑆𝑖𝑛(𝑘)exp [𝑓 (Γ𝑔0log (
𝑁

𝑁𝑡𝑟
) − 𝛼) 𝑧]    , k is section number                              (6) 

Where 𝑆𝑜𝑢𝑡 is the photon density traveling from one section to the other inside the 

cavity. The boundary conditions for the amplifier sections are: 

 𝑆𝑖𝑛(𝑘) = 𝑆𝑜𝑢𝑡(𝑘 − 1),                                                                                  (7) 

  𝑆𝑖𝑛(1) = 𝑆𝑖𝑛𝑝𝑢𝑡                                                                                            (8) 

and  𝑆𝑖𝑛𝑝𝑢𝑡 =
Γ𝑃𝑖𝑛

𝑤𝐿𝑎𝑣𝑔𝑠𝐸𝑠
  .                                                                                                            (9)                       

where 𝐸𝑠 =
ℎ𝐶

𝜆𝑠
  with 𝜆𝑠being the wavelength of the slow light mode. In and out in these 

equations refer to the input and output of the section. The output radiation light will introduced 

below. Generally, using average of photon density [21, 22] will increase the accuracy of 
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calculation especially when the length is large enough to reduce the time of calculations. The 

average value of the photon density in a section with length Lz.is 

𝑆𝑎𝑣(𝑘) =
1

𝐿𝑧
∫ 𝑆𝑖𝑛(𝑘)exp [𝑓 (Γ𝑔0log (

𝑁

𝑁𝑡𝑟
) − 𝛼) 𝑧] 𝑑𝑧

𝐿+𝐿𝑧

𝐿−𝐿𝑧
                                                          (10) 

𝑆𝑎𝑣(𝑘) =
exp[𝑓(Γ𝑔0 log(

𝑁

𝑁𝑡𝑟
)−𝛼)𝐿𝑧]−1

𝑓(Γ𝑔0 log(
𝑁

𝑁𝑡𝑟
)−𝛼)𝐿𝑧

𝑆𝑖𝑛(𝑘)                                                                 (11) 

By substitution for 𝑆𝑙 and 𝑆𝑎𝑣 from Eqs. (3) and (11) into Eq.(5), we get: 

𝜂𝑖𝐼𝑘

𝑞𝑉𝑘
− (𝐴𝑁𝑘 + 𝐵𝑁𝑘

2) − 𝑔0 log (
𝑁𝑘

𝑁𝑡𝑟
)

Γ𝛽𝐵𝑁𝑘
2

(𝛼 − Γ𝑔0 log (
𝑁𝑘
𝑁𝑡𝑟

))
 

   −𝑓𝑣𝑔𝑠𝑔0 log (
𝑁𝑘

𝑁𝑡𝑟
)

exp[𝑓(Γ𝑔0 log(
𝑁𝑘
𝑁𝑡𝑟

)−𝛼)𝐿𝑧]−1

𝑓(Γ𝑔0 log(
𝑁𝑘
𝑁𝑡𝑟

)−𝛼)𝐿𝑧

𝑆𝑖𝑛(𝑘) = 0                                                             (12)      

Equation (12) is nonlinear in 𝑁𝑘 and is solved numerically; hence the photon densities 

and outputs for the lasing and slow light modes can be determined in all sections. For the slow 

light mode, the output power is given by: 

𝑃𝑜𝑢𝑡 = 𝑓𝛼𝑚 [
exp[𝑓(Γ𝑔0 log(

𝑁

𝑁𝑡𝑟
)−𝛼)𝐿𝑧]−1

𝑓(Γ𝑔0 log(
𝑁

𝑁𝑡𝑟
)−𝛼)𝐿𝑧

𝑆𝑖𝑛(𝑘)] 𝑉𝑝𝑣𝑔𝑠𝐸𝑠                                                               (13) 

when Γ𝑔 − 𝛼 approaches to zero above threshold, and hence the term  

exp[𝑓(Γ𝑔0 log(
𝑁

𝑁𝑡𝑟
)−𝛼)𝐿𝑧]−1

𝑓(Γ𝑔0 log(
𝑁

𝑁𝑡𝑟
)−𝛼)𝐿𝑧

  approaches unity. So, the output power becomes  

𝑃𝑜𝑢𝑡 = 𝑓𝛼𝑟[𝑆𝑖𝑛(𝑘)]𝑉𝑝𝑣𝑔𝑠𝐸𝑠                                                                                                        (14) 

𝑃𝑜𝑢𝑡 = 𝛼𝑚𝑆𝑙𝑉𝑝𝑣𝑔𝐸𝑣                                                                                                                   (15) 

3. Results 

Rate equations (3) – (5) are solved in the steady state for a wide range of parameters, 

including input power, injection current and length of amplifier. The section length decides the 

accuracy of calculations. Smaller section length corresponds to means longer time but more 

accuracy of calculations. We use the length of section ranging from 5 to 20 µm. The calculation 

accuracy does not noticeably changes over this range.  
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A. Uniform output power along amplifier  

When VCSEL amplifier is biased above threshold, the output power will be uniformly 

distributed along the amplifier. To investigate the uniformity of the output power, we first 

calculate the photon density along the amplifier at different currents. Figure 3 shows the 

dependency of the photon density of the lasing mode along the amplifier on the injection 

current. As shown in the figure, at currents below threshold, the loss is higher than gain. As 

result of high loss, the slow light is decreased dramatically and the effective radiation length is 

limited to few microns. Above the threshold level, stimulated emission compensates the total 

loss (internal and radiation losses) and the radiation length increases by increasing the current.  

 

Figure.3 show density of photon radiation along VCSEL amplifier with length = 1mm and 

input power=0.5 mW. Amplifier divide into 50 section. 

 

As inferred from the steady-state solution of the rate equation, the gain is not equal loss 

exactly at and the above threshold. By increasing the injection current, gain approaches to the 

loss and the output of the lasing mode is growing up linearly. At same time, the gain factor of 

the slow light mode approaches unity as we can see from equations (13). This mean that by 

increasing the current above threshold, one can extend the length of the amplifier even several 

centimeters with uniform output power along the amplifier.   
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B. L-I characteristics of lasing mode and slow light mode  

It’s important to investigate the light-current (L-I) characteristics and clarify the 

growing and/or suppression of the slow light and lasing modes. The input power Pin increases 

from zero to 1 mW, and the amplifier length is set to 1 mm. Figure 4 shows that the increase in 

the input power coupled to the slow light mode leads to an increase in the threshold current of 

the lasing mode. This is because of increasing slow light photons in the cavity, which will 

combine and deplete charge carriers by stimulated emission. Hence, the carrier density goes 

down to a level lower than the threshold carrier density. In this case, extra current is needed to 

reach again to the threshold level. Figure 4(a) shows that the threshold current with no input 

power is equal to 30 mA, while for input power Pin = 0.5 mW, the threshold current is 90 mA. 

Figure. 4(b) shows the corresponding output power of slow light. As shown in the figure, once 

the lasing mode reaches the threshold the slow light mode saturates. Increasing the input power 

requires high current to show this saturate.  

 

Figure.4 output of lasing mode (a) and slow light mode (b) for amplifier length = 1mm and 

input power range from Pin = 0 up to 1.0 mW. 

 

In Fig. 5, we analyze suppression of the lasing mode at current I = 10Ith for the amplifier 

of length 1 mm. When the lasing mode is completely turned off, the output power of the slow 

light mode will saturate at almost 400 mW. Figure 5 shows the switching behavior of the 

vertical lasing mode as a function of the input power coupled to the slow light mode. 100 

uniform lasing modes are considered in the calculations of this figure.  
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Figure. 5. Switching of the lasing mode as function of the input power coupled to slow light 

mode: (a) 100 lasing modes, and (b) 500 lasing modes. 

 

The origin of these modes is the amplified spontaneous emission (ASE) which has a 

chance to lase. When the carrier density approaches the threshold value, the spontaneous 

emission modes prohibit the slow light mode to reach the intensity of the lasing mode when 

there is no input power. In Fig. 5(b), the number of modes is increased to 500. The output 

power of the slow light mode is decreased below the total power or the lasing power. The 

carriers consumed by ASE are one limitation to reach the maximum high power of the 

amplifier. 

C. Gain of VCSEL amplifier  

 

To evaluate the amplification performance of the amplifier, we calculate the optical gain from 

the relation between the output power and input power coupled to the slow light mode. The 

gain in decibel is defined as: 

𝐺𝑎𝑖𝑛 (𝑑𝐵) = 10𝑙𝑜𝑔 (
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
)                               (16) 

The gain is clamped at a fixed value as long as lasing mode is turned on. Due to suppression of 

the lasing mode, any increase in the input power will lead to drop of the gain. The maximum 

gain for 1 mm-length amplifier is 23 dB. Figure 6(a) shows the gain curve for the 1 mm-

amplifier at I = 2Ith, 4Ith and 6Ith. This value of gain is much more than the value obtained 

when amplifier is biased under threshold [23].   
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Figure. 6. Gain of 1mm VCSEL amplifier 

as function of input power. 

Figure. 7. Saturation of output power as 

function of amplifier length at 5 and 10 Ith . 

 

D. Elongated VCSEL amplifier 

To increase the output power to over than 20 W, the length of the amplifier should be extended 

up to more than 5 cm. Figure 7 shows the saturated output power for amplifier lengths in the 

range from 1 to 100 mm. The 29 W output power can be obtained for a length of 10 cm at 

current equal 10 Ith. 

 

4. Conclusions 

 

We developed a travel wave model to describe characteristics of a slow-light VCSEL amplifier. 

The model introduced detailed description of the slow light mode amplification when the 

amplifier is biased above threshold. Influences of the operation critical parameters, including 

the input power, length of amplifier and bias current were investigated. Our calculation took 

into account two modes; a vertical lasing mode and a slow light mode. The numerical results 

showed the possibility to obtain Watt-class output power by extending the length of the 

amplifier to several centimeters. This device is promising for high power applications, such as 

LiDAR systems and beam scanners.  
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The limited available spectrum of satellite and space communications result in new techniques 

to reuse the free spectrum. Cognitive Radio (CR) is one of the most promising techniques for 

such reusing processes. Spectrum sensing (SS) is the core process of cognitive radio which is 

used to sense the available temporary free bands, holes, of the sensed spectrum. 

 Many technologies are proposed to achieve both narrow-band and wide-band spectrum 

sensing. Three paradigms of spectrum sensing applications such as the interweaving approach, 

the underlay approach and the overlay approach are explained. Many scenarios are proposed 

to utilize cognitive radio architecture at both standalone and cooperative approaches in satellite 

communications . 

 The proposed scenario is based on cooperative Sub-Nyquist wideband sensing basis. Nano-

computing process is highly required to achieve real-time communication for spectrum sensing 

in cognitive radio due to the intensive required computations. The Simulation of the proposed 

scenario showed that it efficiently saves frequency resources, overcomes spectrum 

underutilization problem, noise and interference problems with an accurate reconstruction.    

 

 

Keywords:  
PACS:  Cognitive Radio; Spectrum Sensing; Space Communication; Wideband Sensing; 

Compressive sensing; Sub-Nyquist Sampling;  cooperative satellite communication 

 

 

1. INTRODUCTION 

 

    The unused spectrum represents a one of the most important non-renewable 

resources required for wireless and satellite communications. The demand for the wireless 
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services is increasing continuously due to rapid increase of wireless subscribers and huge 

demand of multimedia applications. However, due to current static spectrum policy, the 

available usable spectrum becomes scarce while a significant amount of spectrum remains 

underutilized [1]. Therefore, cognitive radio which is also defined as Dynamic Spectrum 

Access Networks (DSANs) or NeXt Generation networks (xG) can be considered as a 

promising technology to enhance spectrum usage efficiency by allowing the coexistence of 

heterogeneous networks within the same spectrum by means of sensing and sharing spectrum 

processes. 

    To establish the cognitive radio network, the functions of cognitive cycle which is 

presented in Figure (1) should be integrated. These processes are summarized as follows: 

Spectrum sensing: is an active spectrum awareness process during which, cognitive 

radio monitors its radio surroundings, determines the statistics of spectrum utilization among 

other Primary Users (PUs) and Secondary Users (SUs) then, it detects the possible unused 

space or free channels. Spectrum sensing process can be executed using a single CR device 

itself or by exchanging information between multiple CR terminals in a cooperative way to 

improve sensing accuracy  [2.]  

Spectrum management: cognitive radio subscriber has to select the starting time of 

sensing operations, operating frequencies and their corresponding major parameters based on 

spectrum sensing information . 

Spectrum sharing: Since there are many secondary users seeking to access the available 

free spectrum, CR process has to achieve a balance between efficiently transferring its self-

information and sharing the common resources with other CR and non-CR subscribers. This 

can be achieved using some policy rules that determine cognitive radio behavior in radio 

environment. 

Spectrum mobility: If the primary user starts to initiate communication links at a 

specific band, cognitive radio utilizing this band has to stop its operation or to free the currently 

used radio channel and change its operating radio frequency to avoid the harmful interference 

to primary licensed users in a real time. Therefore, cognitive radio process has to continuously 

investigate possible alternative spectrum holes. 
   

 

Figure (1) Cognitive Cycle in Cognitive Radio System   

There are three main paradigms dedicated for cognitive radio spectrum sensing process.  

In “interweaving” approach, the secondary, unlicensed, users are able to occupy available holes 

by the primary, licensed, users. In the “underlay” approach, the secondary transmitters are 

permitted to overlap the active frequency bands with the primary users causing an interference 

level below a given permitted threshold. Whereas, the “overlay” approach uses the secondary 

user's knowledge of the primary users’ transmission and channel scheme to select the suitable 
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transmission scheme that causes an acceptable level of interference. This paper focuses on 

interweave paradigm which mainly depends on detecting the free bands, holes, in the spectrum 

and reuse it with secondary users to overcome underutilization problem . 

Shadowing, fading, interference and aliasing of signals are badly affecting the 

performance and accuracy of spectrum sensing process. Therefore, cooperative sensing 

techniques are effectively used to relieve the effects of these problems. In cooperative sensing, 

sharing information among cognitive radios and combining results from various measurements 

are challenging tasks. The shared information results in soft or hard decisions are based on each 

cognitive device  [3.]  

Satellite communication is mainly using artificial satellites to create communication 

links between different points on the Earth. It plays an important role in the global 

telecommunication system. Approximately 2,000 artificial satellites orbiting the Earth 

including analog and digital signals carrying data, audio and video between many different 

locations on the Earth [5]. Satellite communication consists of two main parts; the ground 

segment; that based on fixed or mobile transmission or reception and the space segment; which 

basically is the satellite itself. The satellite communication link includes transmitting the signal 

from the ground station to the satellite that receives, amplifies the received signal “ up-linking 

process” then satellite retransmits the signal back to fixed or mobile ground stations, 

“downlinking process  [5] . 

Many researches are developed to enhance both Fixed Satellite Services (FSS) and 

Mobile Satellite Services (MSS) which have been utilized to provide communication services 

to both fixed and mobile users at many fields such mobile networks, aerospace, transports, 

military sectors and emergency cases where terrestrial networks can’t be deployed [6]   

2. Sub-Nyquist Wideband Spectrum Sensing 

Many algorithms and techniques are proposed and developed to sense the wideband 

spectrum such as wavelet detection, multi-band joint detection algorithm, filter-bank detection 

and sweep-tune detection [11], [12]. The major disadvantage of these methods is the 

requirement of Nyquist sampling rate that results in implementing Analog to Digital Converters 

(ADCs) with higher sampling rates, higher consumption of energy and more design 

complexity. Therefore, many algorithms are proposed based on sub-Nyquist sampling rates.     

According to the current progress in Compressed Sampling or Compressed Sensing (CS) 

theories and sub-Nyquist sampling for sparse signal which  don’t occupy the whole spectrum, 

the number of calculations and measurements are reduced by using the non-uniform sampling 

techniques with lower sampling rates than Nyquist rate while maintaining high recovery 

accuracy [13], [14]. Analog to Information Converter (AIC) based compressive sensing 

technique is presented in Figure (2-a). From another hand, multi-channel techniques based 

compressive sensing are developed such as: 

a) Modulated Wideband Converter (MWC): the block diagram of this model is presented in 

Figure (2-b). One of the most significant advantage of introducing parallel channel structure in 

this technique is to provide robustness against the noise and model mismatches. In addition, 

the dimension of the measurement matrix is reduced, making the spectral reconstruction more 

computationally efficient.  
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b) Multi-Coset Sampling (MCS): which is equivalent to choose some samples from a uniform 

grid. The major advantage of this approach is that; the sampling rate of each channel is (m) 

times lower than the Nyquist rate[𝑓′ =  
𝑓𝑠

𝑚
 ]. Moreover, the number of measurements is only 

v/m’th of that in the Nyquist sampling case where, v is the number of branches as presented in 

Figure (2-c). 

 
Figure.2 Block diagrams of sub-Nyquist wideband sensing algorithms: (a) Analog-to-

information converter-based wideband sensing, (b) Modulated wideband converter-based 

wideband sensing, (c) Multi-coset sampling-based wideband sensing [15]. 

In this paper, a blind adaptive Multi -Coset Sampling technique which is presented in [16] is 

used as a sub-Nyquist wideband spectrum sensing technique. The proposed method can sense 

the totally blind input channels and the average sub-Nyquist frequency is less than other 

approaches with high reconstruction accuracy which results in low system complexity and less 

power consumption. The proposed system is sensitive and adaptive for any changes in the 

number of active channels of the input signal [16]. 

 

3-Cognitive Satellite Communications 

     Satellite communications has an essential role in the field of wireless communication 

as it covers a wide area of the earth, transmits in a higher speed and able to provide new services 

than those of terrestrial networks [1]. Moreover, satellite technology has made it economically 

available to cover sparsely populated remote regions by broadband communications which 

improves the access to medical services, e-government, education and other related services 

that are expensively provided by other technologies. Many effective communication 

applications such as land mobile, maritime, aeronautical, transports, military, rescue and 

disaster relief are mainly based on satellite communications [1]. Furthermore, satellite 

communication plays major roles in developing hybrid satellite/wired or satellite/wireless 

infrastructures. Hybrid networks may exist at various styles in the same spectrum as, terrestrial- 

terrestrial networks, satellite -satellite networks or satellite-terrestrial networks [1]. 

The available unused spectrum related to satellite communications including application types 

are presented in Table I. Frequency for MSS is assigned at the World Radio communication 

Conferences (WRC) periodically organized by the International Telecommunication Union-
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Radio communication (ITU-R) sector. Fixed services use high C and K frequency band 

whereas, mobile services are better suited for L and S frequency band allocated at the World 

Administrative Radio Conference (WARC) [7]. 

The limitation of the resources of L/S band besides the growing demand for wide-band services 

result in pushing toward the utilization of Ku/Ka band for MSS. ITU-R has assigned portions 

of Ka band to MSS and FSS on a primary basis in all regions. However, it is clear now that 

almost all the operational MSS prefer L/S band of frequency resource to essentially support 

mobile subscribers [9]. 

Depending on the last documentation in [9], the allocation of L/S band for using in mobile 

satellite services assigned by ITU Radio Regulation (ITU-RR) that listed in Table 2 [9]. 

Table (1) Assigned satellite communications frequency bands   

Band 
Frequency Range 

/ GHz 
Total 

Bandwidth 
General Application 

L 1-2 1 Mobile Satellite Services (MSS) 

S 2-4 2 MSS, NASA, Deep Space Search 

C 4-8 4 Fixed Satellite Service (FSS) 

X 8-12.5 4.5 
Military FSS, Terrestrial Earth Exploration, 

Meteorological Satellite 

Ku 12.5-18 5.5 FSS, Broadcast Satellite Service (BSS) 

K 18-26.5 8.5 BSS, FSS 

Ka 26.5-40 13.5 FSS 
 

In Cognitive Radio Networks (CRNs), Secondary Users (SUs) need to sense the wideband 

spectrum simultaneously and accurately to utilize the free channels in addition to avoid harmful 

interference with PUs. Recently, wideband sensing is an operative solution due to the ability 

of simultaneously sensing the occupancy of active signals in the sensed spectrum over [10]. 

However, in wireless networks including satellite networks, the current available technology 

of analog to digital converters face tremendous challenges appeared by a conventional way of 

spectral estimation technique that operates with higher sampling rate than Nyquist rate. In 

addition, time-varying sensing techniques only assembles a small number of measurements for 

detection which results in low-resolution of the signal reconstruction reliably [9].  

Table (2) Characteristics of L/S Band allocation for MSS by ITU-R [9] 
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3.1 Scenarios of Hybrid Cognitive Satellite-Terrestrial Communications 

 

     The International Telecommunication Union (ITU) defines a “hybrid satellite terrestrial 

system” as the one that employs satellite and terrestrial components that are interconnected, 

but operate independently of each other [17]. There are many scenarios that connects the 

satellite and terrestrial networks in a cognitive manner which can be presented as the hybrid 

satellite-terrestrial network. These hybrid networks can work with different modes of 

operations [1] such as: forward normal mode (primary and secondary users operating in 

forward mode), ii) return normal mode (PUs and SUs operating in return mode), iii) forward 

reverse mode (PUs operating in forward mode whereas, SU in return mode), or iv) return 

reverse mode (Pus work in return mode whereas, SUs are in forward mode) as illustrated in 

Figure 3. 

The hybrid scenario consists of a multi-user or single-user link existence as shown in Figure 

(4a), (4-b) respectively. In the multiuser link coexistence scenario, S band (1980: 2010 MHz 

downlink, 2170: 2200MHz uplink) /C band (3.4: 3.8 GHz downlink, 5.85: 6.725 GHz uplink) 

multiband satellite systems can coexist with terrestrial cellular systems such as WiMax, 3GPP 

and LTE using suitable CR techniques. These techniques allow the reuse of the terrestrial 

licensed primary spectrum in the secondary cognitive satellite systems or vice versa without 

interfering the operation of the licensed primary systems. 

 

Figure. 3 Different modes of operation for Hybrid Satellite-Terrestrial Communications [1] 

4-Cooperative Cognitive satellite Communication  

 

     Due to the appearance of the problem of signal uncertainty, multipath fading and 

shadowing that affect the accuracy of the process of spectrum sensing, cooperative techniques 

are developed to overcome such drawbacks. In cooperative sensing, cognitive radio users are 

able to share their sensing parameters to make the final decision of detecting and utilizing the 

free channels in wideband spectrum [18].  
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Figure.4 Hybrid satellite cognitive scenario for a) Multi-user coexistence, b) Single user 

coexistence [1] 

 

    In [9], a new proposed approach of wideband compressive spectrum sensing based on 

Discrete Sine Transform (DST) for frequency availability in Low Earth Orbiting (LEO) mobile 

satellite systems. This proposed scenario considers the cognitive network composed of space 

segment LEO satellites as a secondary system and terrestrial segment as primary users. This 

method is based on three steps to detect the unused frequency, first in which individual LEO 

satellite implements compressed sensing to make local decision on the state of PU via cognitive 

satellite link based on energy detection, second in which LEO choose vacant frequency to 

communicate with terminals according to sensing decision and third in which selection process 

to activate cooperative sensing process via Inter Satellite Link (ISL) in the areas of overlapped 

coverage. The architecture of that system is shown in Figure (5). 

  

    From another hand, Cognitive Radio for Satellite Communications (CoRaSat) project which 

is proposed in [19], Focusing on the preliminary identification of the scenarios that are suitable 

to be applied over Satellite Communications (SatCom) [19] based on Cognitive Radio 

technology. The CoRaSat model aims to maximize resource utilization to create new business 

approaches and decrease transmission costs.  Many challenges are outlined by CoRaSat project 

associated to market, standardization, regulatory and technical challenges. Unfortunately, 

cooperative between secondary satellites aren’t executed at CoRaSat project. Therefore, some 

drawbacks related to multipath fading and shadowing aren’t completely eliminated. 

 

5- The Proposed Cooperative CR-Satellite Communication System 

 

In this paper, a proposed system based on cooperative wideband Spectrum Sensing over 

adaptive blind non-uniform sub-nyquist sampling technique as presented in [18] is introduced. 

This technique based on cooperative manner as shown in Figure (6), where one of the satellites 

is considered as primary element and the other two satellites are using the proposed technique 

to work on cognitive basis. The cognitive satellites SU1, SU2 sense the free channels at the 

wideband of the PU satellite. Then, using inter satellite links between SU1, SU2 to share their 

results and take the final decision based on the majority rule [18]. Finally, cognitive link is 

initiated between the SUs and Puss or MSS users without interfering the primary links.   

    Many rules such as AND, OR and Majority methods are used for combining information 

from different SUs [4]. In AND-rule, all sensing results should be (HI) for deciding H1, where 

H1 is the alternate hypothesis that a primary user occupies the observed band. In OR-rule, a 

secondary user decides (H1) if any of the received decisions plus its own are H1. Majority rule 

outputs (H1) when the number of (H1) decisions are equal to or greater than another (H0). In 
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this paper Majority rules are used in the proposed model to achieve the better performance as 

proved in [4]. 

 

Figure. 5 System architecture of implementation of compressed sensing for LEO-based MSS 

[9]. 
 

 

 

Figure.6 Proposed CR-Cooperative Satellite Communication System 

6-Simulation Results 

For a given wideband input signal within frequency range [0:2000] MHz, by dividing 

this wideband into channels where, (L=80) segments with maximum channel bandwidth (Bw 

= 25MHz). Then, by using proposed technique with number of branches (p= 20) containing 6 
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active channels as presented in Figure (7) that shows the input and reconstructed signals in both 

time and frequency domains. 

 

Figure.7 Input (X(t)) and reconstructed ( Xrec(t) ) sparse wideband signal  a)  in time domain 

b) in frequency domain 

Assuming three cognitive satellites as secondary users working on the same frequency bands 

with primary satellite (PU) and Terrestrial primary network, each SU satellite has its own 

results based on individual Adaptive Multi-Coset Sampling (CWS_AMCS) technique. 

Assuming SU1 is the ideal case and SU2,3 exposed to different values of Additive White 

Gaussian Noise (AWGN). The result obtained by using the cooperative approach using 

majority rule is shown in Table (3) which is identical to the ideal case. Therefore, SU2, 3 will 

have the optimum sensing results regardless of the AWGN and interferences.  

Table (3).Active channels for 3 Secondary Satellites based CRN.  

Channel No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

SU1                                         

SU2                                         

SU3                                         

Cooperative                                         

 

7. Conclusions 

In this paper, an overview of cognitive radio technology, wideband spectrum sensing 

techniques is introduced. Different types of sub-Nyquist samplers are discussed including blind 

adaptive Multi -Coset Sampling technique.  The usage of cognitive radio technologies in 

satellite Communication is presented. Many scenarios related to cooperative cognitive satellite 

communication techniques are studied. Cooperative Wideband Sensing based on Adaptive 

Multi-Coset Sampling (CWS_AMCS) technique is used in the proposed scenario with majority 

decision rule in cooperative approach. The proposed scenario is efficiently saving frequency 

resources, solving spectrum underutilization problem and overcoming the most of fading and 

interference problems.    
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