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  Abstract 

  i 

Abstract 

This thesis studies the impact of alignment errors on the coupling efficiency of laser-to-lens-

to-fiber systems. Furthermore, the point spread function (PSF) and the modulation transfer 

function (MTF) is measured in simulations and experiments in order to characterize different 

micro-optics.  

The ray-tracing simulation software ZEMAX is used to compute the laser-to-lens-to-fiber 

coupling efficiency, PSF, and MTF. By optimizing the system parameters of the given optical 

configuration, the maximum coupling efficiency is obtained by simulation. By changing these 

parameters, the fiber is moved from the position with the maximum coupling efficiency and 

the change in the performance of the system is investigated.  

In the simulation, various combinations of three lenses (diffractive optical element, biconvex 

and D8 lens by SCHOTT)
1
, two light sources (uncollimated laser diode, collimated HeNe 

laser) and two types of fiber (Corning SMF-28 single-mode fiber and SCHOTT LG-770 

multi-mode fiber
2
) are investigated using ZEMAX. Simulations on DOE (diffractive optical 

element) lens and biconvex lens are performed in order to find which lens performs best 

theoretically in given conditions, and therefore will not be verified with an experiment.  

To verify the simulation results of the D8 lens, experimental measurements are performed to 

obtain the PSF, MTF, and alignment sensitivities
3
 of the coupling efficiency. A SCHOTT 

multi-core fiber is also used in the experiments. 

                                                 
1
 Throughout the thesis, DOE-asphere, asphere-asphere, and D8 lens will be simply referred to as DOE, 

Biconvex, and D8, respectively. 
2
 Due to some technical limitations with ZEMAX, the multi-mode fiber was simulated only for the D8 lens using 

image analysis. 
3
 Due to mechanical limitation of the measurement setup, only the axial misalignments are investigated and not 

the angular misalignments. 
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1 Introduction 

1.1 Applications of Optical Communication Systems 

A communication system transmits information from one place to another, whether separated 

by a few kilometers or by an ocean. Information is often carried by an electromagnetic carrier 

wave whose frequency can vary from a few megahertz to several hundred terahertz. Optical 

communication systems use higher frequencies (~100 THz) in the visible or near-infrared 

region of the electromagnetic spectrum. Such systems can be classified into two broad 

categories: guided and unguided.  In the case of guided lightwave systems, the optical beam 

emitted by the transmitter remains spatially confined by the use of optical fibers.  

Figure 1-1 is a block diagram of a fiber-optic communication system. The optical transmitter 

and the optical receiver are designed to meet the needs of a specific optical fiber. The role of 

an communication channel is to transport the optical signal from transmitter to receiver 

without distorting it. Most of these channels are optical fibers because silica fibers can 

transmit light with losses as small as 0.2 dB/km. 

 

Figure 1-1: Generic optical communication system. 

The role of an optical transmitter is to convert the electrical signal into optical form and to 

lauch the resulting optical signal into the optical fiber. Laser diodes or light-emitting diodes 

(LED) are used as optical sources because of their compatibility with the optical-fiber 

communication channel.  

The objective for any transmitter is to couple as much light as possible into the optical fiber. 

In practice, the coupling efficiency depends on the type of optical source (LEDs or laser 

diodes) as well as on the type of fiber (multi-mode or single-mode). A relatively narrow 

angular spread of the output beam of laser diodes compared with LEDs allows high coupling 

efficiency into single-mode fibers. Furthermore, laser diodes can be modulated directly at 

high frequencies (up to 25 GHz) because of a short recombination time associated with 

stimulated emission. Most fiber-optic communication systems use laser diodes as an optical 

source because of these superior performance compared with LEDs. As a coupler, a microlens 

is typically used to focus the optical signal onto the entrance plane of an optical fiber with the 

maximum possible efficiency. 

1.2 Applications of Solid State Lighting 

Lighting applications that use LEDs, organic light-emitting diodes (OLEDs), light-emitting 

polymers, or laser diodes are commonly referred to as solid state lighting (SSL). Unlike 

incandescent or fluorescent lamps, which create light with filaments and gases encased in a 

glass bulb, SSL consists of semiconductors that convert electricity into light. LEDs have been 

Optical transmitter Communication 

channel 

Optical receiver 
Input Output 
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invented about 40 years ago, but until today were used only in electronic devices as indicator 

lamps. Technological developments in the last two decades have allowed SSL to be used in 

signal devices, like traffic lights and exit signs, and in some limited illumination applications, 

such as flashlights. However, research now shows a bright future for SSL as the next 

generation of light sources for general illumination, from homes to commercial applications. 

SSL is increasingly used in a variety of lighting applications because it offers many benefits 

such as [19]: 

Long life — LEDs can provide 50,000 hours or more of life, which can reduce maintenance 

costs. In comparison, an incandescent light bulb lasts approximately 1,000 hours. 

Energy savings — The best commercial white LED lighting systems provide more than 

twice the luminous efficacy (lumens per watt) of incandescent lighting. Colored LEDs are 

especially advantageous for colored lighting applications because filters are not needed. 

Better quality light output — LEDs have minimum ultraviolet and infrared radiation. 

Intrinsically safe — LED systems are low voltage and are generally cool to the the touch. 

Smaller flexible light fixtures — The small size of LEDs makes them useful for lighting 

tight spaces. 

Durable — LEDs have no filament to break and can withstand vibrations. 

SSL systems have already proved to be very effective in indicator applications where 

brightness, visibility and long-life are important, such as in exit signs, traffic signals, and 

sensors. New uses for SSL in the general illumination market include small-area lighting, 

such as task and under-shelf fixtures, decorative lighting, pathway and step marking, indoor 

downlights, and outdoor parking lot and area lighting. In some cases, these light sources need 

be coupled into optical fibers to guide the light to desired targets. 

1.3 Definition of Task 

Two approaches have been used for source-fiber coupling. In the first approach, known as 

direct or butt coupling, the fiber is brought close to the source and held in place by epoxy. In 

the other, known as lens coupling, a lens is used to maximize the coupling efficiency. The 

butt coupling normally provides only low efficiency, as it makes no attempt to match the 

mode size of the laser and the fiber. The coupling efficiency can be improved by tapering the 

fiber end and forming a lens at the fiber tip.  

Another way to improve the coupling efficiency is by means of an external microlens. The 

coupling efficiency between laser diodes and optical fibers can be greatly increased by a 

properly placed microlens. This is because the lens can effectively improve the mode 

matching of the laser and fiber fields. An extreme accurate alignment procedure is required to 

obtain a good coupling efficiency between the laser diode and the fiber. 

This thesis studies the effect of alignment errors on coupling efficiency between uncollimated 

laser diode or collimated HeNe laser and optical fibers through external couplers i.e. 
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microlenses. PSF and MTF of these microlenses are also measured to characterize these 

lenses. The aim is to maximize the coupling efficiency. 
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2 Fundamentals and Theory 

This chapter is intended to give the readers of this thesis some basic overview of the three 

main components (optical fiber, lens and laser) that are involved in the simulations and 

experiments performed for this thesis. 

2.1 Optical Fibers 

Optical fibers have advantages over conventional metal wires in the fact that there is less loss 

of signal during transmission and it is less prone to electromagnetic interferences. Other 

advantages over conventional metal wires include cheaper cost, thinner diameter, higher data 

carrying capacity and lightweight. 

Fibers made from silica have relatively good optical transmission capabilities over a wide 

range of wavelengths (1.3~1.6 μm). Silica fibers also have a high mechanical strength against 

tensile and bending force. 

An optical fiber, typically consisting of a core, a cladding and a buffer coating, is a type of 

waveguide, a component that guides light rays through it’s core over a long distance. A 

cladding whose refractive index is lower than that of the core surrounds the cylindrical core of 

silica glass, and this change at the core-cladding boundary keeps the light rays confined 

within the core. Normally, the refractive index difference is only 0.2-0.3%: 1.450 for the core 

and 1.453 for the cladding in a normal glass optical fiber. The buffer coating protects these 

two layers from the surrounding environment. In some cases, there is another layer on top of 

the buffer coating called a jacket for extra reinforcement.  

 

 

 

Figure 2-1: Typical optical fibers consist of (1) core, (2) cladding, (3) buffer and (4) jacket [20]. 

2.1.1 Basic Concepts 

Consider the geometry of figure 2-2, where a ray making an angle θi with the fiber axis is 

incident at the core center. Because of refraction at the fiber-air boundary, the ray is bent. The 

angle θr of the refracted ray is given by 
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rcorei nn  sinsin0   ( 1 ) 

where ncore and n0 are the refractive indices of the fiber core and air, respectively. The 

refracted ray hits the core-cladding interface and is refracted again. However, refraction is 

possible only for an angle of incidence Φ such that sinΦ < ncladding / ncore. For angles larger 

than a critical angle Φc, defined by  

core

cladding

c
n

n
sin  

( 2 ) 

where ncladding is the refractive index of the cladding, the ray experiences total internal 

reflection at the core-cladding boundary. Since such reflections occur throughout the fiber, all 

rays with Φ> Φc remain confined within the fiber core. This is the basic wave-guiding 

mechanism behind optical fibers. 

 

Figure 2-2: Light confinement through total internal reflection in step-index fibers. Rays for which Φ< 

Φc are refracted out of the core. 

Since the light must hit the boundary at an angle larger than the critical angle, there exists a 

certain range of angles called the acceptance cone which the light must enter through in order 

to travel through the core without being lost. The numerical aperture (NA) of the fiber is 

calculated using the maximum angle of the acceptance cone defined by 

inNA sin0  ( 3 ) 

where n0 is the refractive index of the medium that the lens is working in (1.0 for air, 1.33 for 

pure water, and up to 1.56 for oils) and θi is the half angle of the acceptance cone. Another 

equation that is often used is 

)n-(n
2

cladding

2

coreNA  
( 4 ) 

For a free-space coupling, the numerical aperture of the lens must be large enough to support 

the full numerical aperture of the fiber. 

 

 

ncore 

ncladding 

n0 

θi 

 θr 

Φ 
Guided ray 

Unguided ray 
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2.1.2 Material 

In order to obtain the difference of refractive index between the core and the cladding for the 

total internal reflection to take place, silica glasses are often doped with other substances. To 

raise the refractive index, silica is doped with substances such as germanium dioxide (GeO2) 

or aluminium oxide (Al2O3), and to lower it, with boron trioxide (B2O3) or fluorine (F). Silica 

fiber also has a high resistance against optical damage, thus lowering the tendency for a 

breakdown induced by lasers. For the use in communications, high purity silica is used for the 

core in order to obtain the maximum transparency and minimize the transmission loss. 

Fluoride glass is an optical quality non-oxide glass composed of fluorides of various metal. 

Due to the low viscosity, fluoride glass is difficult to manufacture, and is also fragile and has 

a low resistance towards humidity and other environmental factors. Fluoride glass has 

advantages over other oxide-based glasses in the fact that it has a low optical attenuation, but 

the fragility and the cost have made fluoride glass not ideal as a primary choice of material. 

Plastic optical fiber (POF), sometimes called polymer optical fiber, is an optical fiber made 

from plastic. Much like the glass fiber, POF transmits light through the core, but in some 

cases the cores of a POF can be 100 times larger than that of a glass fiber. Although the actual 

cost of the fiber is higher than glass fiber, the installed cost is much lower due to the special 

handing and installation technique required for the glass fiber. Compared to glass fiber, POF 

has the following characteristics: 

a) Unsuitable for long-range transmission due to high transmission loss 

b) High numerical aperture 

c) Thick core diameter and high resistance to bending due to high flexibility 

d) Connection with other fiber and other connectors are relatively easy 

e) Lightweight and low cost. 

Due to these characteristics, POF is mainly used for short-range communication (<100 m). 

Fluorinated polymers are used for the cladding due to its’ low refractive index (~1.46). For 

the core, high refractive index, high transparency, and high strength is required. Typically 

used materials are perfluorinated polymer, polymethyl methacrylate (PMMA), polycarbonate 

and polystyrene. PMMA and polystyrene have a refractive index of 1.49 and 1.59 

respectively, maintaining a high difference between the core and the cladding. 

2.1.3 Optical Fiber Modes 

According to the path the light takes when travelling through the core, fibers can be divided 

into two main categories: single-mode fiber and multi-mode fiber. 

A fiber can support one or more path through which the light can travel and propagate along 

the fiber, and the fiber that supports only one mode is called single-mode fiber (SM) or mono-

mode fiber. Most commonly, this type of fiber has a core diameter of 8~10 μm. 
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Single-mode fibers are commonly used for long-range communication. Compared to multi-

mode fibers, they are more suitable for long-distance transmission due to low attenuation, but 

have little resistance to bending force, and are more expensive. They are also more difficult to 

couple and splice as a consequence of its small core diameter. 

In contrast to the single-mode fiber, multi-mode fiber (MM) allows for a multiple number of 

modes in which the light can travel through the core. Compared to single-mode fibers, they 

have thicker core diameter and high resistance to bending, they can easily connected to other 

fibers or connectors, and they have a lower cost. However, higher attenuation make them 

unsuitable for a long-distance transmission. 

Multi-mode fibers can be divided further into three categories: step index (SI), graded index 

(GI), and multi-step index (MI).  

In SI fibers, the refractive index of the core is uniform and changes abruptly at the core-

cladding interface. The light travelling through the core has a uniform speed. Due to this 

characteristic, the light that entered the fiber at an angle and is travelling diagonally takes 

longer time to reach the end of the fiber than the light travelling parallel along the axis, 

causing dispersions in a long-range transmission. SI fiber has a large core diameter (50~75 

μm) which makes coupling light into the fiber and splicing much easier.  

In GI fibers, the refractive index of the core decreases gradually inside the core until the core-

cladding interface, allowing the light to bend smoothly as it approaches the cladding. The 

speed of light in the core is inversely proportional to the refractive index, meaning that the 

light travels faster as it nears the cladding. Therefore, the time required for the light travelling 

straight through the core from one end to the other will be the same as the light travelling 

diagonally through the core. This effect allows much less dispersion than a step-index fiber. 

Compared to step-index, it is more difficult to manufacture therefore it is more expensive, but 

a high speed transmission is possible. There are two variations of glass GI fiber: both with 

cladding diameter of 125 μm and core diameter of 50 μm or 62.5 μm. With these fibers, a 

mid-range transmission of 500 m at a speed of 10 Gbps is possible. For POF, the cladding 

diameter is 500 μm and the core diameter is 120 μm, and a transmission 10 Gbps over 100 m 

is possible. 

In MI fibers, the refractive index of the core decreases stepwise from the axis to the cladding.  

2.1.4 Optical Fiber Losses 

Fiber losses represent a limiting factor because they reduce the signal power reaching the 

receiver. As optical receivers need a certain minimum amount of power for recovering the 

signal accurately, the transmission distance is limited by fiber losses. 

Under general conditions, changes in the average optical power P propagating inside an 

optical fiber are determined by Beer’s law: 

P
dz

dP
  

( 5 ) 
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where α is the attenuation coefficient. If Pin is the power launched at the input end of a fiber of 

length L, the output power Pout from equation 5 is given by 

 LPP inout  exp  ( 6 ) 

It is common to express α in unit of dB/km by using the relation 

   343.4log
10

/ 10 











in

out

P

P

L
kmdB  

(7) 

and refer to it as the fiber-loss parameter. 

Fiber losses depend on the wavelength of transmitted light and the material of the fiber. 

Figure 2-3 shows the loss spectrum α(λ) of a single-mode fiber. The fundamental limit for a 

single-mode fiber is about 0.16 dB/km for silica fibers. Several factors contribute to overall 

losses. The two most important ones among them are material absorption and Rayleigh 

scattering. 

 

Figure 2-3: Loss spectrum of a single-mode fiber produced in 1979. Wavelength dependence of 

several fundamental loss mechanisms is also shown [3]. 

Material Absorption 

Material absorption can be divided into two categories. Intrinsic absorption losses 

corresponds to absorption by fused silica (material used to make fibers) whereas extrinsic 

absorption is related to losses caused by impurities within silica. Any material absorbs at 

certain wavelengths corresponding to the electronic and vibrational resonances associated 

with specific molecules. 

Extrinsic absorption results from the presence of impurities. Transition-metal impurities 

absorb strongly in the wavelength range of 600 ~ 1600 nm. The amount of impurities should 
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be reduced to below 1 part per billion to obtain a loss level below 1 dB/km. Such high-purity 

silica can be obtained by using modern techniques. The main source of extrinsic absorption in 

silica fibers is the presence of water vapors. In a new kind of fiber, known as the dry fiber, the 

OH ion concentration is reduced to such low levels that the attenuation peak typically seen at 

1390 nm almost disappears. 

Rayleigh Scattering 

Rayleigh scattering is a fundamental loss mechanism arising from local microscopic 

fluctuation in density. Silica molecules move randomly in the molten state and freeze in place 

during fiber fabrication. Density fluctuations lead to random fluctuations of the refractive 

index. Light scattering of such is known as Rayleigh scattering. The scattering cross section 

varies as λ
-4

. As a result, the intrinsic loss of silica fibers from Rayleigh scattering can be 

written as  

4


C
R   

( 8 ) 

where the constant C is in the range 0.7 ~ 0.9 (dB/km)-µm
4
, depending on the constituents of 

the fiber core.  

Waveguide Imperfections 

An ideal single-mode fiber with a perfect cylindrical geometry guides the optical mode 

without energy leakage into the cladding layer. In practice, imperfections at the core-cladding 

interface can lead to additional losses. Care is generally taken to ensure that the core radius 

does not vary significantly along the fiber length during manufacture. Such variations can be 

kept below 1%, and the resulting scattering loss is typically below 0.3 dB/km. 

Bends in the fiber constitutes another source of scattering loss. Normally, a guided ray hits the 

core-cladding interface at an angle greater than the critical angle to experience total internal 

reflection. However, the angle decreases near a bend and may become smaller than the critical 

angle for tight bends. The ray would then escape out of the fiber. The bending loss is 

proportional to  








 

Rc

R
exp  

( 9 ) 

where R is the radius of the curvature of the fiber bend and  

2

2

2

1 nn

a
Rc


  

( 10 ) 

where a is the core radius. For single-mode fibers, Rc = 0.2~0.4 µm typically, and the bending 

loss is negligible (< 0.01 dB/km) for bend radius R>5 mm. Since most macroscopic bends 

exceed R = 5 mm, macrobending losses are negligible in practice. 
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A major source of fiber loss is related to the random axial distortions that occur during 

cabling when the fiber is pressed against a surface that is not perfectly smooth. Such losses ar 

referred to as microbending losses. Microbends cause an increase in the fiber loss for both 

multi-mode and single-mode fibers and can result in an excessively large loss (~100 dB/km) 

if precautions are not taken to minimize them. 

2.2 Lens 

A lens is an optical device that transmits light, diverging or converging the rays according to 

the geometry of the lens. It is typically made of glass or transparent plastic.  

Most lenses are spherical and are a combination of convex, concave, and a planar surface. 

They may be cut or ground after manufacturing in order to obtain the desired geometry. 

Lenses are categorized by the curvature of the two optical surfaces.  

 

 

Figure 2-4: Different categories of a lens [22]. 

With a biconvex or a plano-convex lens, a parallel beam of light travelling parallel to the lens 

axis and passing through the lens will converge to a point on the axis at a distance know as a 

focal point. This type of lens is called a positive or a converging lens.  

 

Figure 2-5: A basic positive lens and parameters [22]. 
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The focal length of a lens in the air can be calculated using the lensmaker’s equation 

(parameters are shown in figure 2-5): 
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( 11 ) 

where n is the refractive index of the lens material.  

More complex lenses include aspheric lenses. These are lenses with a surface profile that is 

neither a sphere nor a circular cylinder. This complex surface profile helps reduce or eliminate 

aberrations which would be seen with a normal lens. 

 

 

Figure 2-6: A basic aspherical lens [24]. 

These were formerly complex to make and often extremely expensive, but advances in 

technology have greatly reduced the manufacturing cost for such lenses. Small aspheric lenses 

are made by molding which allows for cheap mass-production. They are commonly used as a 

collimator lens for laser diode and for coupling light into and out of optical fibers. 

2.2.1 Optical Dispersion 

Dispersion is a phenomenon that can be seen when the phase velocity of a lightwave or the 

group velocity depends on it’s frequency. Material dispersion comes from a frequency-

dependent response of a material to waves. For example, material dispersion leads to the 

separation of colors in a prism or undesired chromatic aberration in a lens that may degrade 

the resulting images.  

 

 

Figure 2-7: An example of dispersion in a prism. 
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The phase velocity v of a wave in a uniform medium can be calculated by: 

n

c
v   

( 12 ) 

where c is the speed of light in a vacuum and n is the refractive index of the medium. 

2.2.2 Optical Lens Aberration 

When lenses form images, there is always some degree of distortion introduced by the lens 

which causes the image to be imperfect. This is called an aberration. Carefully designed lens 

system ensures that the aberration is minimized. There are several different types of 

aberration which can affect the final image quality.  

Spherical aberration occurs because spherical surfaces are not the ideal shape for a lens, but 

they are the simplest shape to which glass can be manufactured and so are often used. 

Spherical aberration causes beams parallel to the lens axis but at a different distances from the 

axis to be focused in a slightly different place. This results in a blurring of the image. 

Aspherical lenses with closer-to-ideal, non-spherical surfaces are used to minimize this effect. 

In a system consisting of a single lens with spherical surfaces and a given object distance o, 

image distance i, and refractive index n, one can minimize spherical aberration by adjusting 

the radius R1 and R2 of the front and back surfaces of the lens such that 
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Figure 2-8: An example of spherical aberration [25]. 

Chromatic aberration is caused by the dispersion of the lens material, which is the variation of 

its refractive index n with the wavelength of light. Since the focal length is dependent upon n, 

it follows that different wavelengths of light will be focused to different positions. Chromatic 

aberration of a lens is seen as fringes of color around the image. One method to reduce this 

effect is the use of diffractive optical element (DOE). DOE can be used to reduce the number 
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of elements in conventional lens systems and eliminate the need for extra materials in 

correcting chromatic aberrations. A diffractive lens is composed of a series of zones that 

become finer towards the edge of the lens. Diffractive optical element with complementary 

dispersion properties to that of glass can be used to correct color aberrations. 

Other kinds of aberrations are astigmatism, coma and field curvature. 

 
(a)                                                                     (b) 

Figure 2-9: An example of (a) a chromatic aberration and (b) a DOE minimizing it [25]. 

Abbe Number 

Abbe number is often used to show the material’s dispersion in relation to the refractive index 

of the material the lens is made from, and are used to classify glass and other optically 

transparent materials. Generally, the Abbe number V of a material is defined as  
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( 14 ) 

where nD, nF and nC are the refractive indices of the material at the wavelengths of the 

Fraunhofer D-, F- and C- spectral lines (589.2 nm, 486.1 nm and 656.3 nm, respectively).  

Alternate definitions of the Abbe number are used in some contexts. The value Vd is given by 
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( 15 ) 

which defines the Abbe number with respect to the yellow Fraunhofer d (or D3) helium line at 

587.5618 nm wavelength. 

Low dispersion (low chromatic aberration) materials have high values of V. 

An Abbe diagram is produced by plotting the Abbe number Vd of a material versus its 

refractive index nd. Glasses can then be categorised by their composition and position on the 

diagram. This can be a letter-number code, as used in the Schott Glass catalogue. 
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Figure 2-10: Abbe diagram (nd-νd) by SCHOTT. 

2.3 Lasers 

Lasers are based on a mechanism for emitting electromagnetic radiation through the process 

of stimulated emission. The emitted laser light is normally a spatially coherent, narrow low-

divergence beam that can be manipulated with a lens. In laser technology, "coherent light" 

denotes a light source that emits lightwaves of identical frequency, phase, and polarization. 

The laser's beam of coherent light differentiates it from light sources that emit incoherent light 

beams, of random phase varying with time and position.  

A laser consists of a gain medium inside a highly reflective optical cavity as a means to 

supply energy to the gain medium. The gain medium is a material with properties that allow it 

to amplify light by stimulated emission. In its simplest form, a cavity consists of two mirrors 

arranged such that light bounces back and forth, each time passing through the gain medium. 

Light of a specific wavelength that passes through the gain medium is amplified (increases in 

power), and the surrounding mirrors ensure that most of the light makes many passes through 

the gain medium, being amplified repeatedly. Typically one of the two mirrors, the output 

coupler, is partially transparent. Part of the light that is within the cavity passes through the 

partially transparent mirror and is emitted as a laser beam. 

The process of supplying the energy required for the amplification is called pumping. The 

energy is typically supplied as an electrical current or as light at a different wavelength. Such 

light may be provided by a flash lamp or perhaps another laser. Most practical lasers contain 
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additional elements that affect properties such as the wavelength of the emitted light and the 

shape of the beam. 

 

 

Figure 2-11: Principle components: (1) gain medium, (2) pumping energy, (3) high reflector, (4) 

output coupler and (5) output beam [26] 

The beam in the cavity and the output beam of the laser in free space as opposed to 

waveguides are low order Gaussian beams. However this is rarely the case with powerful 

lasers. The beam may be highly collimated, that is being parallel without diverging. However, 

a perfectly collimated beam cannot be created due to diffraction. The beam remains 

collimated over a distance which varies with the square of the beam diameter, and eventually 

diverges at an angle which varies inversely with the beam diameter. The output beam of a 

typical laser diode, due to the small diameter, diverges almost as soon as it leaves the aperture 

at an angle of up to 50°. However, such a divergent beam can be transformed into a 

collimated beam by use of a lens.  

Two kinds of laser is used in the simulation and the experiment for this thesis: a laser diode 

and a HeNe laser. Basic information regarding these two lasers is given in the following 

chapters. 

2.3.1 Laser Diodes 

A laser diode, also known as a semiconductor laser or an injection laser, is a laser where the 

active medium is a semiconductor similar to that found in a light-emitting diode and emits 

light through stimulated emission. Fiber-optic communication systems often use 

semiconductor optical sources such as laser diodes because of several advantages. Some of 

these advantages include compact size, high efficiency, good reliability, right wavelength 

range, small emissive area compatible with fiber core dimensions, and possibility of direct 

modulation at relatively high frequencies. Laser diodes are numerically the most common 

type of laser and are used widely in telecommunication as they are a light source that are 

easily modulated and easily coupled for fiber optics communication. Commercial laser diodes 

emit wavelengths of 375~1800 nm, but wavelengths of over 3 µm have also been 

demonstrated.  
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The most common and practical type of laser diode is formed from a p-n junction and 

powered by injected electric current. A laser diode is formed by doping a very thin layer on 

the surface of a crystal wafer. The crystal is doped to produce an n-type region and a p-type 

region, one above the other, resulting in a p-n junction. As with any semiconductor p-n 

junction diode, forward electrical bias causes the two types of charge carrier – holes and 

electrons – to be injected from opposite sides of the p-n junction into the depletion region, 

situated in the center. Holes are injected from the p-doped, and electrons from the n-doped 

semiconductor. These electrons and holes can recombine through spontaneous or stimulated 

emission and generate light in a semiconductor optical source. 

Laser diodes emit light through stimulated emission. As a result of the differences between 

spontaneous and stimulated emission, they are not only capable of emitting high powers (100 

mW), but also have other advantages related to the coherent nature of emitted light. A 

relatively narrow angular spread of the output beam compared with LEDs permits high 

coupling efficiency into single-mode fibers. A relatively narrow spectral width of emitted 

light allows operation at high bit rates (10 Gb/s), since fiber dispersion becomes less critical. 

Most fiber-optic communication systems use laser diodes as an optical source because of their 

superior performance compared with LEDs. 

 

Figure 2-12: A basic diagram of a generic P-N junction [21]. 

2.3.2 HeNe Lasers 

Helium neon (HeNe) lasers combine a wide variety of useful performance characteristics in 

reliable, low-cost devices which are manufactured in high volume. Laser output ranges from 

green through infrared, with excellent pointing stability, low output noise, linear or random 

polarization, and coherence lengths which can range as high as several kilometers. HeNe laser 

is a type of small gas laser with a wavelength of typically around 633 nm. HeNe lasers are 

found in a wider range of applications than other laser source, including aligning industrial 

machinery, sorting and counting blood cells, and commercial laser printing. They are also 

often used in laboratory of optics.  

A cutaway diagram of a generic HeNe laser is shown in the figure below. The plasma tube 

assembly is made of borosilicate glass with glass-to-metal seals to bring out electrodes and 

mount optics. Inside the tube, the cantilevered bore assembly is supported by a metallic 
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spider, a spring which stabilizes the bore but allows for thermal expansion. Mirrors are 

mounted directly to the plasma tube with a glass ―frit‖ which creates a hermetic seal. A large, 

oxidized-aluminum sleeve is used for a cathode; the anode is usually combined with the 

mirror mount.  

The HeNe laser is excited by a low-current DC discharge. Neon is the active lasing medium 

and helium is used as a buffer gas to populate the upper neon energy levels through collisions. 

Creating and maintaining the proper ratio of helium to neon is critical to the performance of 

the system. Because lasing occurs in a low current, high voltage discharge, there is virtually 

no bore erosion, which contributes to the long life of these systems. Heat generated by the 

discharge is radiated through the glass walls of the plasma tube and into the surrounding 

environment. In most cases, the plasma tube is mounted in an aluminum sleeve which both 

protects the glass envelope and conducts or radiates discharge heat. HeNe lasers are normally 

small, with cavity lengths of around 15 cm up to 0.5 m, and optical output powers ranging 

from 1 mW to 100 mW. 

 

Figure 2-13: Cross-sectional view of cylindrical HeNe laser head showing details of the plasma tube 

[16]. 

Although the true wavelength of a red HeNe laser in air is 632.816 nm, the wavelength is 

usually reported as 633 nm. For the purposes of calculating the photon energy, the vacuum 

wavelength of 632.991 nm should be used. The precise operating wavelength lies within 

about 0.002 nm of this value, and fluctuates within this range due to thermal expansion of the 

cavity. With the correct selection of cavity mirrors, other wavelengths of laser emission of the 

HeNe laser are possible. There are infrared lasers at 3.39 μm and 1.15 μm wavelengths, and a 

variety of visible lasers, including a green (543.365 nm, known as GreeNe laser), a yellow 

(593.932 nm), a yellow-orange (604.613 nm), and an orange (611.802 nm) laser. The typical 

633 nm wavelength red beam of a HeNe laser actually has a much lower gain compared to 

other wavelengths such as 1.15 μm and 3.39 μm, but these can be suppressed by choosing 

cavity mirrors with optical coatings that reflect only the desired wavelengths. 
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3 Conception of Optical Simulation 

The purpose of this chapter is to present the basic concepts and to provide information 

regarding the simulations. Section 3.1 explains briefly about simulation by ray tracing. 

Section 3.2 focuses on each of the main components involved in the simulation. The 

alignment errors performed in the simulations are explained in section 3.3. The last section 

gives descriptions on PSF and MTF which is measured to analyze the microlenses.  

3.1 Simulation by Ray Tracing 

Ray tracing is a method used to calculate how a wave or a particle propagates through a 

system with regions of varying propagation velocity, absorption characteristics, and reflecting 

surfaces. In such a system, wavefronts may bend, change direction, or reflect off surfaces, 

complicating analysis. Ray tracing works by assuming that the wave can be modeled as a 

large number of rays, and that there exists some distance over which such a ray is locally 

straight. The ray tracer will advance the ray over this distance, and then use a local derivative 

of the medium to calculate the ray's new direction. From this location, a new ray is sent out 

and the process is repeated until a complete path is generated. If the simulation includes solid 

objects, the ray may be tested for intersection with them at each step, making adjustments to 

the ray's direction if a collision is found. Other properties of the ray may be altered as the 

simulation advances as well, such as intensity, wavelength, or polarization. The process is 

repeated with as many rays as are necessary to understand the behavior of the system. 

Detailed analyses can be performed by using a computer to propagate many rays. Ray tracing 

may be used in the design of lenses and optical systems. Geometric ray tracing is used to 

describe the propagation of light rays through a lens system or optical instrument, allowing 

the image-forming properties of the system to be modeled.  

     One of the programs that utilize the ray tracing method is the optical simulation software 

ZEMAX, which is a program that can model, analyze, and assist in the design of optical 

systems. All the simulations described in this thesis are performed with ZEMAX. 

3.2 Configuration of the Optical System 

The configuration of the optical system being investigated in this thesis is shown in figure 3-

1, which shows the layout of the basic components in the system. Figure 3-1 also illustrates 

the system coordinates and parameters used in simulations and experiments throughout this 

thesis. The origin of the coordinate system is positioned at the intersecting point of the output 

surface of the lens and the optical axis of the system. Information about each of these 

components is given in the following chapters. 
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Figure 3-1: The system coordinates and dimensions between the basic components. 

Z1 Distance between the laser and the lens [mm]. 

Z2 Distance between the lens and the optical fiber [mm]. 

Tc Center thickness of the lens [mm]. 

Te Edge thickness of the lens [mm]. 

Fb Back focal length of the lens [mm]. 

D Diameter of the lens [mm]. 

α Angle of the tilt of the optical fiber. 

R1 Radius of the lens surface 1 [mm]. 

R2 Radius of the lens surface 2 [mm]. 

Table 3-1: Description of the parameters shown in figure 3-1. 

3.2.1 Laser Sources 

Two different light sources are used for the simulation: a laser diode (λ = 630 nm) and a 

HeNe laser (λ = 633 nm). The following chapters give descriptions on each type of laser used 

in the simulation. 

Laser Diode 
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In order to simulate the output beam of an uncollimated laser diode, the parameters of the first 

source are set to have a diverging output beam.  

 

Figure 3-2: An example of a diverging source. 

The numerical aperture of the laser diode is obtained by measuring the intensity of the 

horizontal and vertical axis of the output beam using a goniometer with a detector placed at a 

distance of 0.5m from the aperture of the laser. A slit 2mm wide and 12mm long is used. The 

reason for not using a pinhole is due to a better signal-noise ratio, and since the distance 

between the laser and the detector is relatively large (0.5m, far-field), the measurement error 

caused by the slit is minimal. 

 

Figure 3-3: Laser scanning setup with a Goniometer. 

Laser diode Detector 

0.5 m 
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The measurement result shows that the output beam is a Gaussian beam with an elliptical 

cross section. This result is used to calculate the numerical aperture of the laser diode. With 

the graph of the intensity characteristic, the angle where the intensity I=Imax*(1/e
2
) is found

4
 

and the numerical apertures of the laser diode is calculated. In the end, the numerical aperture 

is found to be 0.1123 for the slow axis and 0.4825 for the fast axis. The wavelength is set to 

630 nm (red). 
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                                    (a)                                                                    (b) 

Figure 3-4: Graphs showing the laser diode’s normalized intensity distribution of the (a) fast axis and 

(b) slow axis as a function of the angle of the goniometer. 

HeNe Laser 

In order to simulate the output beam of a collimated HeNe laser, the parameters of the second 

source are set to have a parallel output beam. The wavelength is set to 633 nm. 

 

Figure 3-5: An example of a collimated source. 

                                                 
4
Defined by ZEMAX  
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3.2.2 Lens Simulation 

Three different types of lens are used in the simulation: DOE, biconvex, and D8 (a lens 

manufactured by SCHOTT AG). The following sections give short descriptions on each of 

these lenses. 

Diffractive Optical Element 

As the name implies, this lens consists of a DOE surface and an aspherical surface.  

For the simulation with the laser diode, the aperture value of the lens is set to 0.4825 to match 

the maximum numerical aperture of the laser. The effective focal length and the back focal 

length are 0.71 mm and 0.54 mm, respectively. Additional information regarding this lens is 

given in table below. 

Effective Focal Length 0.7067665 mm 

Back Focal Length 0.5354474 mm 

Working F/# 0.8009649 

Image Space NA 0.9049018  

Table 3-2: General lens data of the DOE lens optimized for a system with a laser diode and a single-

mode fiber. 

For the simulation with the HeNe laser, since the beam is parallel, the numerical aperture of 

the source can be neglected. The effective focal length and the back focal length are both 0.66 

mm. Additional information regarding this lens is given in table below. 

Effective Focal Length 0.6572314 mm 

Back Focal Length 0.6572314 mm 

Working F/# 1.25244 

Image Space NA 0.6054702  

Table 3-3: General lens data of the DOE lens optimized for a system with a HeNe laser and a single-

mode fiber.  

Biconvex lens 

Biconvex lens with aspherical surface profiles is also used in the simulation.  

For the simulation with the laser diode, the system aperture of the lens is set to 0.4825 to 

match the numerical aperture of the laser. The effective focal length and the back focal length 

are 1.25 mm and 0.8 mm, respectively. Additional information regarding this lens is given in 

table below. 

Effective Focal Length 1.249721 mm 

Back Focal Length 0.8001475 mm 
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Working F/# 1.671472 

Image Space NA 0.8379012 

Table 3-4: General lens data of the biconvex lens optimized for a system with a laser diode and a 

single-mode fiber.  

For the simulation with the HeNe laser, since the beam is parallel, the numerical aperture of 

the source can be neglected. The effective focal length and the back focal length are 1.16 mm 

and 0.47 mm, respectively. Additional information regarding this lens is given in table below. 

Effective Focal Length 1.156516 mm 

Back Focal Length 0.4788849 mm 

Working F/# 1.388775 

Image Space NA 0.3968343  

Table 3-5: General lens data of the biconvex lens optimized for a system with a HeNe laser and a 

single-mode fiber.  

Aspherical lens D8 

This lens, manufactured by SCHOTT, is a lens with a spherical surface and an aspherical 

surface. 

For the simulation with the laser diode, the system aperture of the lens is set to 0.4825 to 

match the numerical aperture of the laser. The biggest diameter of the lens is 8 mm, but the 

diameter of the surface doing the refraction is 6 mm. The effective focal length and the back 

focal length are 3.92 mm and 2.32 mm, respectively. Additional information regarding this 

lens is given in table below. 

Effective Focal Length 3.92211 mm 

Back Focal Length 2.318619 mm 

Working F/# 0.6884297 

Image Space NA 0.5876518  

Table 3-6: General lens data of the D8 lens optimized for a system with a laser diode and a single-

mode fiber.  

For the simulation with the HeNe laser, since the beam is parallel, the numerical aperture of 

the source can be neglected. The effective focal length and the back focal length are 3.92 mm 

and 2.32 mm, respectively. Additional information regarding this lens is given in table below. 

Effective Focal Length 3.923235 mm 

Back Focal Length 2.319553 mm 

Working F/# 3.918266  
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Image Space NA 0.1264233  

Table 3-7: General lens data of the D8 lens optimized for a system with a HeNe laser and a single-

mode fiber.  

3.2.3 Optical Fibers used for the Experiments 

Two different optical fibers are used in the simulations: a single-mode and a multi-mode. 

Single-Mode Fiber 

The only data necessary for ZEMAX to simulate and calculate the coupling efficiency for a 

single-mode fiber is the numerical aperture of the fiber. The parameters of the single-mode 

fiber are set to simulate the Corning SMF-28 optical fiber used in the experiment. In 

Corning’s data sheet for SMF-28, the numerical aperture is given to be 0.14. However, 

according to SMO TECHINFO SHEET 07 – FIBER COUPLING by SUSS MicroOptics, 

―The optical design program ZEMAX defines the numerical aperture of a single mode optical 

fiber as “the sin of the half angle to the 1/e2  intensity” (= 13.5%). The definition of Corning  

for the numerical aperture is the sin of the half angle to 1% of the peak center intensity. Thus 

a numerical aperture of NA = 0.09 is to be used with ZEMAX fiber coupling calculations to 

represent correctly a Corning SMF-28 single mode fiber‖. Therefore, the numerical aperture 

of both the horizontal and vertical axis is set to NA=0.09.  

Multi-Mode Fiber 

The numerical aperture of the multi-mode fiber used in the simulation to reflect the multi-

mode fiber LG-770 manufactured by SCHOTT is calculated by 

22
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( 16 ) 

where n0 is the refractive index of the surrounding medium. Since LG-770 has no cladding 

layer, ncladding is set to 1.0 (air) and ncore is set to 1.507 (taken from the data sheet). The 

diameter of the fiber is also a necessary parameter for the simulation, and is measured to be 

63 μm. 

3.3 Alignment Errors 

Two types of alignment errors are investigated in the simulation: tilt and decenter. The 

following sections give descriptions on each of these misalignments.  

3.3.1 Tilt 

Tilt simulations are performed by using the following configuration: the fiber tip is fixed to 

the optical axis with no lateral offset and is located on Z-axis where the coupling efficiency is 

at the maximum. The simulation is done by tilting the angle about the X-Y axes pivoting at 

the fiber tip. The coupling efficiency as a function of tilted angle about the X-Y axes pivoting 

at the fiber tip is obtained. 
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Figure 3-6: The tip of the fiber is fixed on the optical axis and the coupling efficiency with respect to 

the angle of tilt α is measured. 

3.3.2 Decenter 

Decentering can occur about X-, Y-, and Z-axes. Simulations for decentering along the Z-axis 

are performed as follows: the tip of the fiber is fixed onto the optical axis i.e. at the center 

position of the lateral X-Y axes and the fiber is shifted along the axial Z-axis. The coupling 

efficiency as a function of the distance from the output surface of the lens to the tip of the 

fiber along the Z-axis is obtained. 

 

Figure 3-7: The fiber tip is moved along the optical axis from the optimum position (shaded). 

     Simulations for decentering along the X- and Y-axes are performed as follows: the tip of 

the fiber is fixed along the Z-axis at the position where the coupling efficiency is at the 

maximum, and the fiber is shifted along the lateral X- and Y-axis. The coupling efficiency as 

a function of later X- and Y- positions relative to the center of the optical axis is investigated. 

 

Figure 3-8: The fiber tip is moved along the X- or Y-axes from the optimum position (shaded). 

3.4 Analysis 

Various combinations of lasers, microlenses and fibers are characterized by analyzing the 

coupling efficiencies, and different microlenses are characterized by measuring PSF and 

MTF. The following sections give an overview on each of these subjects of analysis. 
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3.4.1 Coupling Efficiency 

In ZEMAX, the coupling efficiency is defined as ―the fraction of energy radiated by the 

source that couples into the receiver.‖ The coupling efficiency η between a laser diode and a 

single-mode fiber can be calculated by using the following equation: 
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rr

r

),(*),(),(*),(

),(*),(
2

  

( 17 ) 

where Fr(x,y) is the function describing the receiving fiber complex amplitude, W (x,y) is the 

function describing the complex amplitude of the beam coupling into the fiber, and the * 

symbol represents the complex conjugate of the function.  

3.4.2 Definition of Point Spread Function (PSF) 

PSF describes the response of an imaging system to a point source or point object. More 

generally, the PSF is the impulse response of a focused optical system. Graphically, it shows 

the intensity distribution on an imaginary plane which is centered on the optical axis. PSF can 

be expressed mathematically by 

  2
EFTPSFeIE i  

 
( 18 ) 

where E is the magnitude of the electric field [E] = V/m, I is the intensity, and   is the phase 

angle of a sine wave. FT stands for Fourier transform. 

Airy Disc 

A lens intercepts a portion of a wave, and refocuses it onto a blurred point in the image plane. 

For a single lens, an on-axis point source in the object plane produces an Airy disc PSF in the 

image plane. When a perfect lens with a circular aperture and limited by the diffraction 

focuses a light onto a spot, the diffraction pattern resulting from a uniformly-illuminated 

circular aperture has a bright region in the center and series of bright concentric ring around it, 

known as the Airy disc. Mathematically, the diffraction pattern is characterized by the 

wavelength of light illuminating the circular aperture, and the aperture's size. The far-field 

Airy disc can also be obtained on a screen close to the aperture by using a lens right after the 

aperture on the focal plane of the lens. 

Computing PSF with ZEMAX 

In the simulations using ZEMAX, PSF is computed using the Fast Fourier Transform (FFT) 

method. The FFT PSF computes the intensity of the diffraction image formed by the optical 

system for a single point source in the field. The intensity is computed on an imaginary plane 

that is centered on and lies perpendicular to the incident chief ray at the reference wavelength. 

The reference wavelength is the primary wavelength for polychromatic computations, or the 

wavelength being used for monochromatic calculations, which is the case in this thesis.  
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The FFT method of computing the PSF is very fast, however, a few assumptions are made 

which are not always valid. Because the imaginary plane lies normal to the chief ray and not 

the image surface, the FFT PSF computes a smaller PSF results when the chief ray angle of 

incident is not zero. This is often the case for systems with titled image planes, wide-angle 

systems or systems with aberrated exit pupils. For systems where the chief ray is nearly 

normal (less than around 20 degrees), the exit pupil aberrations are negligible, and the 

transverse ray aberrations are reasonable, then the FFT PSF is accurate. 

3.4.3 Definition of Modulation Transfer Function (MTF) 

A type of target commonly used to test the performance of an optical system consists of a 

series of alternating light and dark bars of equal width known as USAF test chart or a 

Siemens star, as indicated in figure 3-9. Several sets of patterns of different spacings are 

usually imaged by the system under test and the finest set in which the line structure can be 

detected is considered to be the limit of resolution of the system, which is expressed as a 

certain number of lines per millimeter. When a pattern of this sort is imaged by an optical 

system, each geometric line in the object is imaged as a blurred line, whose cross section is 

the line spread function. Figure 3-10 indicates the effect of the image blur on progressively 

finer patterns. When the illumination contrast in the image is less than the smallest amount 

that the system can detect, the pattern can no longer be resolved. If we express the contrast in 

the image as a modulation M, given by the equation 

minmax

minmax

II

II
M




  

( 19 ) 

where Imax and Imin are the image illumination levels as indicated in figure 3-10, we can plot 

the modulation as a function of the number of lines per millimeter in the image. MTF is the 

result of this plot. If the object pattern brightness distribution is in the form of a sine wave, the 

distribution in the image is also described by a sine wave. This fact has led to the widespread 

use of the modulation transfer function to describe the performance of a lens system and is an 

almost universally applicable measure of the performance of an image-forming system and 

has been applied to lenses and other imaging systems. 

Mathematically, MTF is defined as the Fourier transform of the point spread function. It is 

also defined as the discrete Fourier transform of the line spread function, and can be 

expressed as 

dxexLSFuMTF xui
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                                      (a)                                                             (b) 

Figure 3-9:  (a) A Siemens star and (b) a USAF test chart. 

 

Figure 3-10: As the test pattern is made finer, the contrast between the light and dark areas of the 

image is reduced [4] 

Computing MTF with ZEMAX 

MTF is the modulation as a function of spatial frequency for a sine wave object, and it is 

computed based upon an FFT of the pupil data. FFT based MTF assumes a reasonably 

uniform distribution of rays on the exit pupil. The spatial frequency scale of the MTF plot is 

always in cycles per mm in image space, which is correct term for sinusoidal MTF response. 

The term line pairs per mm is often used, but strictly speaking line pairs per mm only applies 

to bar, as opposed to sinusoidal targets. ZEMAX uses these terms interchangeably, as is 

common in the industry. MTF is measured in image space, so any magnification of the system 

needs to be considered when determining spatial frequency response for object space.  

The nature of the FFT algorithm is that the computation is done in pupil space coordinates. 

For this reason, rotating the image surface will have no effect on the orientation of the 

computed MTF. 
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4 Implementation 

This chapter presents the result of the simulation described in the previous chapter. Figure 3-1 

summarizes the parameters used in this chapter. 

4.1 Optimization 

For the optimization of the system, an automatic optimization tool in Zemax was used where 

the variables are changed until the maximum coupling efficiency is obtained. For the lenses 

with different surface profiles i.e. DOE and D8, the lenses are flipped to find out if higher 

maximum efficiency is achievable. 

4.1.1 Diffractive Optical Element (DOE) 

Since this lens is simulated for theoretical purpose only and not to be tested in a real 

experiment, there are no limitations with respect to the parameters of the system. The distance 

between the source, the lens and the fiber, as well as the radius of the aspherical surface and 

the thickness of the lens are set to ―variable‖, so that it can be varied automatically during the 

optimization process. However, in the case of a HeNe laser, varying the distance between the 

source and the lens and the thickness of the lens do not affect the result due to the parallel 

beam. The system yielded a better coupling efficiency result with the DOE facing the source 

and the asphere facing the fiber.  

In the case of coupling a laser diode into a single-mode fiber, a coupling efficiency of 

90.95% is realized. The optimized parameters are as follows: Z1 = 0.273mm, Z2 = 0.936mm, 

Tc = 1.449mm, R2 = 5.051 mm. 

In the case of coupling a HeNe laser into a single-mode fiber, a coupling efficiency of 

99.87% is realized with the following parameters: Z2 = 0.561 mm, R2 = 3.543 mm. 

4.1.2 Biconvex lens 

Since this lens is also simulated for theoretical purpose only and not to be tested in a real 

experiment, there are no limitations with respect to the parameters of the system. The distance 

between the source, the lens and the fiber, as well as the radii of the aspherical surfaces and 

the thickness of the lens are set to ―variable‖, so that it can be varied automatically during the 

optimization process. However, in the case of HeNe laser, varying the distance between the 

source and the lens does not affect the result due to the parallel beam.  

In the case of coupling a laser diode into a single-mode fiber, a coupling efficiency of 

68.18% is achieved. The parameters are as follows: Z1 = 0.656 mm, Z2 = 3.018 mm, Tc = 

3.011 mm, R1 = 3.726 mm, R2 = 17.116 mm. 

In the case of coupling a HeNe laser into a single-mode fiber, a coupling efficiency of 

99.99% is realized with the following parameters: Z2 = 0.203 mm, Tc = 6.175 mm, R1 = 4.46 

mm, R2 = 24.786 mm. 
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4.1.3 Aspherical lens D8 

Since this lens is to be tested in the experiments, the geometrical parameters of the lens are set 

to ―fixed‖. The fixed parameters of the lens are Tc = 3.38 mm, R1 = 10.999 mm, and R2 = 3.68 

mm. The system yielded a better coupling efficiency result with the spherical surface facing 

the source and the aspherical surface facing the fiber for both the laser diode and the HeNe 

laser. 

In the case of coupling a laser diode into a single-mode fiber, a coupling efficiency of only 

1.62% is achieved with Z1 = 4.528 mm, Z2 = 10.409 mm. 

In the case of coupling a HeNe laser into a single-mode fiber, a coupling efficiency of 74.19 

% is achieved with Z2 = 2.311 mm. 

As mentioned before, the combination of D8 lens with a multi-mode fiber is also simulated 

using image analysis. The image analysis is used because the fiber coupling efficiency 

calculation tool only calculates the coupling efficiency into a single-mode fiber.  

In the case of coupling a laser diode into a multi-mode fiber, a coupling efficiency of 

52.98% is obtained with Z1 = 18.638 mm, Z2 = 0.6 mm. 

In the case of coupling a HeNe laser into a multi-mode fiber, a coupling efficiency of 

84.18% is achieved with Z2 = 2.3 mm. 

4.2 Simulated Alignment Tolerances 

This section shows the simulation results of the misalignments described in section 3.3. The 

parameters for each system are given in section 4.2. The X-axis of the graph is the deviation 

from the optimal position of the receiver where the maximum coupling efficiency is obtained.  

4.2.1 Single-mode Fiber 

Laser diode as a source 

The curves of the computed coupling efficiency when tilted about X- and Y-axis show that 

the coupling efficiency gradually decreases for all three lenses. When looking at individual 

lenses, there is no great difference in the rate of decline when tilted about X- and Y-axis. 

Furthermore, the coupling efficiencies of all three cases become almost 0 when it is tilted 

more than 8°. The parameters are as follows: 

a) DOE: Z1 = 0.273mm, Z2 = 0.936mm, Tc = 1.449mm, R2 = 5.051 mm. 

b) Biconvex: Z1 = 0.656 mm, Z2 = 3.018 mm, Tc = 3.011 mm, R1 = 3.726 mm, R2 = 

17.116 mm. 

c) D8: Z1 = 4.528 mm, Z2 = 10.409 mm, Tc = 3.38 mm, R1 = 10.999 mm, R2 = 3.68 mm. 
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                                     (a)                                                                         (b) 

                                    (c) 

Figure 4-1: The simulated coupling efficiencies of (a) DOE, (b) biconvex and (c) D8 as a function of 

tilted angles about the X- and Y- axis pivoting at the fiber tip. 

The curves of the computed coupling efficiency when decentered along X- and Y-axis also 

show that the coupling efficiency gradually decreases for all three lenses. When looking at 

individual lenses, there is only a slight difference in the rate of decline when tilted about X- 

and Y-axis. Furthermore, the coupling efficiencies of all three cases become almost 0 when it 

is decentered more than 0.4 mm for DOE and biconvex. In the case of D8 lens, the 

misalignment sensitivity is higher than the other two lenses, and the coupling efficiency is 

nearly 0% when decentered more than 0.01 mm.  There exists a second peak near 0.018 mm, 

but it is small enough to be ignored. The parameters are as follows (same as previously 

mentioned): 

a) DOE: Z1 = 0.273mm, Z2 = 0.936mm, Tc = 1.449mm, R2 = 5.051 mm. 

b) Biconvex: Z1 = 0.656 mm, Z2 = 3.018 mm, Tc = 3.011 mm, R1 = 3.726 mm, R2 = 

17.116 mm. 

c) D8: Z1 = 4.528 mm, Z2 = 10.409 mm, Tc = 3.38 mm, R1 = 10.999 mm, R2 = 3.68 mm. 
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Figure 4-2: The simulated coupling efficiencies of (a) DOE, (b) biconvex and (c) D8 as a function of 

lateral X- and Y- position about the center of the optical axis. 

The curves of the computed coupling efficiency when decentered along Z-axis show that the 

coupling efficiency is generally decreasing for all three lenses, but also reveals that there are 

multiple peaks of coupling efficiency as the fiber tip is moved closer to or away from the lens. 

When looking at the coupling efficiency of the D8 lens within the same area as the other two 

lenses i.e. +/- ~0.5 mm, the multiple peaks do not exist and the coupling efficiency gradually 

decreases. The parameters are as follows (same as previously mentioned): 

a) DOE: Z1 = 0.273mm, Z2 = 0.936mm, Tc = 1.449mm, R2 = 5.051 mm. 

b) Biconvex: Z1 = 0.656 mm, Z2 = 3.018 mm, Tc = 3.011 mm, R1 = 3.726 mm, R2 = 

17.116 mm. 

c) D8: Z1 = 4.528 mm, Z2 = 10.409 mm, Tc = 3.38 mm, R1 = 10.999 mm, R2 = 3.68 mm. 
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Figure 4-3: The simulated coupling efficiencies of the (a) DOE, (b) biconvex and (c) D8 as a function 

of the deviation from the optimal position of the tip of the fiber along the Z-axis. (c’) shows the +/- 

~0.5 mm region of (c) for a better comparison with the DOE and biconvex. 

HeNe laser as a source 

The HeNe laser beam in the simulation is perfectly circular; therefore tilting about X- and Y-

axis produces the same result as well as for decentering along X- and Y-axis.  

The curves of the computed coupling efficiency when tilted about X- and Y-axis show that 

the coupling efficiency gradually decreases for all three lenses. When looking at the DOE and 

biconvex lens, both have a nearly identical rate of decline, and reach nearly 0% when tilted 

more than 10˚. There also exists a second peak near 22˚ for both lenses, which is small 

enough to be disregarded. The D8 lens appears to be slightly more tolerant against tilt 

misalignment, and no second peak is detected after the coupling efficiency reaches 0% at 12˚ 

tilt. The parameters are as follows: 

a) DOE: Z2 = 0.561 mm, R2 = 3.543 mm. 

b) Biconvex: Z2 = 0.203 mm, Tc = 6.175 mm, R1 = 4.46 mm, R2 = 24.786 mm. 

c) D8: Z2 = 2.311 mm, Tc = 3.38 mm, R1 = 10.999 mm, R2 = 3.68 mm. 
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As mentioned previous sections, the simulation results for the DOE lens do not depend on the 

distance Z1 between the laser source and the thickness of the lens Tc due to the collimated 

beam. For the same reason, Z1 is not taken into account for the biconvex and D8 lens. 
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Figure 4-4: The simulated coupling efficiencies of three difference lenses as a function of tilted angles 

about the X- and Y- axis pivoting at the fiber tip. 

The curves of the computed coupling efficiency when decentered along X- and Y-axis also 

show that the coupling efficiency gradually decreases for all three lenses. With regard to the 

DOE and biconvex lens, the difference in the coupling efficiency at any given point is less 

than 0.5%. Extremely high sensitivity towards decentering misalignment is observed with the 

D8 lens. The coupling efficiency becomes 0% after only decentering 4 μm. The second peak 

observed in the case of diode laser as a source is not observed in this case. The parameters are 

as follows (same as previously mentioned): 

a) DOE: Z2 = 0.561 mm, R2 = 3.543 mm. 

b) Biconvex: Z2 = 0.203 mm, Tc = 6.175 mm, R1 = 4.46 mm, R2 = 24.786 mm. 

c) D8: Z2 = 2.311 mm, Tc = 3.38 mm, R1 = 10.999 mm, R2 = 3.68 mm. 
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Figure 4-5: The simulated coupling efficiencies of three difference lenses as a function of lateral X- 

and Y- position about the center of the optical axis. 

The curves of the computed coupling efficiency when decentered along Z-axis reveals that for 

DOE and biconvex lens, there are multiple peaks of the coupling efficiency as the fiber tip is 

moved closer to or away from the lens but generally appears to have a high tolerance towards 

decentering in both negative and positive direction. On the contrary, the coupling efficiency 

of the D8 lens is highly sensitive to the decentering along the optical axis. When observing 

the +/- ~0.4 mm region closer, the coupling efficiency drops to less than 7% after decentering 

0.1 mm. 

Except for the multiple peaks present in some of the simulations, the computed alignment 

tolerances match the expectation, which is a curve with a gradual decline after the maximum 

peak. The parameters are as follows (same as previously mentioned): 

a) DOE: Z2 = 0.561 mm, R2 = 3.543 mm. 

b) Biconvex: Z2 = 0.203 mm, Tc = 6.175 mm, R1 = 4.46 mm, R2 = 24.786 mm. 

c) D8: Z2 = 2.311 mm, Tc = 3.38 mm, R1 = 10.999 mm, R2 = 3.68 mm. 
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Figure 4-6: The simulated coupling efficiencies of the (a) DOE, (b) biconvex and (c) D8 as a function 

of the deviation from the optimal position of the tip of the fiber along the Z-axis. (c’) shows the +/- 

~0.4 mm region of (c) for a better comparison with the DOE and biconvex. 

4.2.2 Multi-mode fiber 

Laser diode as a source 

The curves of the computed coupling efficiency when tilted about X- and Y-axis show that 

the coupling efficiency gradually decreases for all three lenses. There is no significant 

difference in the alignment tolerance between tilting about X- and Y- axis where both cases, 

extremely high tolerance is observed. This is possibly due to the relatively large diameter of 

the multi-mode fiber with a large numerical aperture and with a large spot size of the laser. 

The parameters are as follows: Z1 = 18.638 mm, Z2 = 0.6 mm, Tc = 3.38 mm, R1 = 10.999 

mm, R2 = 3.68 mm. 
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Figure 4-7: The simulated coupling efficiencies of the D8 lens as a function of tilted angles about the 

X- and Y- axis pivoting at the fiber tip. 

The alignment sensitivity of decentering the multi-mode fiber along X- and Y-axis is 

calculated manually by using a geometric image analysis and a spot diagram
5
. A spot diagram 

shows the spot created by the laser on the XY plane where the tip of the fiber lays. 

Geometrical radius of the spot is given in the same diagram. The change in the overlapping 

area of the spot and the fiber, which has a measured diameter of 63 μm, by varying the 

distance between the centers is calculated. Along with the maximum coupling efficiency 

calculated with the geometrical image analysis i.e. nearly 53%, the change in the coupling 

efficiency due to decentering along X- and Y-axis is calculated. 

 

 

                                                 
5
 Both the geometric image analysis and the spot diagram show the distribution of rays on the imaging plane, but 

with different scales. Additionally, the geometrical image analysis shows the coupling efficiency of the system. 
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(a) 

 

(b) 

Figure 4-8: (a) The geometric image analysis and (b) the spot diagram used for the calculation of the 

coupling efficiency for the system with a diode laser, D8 lens, and a multi-mode fiber. The efficiency 

and the geometric radius are given in the diagram. 

From the spot diagram, it can be seen that the geometrical radius of the spot created by the 

diode laser and the D8 lens is 1439.44 μm, which is extremely large compared to the radius of 
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the multi-mode fiber. For this reason, no change in the coupling efficiency can be observed 

from 0 ~ 1.4 mm since the spot covers the entire area of the fiber. As the decentering distance 

grows, the coupling efficiency decreases gradually and drops from the maximum to 0% 

within approximately 60 μm. The parameters are as follows: Z1 = 18.638 mm, Z2 = 0.6 mm, 

Tc = 3.38 mm, R1 = 10.999 mm, R2 = 3.68 mm. 

 

Figure 4-9: The simulated coupling efficiencies of the D8 lens as a function of lateral X- and Y- 

position about the center of the optical axis. 

The alignment sensitivity of decentering the multi-mode fiber along Z-axis is calculated in a 

similar way as described previously using the geometrical radius shown in the spot diagram. 

As the fiber tip is moved along the optical axis, the spot diagram shows the geometrical radius 

of the spot on the XY plane at the current position of the fiber tip. This is then used calculate 

the ratio between the area of the spot and fiber.  Along with the maximum coupling efficiency 

calculated with the geometrical image analysis i.e. nearly 53%, the change in the coupling 

efficiency due to decentering along the optical axis is calculated. 

The curve of the computed coupling efficiency decreases in both direction after passing the 

maximum peak. The alignment tolerance appears to be higher when the fiber tip is moved 

closer to the lens than when it is moved farther away. The parameters are as follows: Z1 = 

18.638 mm, Z2 = 0.6 mm, Tc = 3.38 mm, R1 = 10.999 mm, R2 = 3.68 mm. 
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Figure 4-10: The simulated coupling efficiencies of the D8 lens as a function of the deviation from the 

optimal position of the tip of the fiber along the Z-axis. 

HeNe laser as a source 

As shown in Fig.xxx, the alignment tolerance against tilting about X- and Y-axis is relatively 

high. The coupling efficiency shows no significant change after the maximum peak until the 

fiber is tilted approximately 30°. When tilted over 30°, the coupling efficiency shows a 

gradual steady decline until past 65° where no more light is coupled into the fiber due to total 

reflection. The parameters are as follows: Z2 = 2.3 mm, Tc = 3.38 mm, R1 = 10.999 mm, R2 = 

3.68 mm. 

 

Figure 4-11: The simulated coupling efficiencies of the D8 lens as a function of tilted angles about the 

X- and Y- axis pivoting at the fiber tip. 

The calculation for the alignment tolerance in XY plane is performed the same way as 

described previously using the geometric image analysis and the spot diagram.  



Chapter 4: Implementation 

  41 

 

(a) 

 

(b) 

Figure 4-12: (a) The geometric image analysis and (b) the spot diagram used for the calculation of the 

coupling efficiency for the system with a HeNe laser, D8 lens, and a multi-mode fiber. The efficiency 

and the geometric radius are given in the diagram. 
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From the spot diagram, it can be seen that the geometrical radius of the spot created by the 

diode laser and the D8 lens is 14.868 μm, which is relatively small compared to that created 

by the diode laser. When the fiber tip is decentered approximately 0.017 mm, the entire spot 

is still contained within the fiber, therefore the coupling efficiency is unchanged. As the spot 

is decentered further away, the curve of the computed coupling efficiency starts to decrease 

until it reaches 0%, where the distance between the center of the spot and the fiber tip is 0.046 

mm and the spot is no longer overlapping with the fiber. The parameters are as follows: Z2 = 

2.3 mm, Tc = 3.38 mm, R1 = 10.999 mm, R2 = 3.68 mm. 
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Figure 4-13: The simulated coupling efficiencies of the D8 lens as a function of lateral X- and Y- 

position about the center of the optical axis. 

The calculation for the alignment tolerance along the optical axis is performed the same way 

as described previously using the geometric image analysis and the spot diagram. Similar to 

the system with a diode laser, the curve of the computed coupling efficiency decreases in both 

direction after passing the maximum peak and the alignment tolerance appears to be higher 

when the fiber tip is moved closer to the lens than when it is moved farther away. The 

parameters are as follows: Z2 = 2.3 mm, Tc = 3.38 mm, R1 = 10.999 mm, R2 = 3.68 mm. 
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Figure 4-14: The simulated coupling efficiencies of the D8 lens as a function of the deviation from the 

optimal position of the tip of the fiber along the Z-axis. 
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4.3 Simulation of Point Spread Function (PSF) 

The PSF with a HeNe laser as a source is measured. A quick focus tool with respect to the 

radial spot size is used to find the position where the spot size is the minimum, i.e. the focal 

point. 

        

(a) (b) 

 

                               (c) 

Figure 4-15: Diagrams of ZEMAX depicting the result of using the quick focus tool for (a) DOE, (b) 

biconvex and (c) D8. The line or the point on the far right is the position of the focal point. 

The PSF is measured at the focal point, and is normalized. Figure 4-16 shows the resulting 

PSF for each of the lenses. For both the DOE lens and biconvex lens, there exist some noises 

around the peak intensity, whereas for D8, the noise is relatively small. When comparing the 

first two lenses, the point for the biconvex lens is better concentrated than that of the DOE 

lens. At 50% intensity, the diameter of the spot created by the DOE lens is approximately 

1.364 μm, whereas for the biconvex lens, it is approximately 0.732 μm. The D8 lens has a 

bigger spot of approximately 3.085 μm at 50% intensity, but has less noise. 
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(a) 

 

(b) 
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(c) 

Figure 4-16: The simulated PSF of (a) DOE, (b) biconvex and (c) D8.  

4.4 Simulation of Modulation Transfer Function (MTF) 

As with the PSF, the MTF with a HeNe laser as a source is measured. A quick focus tool with 

respect to the radial spot size is used to find the position where the spot size is the minimum, 

i.e. the focal point. 

Figure 4-17 shows the resulting MTF for each of the lenses. For the DOE, the curve shows 

that the resolution drops by more than 80% at 10 cycles per mm. The resolution drops below 

10% at approximately 22 cycles per mm. After falling below 10%, there exist several peaks, 

but overall the resolution keeps decreasing as the spatial frequency becomes higher.  As for 

the biconvex, the resolution drops by 80% at approximately 70 cycles per mm, and drops 

below 10% at approximately 180 cycles per mm. After falling below 10%, the resolution 

changes unsteadily within 0 ~ 7% region and finally becomes 0% at approximately 1000 

cycles per mm. The MTF curve of the D8 lens seems to be close to the diffraction limit of the 

lens. The resolution is at a constant decline and drops below 10% at approximately 328 cycles 

per mm, and finally reaches 0% at approximately 400 cycles per mm. 
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(a) 

 

(b) 
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(c) 

Figure 4-17: The simulated MTF of (a) DOE, (b) biconvex and (c) D8. 
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5 Integration and Experimentation 

An experiment is conducted to verify the results of the simulations of the D8 lens. This 

chapter describes the components and the configurations of the measurement setup, and 

presents the experimental results. 

5.1 Components  

The system investigated in the experiments consists of three main components: a laser source, 

a lens and an optical fiber as a receiver. This section describes the main components involved 

in the measurement setup. 

5.1.1 Laser Sources 

Two lasers are used in the experiments: an uncollimated laser diode and a HeNe laser.  

For the laser diode, PDL-VAR-635-5-F6 manufactured by Polytec is used. It has a 

wavelength of λ = 630 nm and a maximum output power of 5 mW. As described in section 

3.2.1 and in figure 3-4, the numerical aperture is measured to be 0.1123 for the slow axis and 

0.4825 for the fast axis. 

For the HeNe laser, 05-LHP-073-357 manufactured by CVI Melles Griot is used. It has a 

wavelength of λ = 633 (632.8 to be exact), and a maximum output power of 5mW.  

5.1.2 Lens 

The D8 lens is a press molded lens manufactured by SCHOTT AG. The material is P-

LASF47 which is suitable for precision molding. It has a refractive index n=1.802 at λ = 630 

nm and an Abbe number Vd = 40.9. In the case of HeNe as a light source, the lens has an 

effective focal length Fe = 3.92 mm and a back focal length Fb = 2.32 mm. As for the 

geometrical profile, the lens has a diameter D = 8mm, thickness Tc = 3.38 mm, radius R1 = 

3.69, and R2 = 10.999 mm, which are both aspherical. 

5.1.3 Optical Fibers 

Single-mode Fiber 

SMF-28 optical fiber made from quartz glass manufactured by Corning is used. The fiber is 

protected by an enhanced dual acrylate CPC coating with a diamemter of 245 ± 5 μm. This 

coating is mechanically stripped for the experiment. SMF-28 fiber is manufactured using the 

Outside Vapor Deposition (OVD) process, which produces a totally synthetic ultra-pure fiber. 

As a result, the fiber has consistent geometric properties, high strength, and low attenuation
6
. 

The cladding diameter is 125.0 ± 0.7 μm, and the core diameter is 8.2 μm. Corning measures 

the numerical aperture at the one percent power level of a one-dimensional far-field scan at 

1310 nm, which is calculated to be 0.14. SMF-28 is a step index fiber with a refractive index 

nd = 1.4, and the refractive index difference is 0.36%. The zero dispersion wavelength λ0 = 

1313 nm. 

                                                 
6
 ≤ 0.35 at λ  = 1310 nm and ≤ 0.22 at λ  = 1550 nm. 



Chapter 5: Integration and Experimentation 

  49 

 

                                    (a)                                                                       (b) 

Figure 5-1: Pictures of the SMF-28 showing (a) the fiber positioned by a V-groove and (b) illuminated 

cores. 

Further information regarding SMF-28 is given in the table below. 

Corning
® 

SMF-28
 
Optical Fiber  

Coating diameter 245 ± 5 μm 

Cladding diameter 125.0 ± 0.7 μm 

Core diameter 8.2 μm 

Core-clad concentricity 5.0  μm 

Cladding non-circularity %1   

Zero dispersion wavelength 1313 nm 

Effective group index of diffraction 1.4677 at 1310 nm 

1.4682 at 1550 nm 

Refractive index difference 0.36% 

Table 5-1: General information of Corning SMF-28 [18]. 

Multi-mode Fiber 

A multi-mode fiber manufactured by SCHOTT is used. The material used is an LG-770
7
 

phosphate laser glass. It has a refractive index of ncore = 1.507 at λ = 633 nm. The fiber has no 

cladding, and the core diameter is measured to be approximately 64 μm. The numerical 

aperture is calculated to be 0.748. Throughout this chapter, the fiber is referred to as LG-770. 

                                                 
7
 LG-770 is an aluminum-phosphate based glass with a high cross section for stimulated emission, extremely low 

nonlinear refractive index, and good athermal characteristics. This glass was initially developed for the US DOE 

National Ignition Facility and French CEA Project Laser Megajoule. The development and the advantages of this 

glass are discussed in the ―Laser and thermo-physical properties of Nd-doped phosphate glasses‖ Proc SPIE, Vol 

1761, 162 –173 (1992). 
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Figure 5-2: A picture of the LG-770. The average of the three measured diameter is 63.62 μm. 

Multi-core Fiber 

A multi-fore fiber manufactured by SCHOTT is used. It has a rectangular cross section which 

is approximately 63.22 μm on each side. Within one fiber, there are total of 36 cores (6x6) 

and each core has a diameter of 9.2 μm. For the material, 7056 glass is used for the cladding 

with ncladding = 1.4864 ± 0.003 and F2 glass is used for the core with ncore = 1.62004. The 

numerical aperture is approximately 0.6 as indicated in the specification.  

 

                                      (a)                                                                     (b) 

Figure 5-3: A picture of the multi-core fiber. 

5.1.4 Other Components 

For a detector, a Coherent Smart detector head is used to measure the output power of the 

laser. 
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(a)                                                                        (b) 

Figure 5-4: The output end of a fiber is coupled to a Coherent Smart detector head through (b) an 

adapter and a mount. 

For capturing images of the tip of the fibers, a microscope called LKM200 by Karl Zanger & 

Söhne is used. EFC11 Fiber Cleaver by Ericsson is used to cleave the fiber tip. 

 

(a)                 (b) 

Figure 5-5: (a) LKM200 with a fiber adapter inserted from the top to take images of the fiber tip.(b) 

EFC11 Fiber Cleaver. 

5.2 Configuration of Experimental Setups 

5.2.1 Alignment Errors 

As mentioned previously, an experiment is conducted to verify the results of the simulations 

of the D8 lens. For measuring the coupling efficiency with a HeNe laser as a source, the 

Fiber 
Detector 

Fiber adapter 
Adapter mount 
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HeNe laser is fixed onto the table. The height of the laser can be changed, and is adjusted so 

that it is on the optical axis of the system i.e. center of the lens. A measurement setup is built 

in front of the laser. The setup has several rails on which the lens and the fiber are mounted. 

The lens is fixed onto the rail, and the fiber is mounted on a fiber adapter that is able to move 

in XY-direction. The adapter is then mounted on a positioning rig that is able to move the 

fiber in Z-direction. The output end of the fiber is connected to the detector as shown in figure 

detector. 

 

(a) (b) 

Figure 5-6: Pictures of the measurement setup that shows (a) the entire measurement setup and (b) a 

close-up view of the lens and the fiber adapter. 

For measuring the coupling efficiency with a laser diode as a source, the laser diode is 

mounted on a positioning rig that is movable in XYZ-direction, identical to that being used 

for the fiber. The rig with the laser diode is then mounted onto the measurement setup with 

the lens fixed in between the fiber tip and the laser diode.  

 

(a) 

Laser 

Lens 

Fiber 

Laser 
Lens 

Fiber Detector 

Lens 

Fiber 
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(b) 

Figure 5-7: Pictures of the measurement setup that shows (a) the entire measurement setup and (b) a 

close-up view of the laser diode (left), the lens (center), and the fiber tip (right). 

Lasers are given a warm-up period of approximately 30 minutes to ensure a stable output. The 

optical output power of the laser diode and the HeNe laser is directly measured to be 0.466 

mW and 1.966 mW, respectively. The lateral and axial alignment movement for the 

constructed coupling system is done by moving the fiber tip laterally and axially using a 

micro-positioning device. The experimental measurement is conducted to obtain the coupling 

efficiencies of the system with the following configurations: 

(i) The tip of the fiber is fixed at a location on Z-axis where the maximum coupling 

efficiency is obtained and is moved laterally along both X- and Y- axes. 

(ii) The tip of the fiber is placed on the optical axis and is moved axially along the Z-

axis. 

The coupling efficiency is calculated using  

 
in

out

zyx
P

P
,,  

( 21 ) 

where Pin is the power of the laser before the lens and Pout is the power of the laser after the 

fiber. For all cases, the experimental results are plotted after normalizing the maximum 

coupling efficiencies to one. 

5.2.2 Measurement Setup for PSF and MTF 

For the measurement of PSF, the D8 lens is placed on the table of a microscope and is 

illuminated from the bottom through a red filter (λ = 633 nm). With 5x and 10x objectives, the 

focal point is found and an AxioCam Color by Zeiss mounted on the microscope is used to 

capture the image to be processed later with AxioVision and Origin. To obtain MTF, the 

Fourier transform of the PSF is done by Origin. 

Laser Lens Fiber 
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5.3 Measurement Results 

This section shows the experimental results of the alignment tolerance described in section 

5.2.1.  

5.3.1 Coupling Efficiency 

The experimental data is plotted after normalizing the maximum coupling efficiencies to one. 

To take into account the measurement errors, the error indicator in Y-direction is set to 10%. 

Finally, a polynomial or an exponential trendline is generated to show the general trend in the 

change of the coupling efficiencies. 

Laser diode as a source 

The curve of the measured coupling efficiency when decentering the SMF-28 along X-axis 

shows that the coupling efficiency gradually decreases as the fiber tip is moved away from the 

optical axis. The curve of the measured coupling efficiency when decentering along Y-axis 

shows a second peak at approximately 0.4 mm away from the optical axis, but appears to be 

generally declining. When comparing the two, the alignment tolerance against decentering 

along Y-axis appears to be higher than along X-axis. The normalized coupling efficiency for 

xY-axis = 0.2 mm is approximately 47%, whereas for xX-axis =0.2 mm, it is approximately 35 %. 

This simulation result does not match the expected simulation result, which is a gradually 

declining curve similar to that of the alignment tolerance for decentering in X-direction. The 

curve of the measured coupling efficiency when decentering along Z-axis shows that there is 

a possibility of multiple peaks, but within ± 0.4, the coupling efficiency shows a gradual 

decline before and after the maximum peak.  
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(c) 

Figure 5-8: The measured coupling efficiencies when the tip of SMF-28 is decentered along (a) X-

axis, (b) Y-axis and (c) Z-axis. 

 

                                  (a)                                                                     (b) 

Figure 5-9: An image of the output end of SMF-28 at (a) the position with maximum coupling 

efficiency and (b) decentered for some distance along X-axis. The change in the brightness of the core 

is visible. A reflection from the lens of the camera is also visible in (a). 

The curve of the alignment tolerance for the multi-core fiber is similar to that of the SMF-28. 

The curve of the measured coupling efficiency when decentering along X-axis shows that the 

coupling efficiency gradually decreases as the fiber tip is moved away from the optical axis. 

The curve of the measured coupling efficiency when decentering along Y-axis shows a 

second peak at approximately 0.45 mm away from the optical axis, but otherwise appears to 

be generally declining. When comparing the two, the alignment tolerance against decentering 

along Y-axis appears to be higher than along X-axis. The normalized coupling efficiency for 

xY-axis = 0.2 mm is approximately 75%, whereas for xX-axis=0.2 mm, it is approximately 42 %. 

This simulation result does not match the expected simulation result, which is a gradually 

declining curve similar to that of the alignment tolerance for decentering in X-direction. The 
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curve of the measured coupling efficiency when decentering along Z-axis shows the coupling 

efficiency gradually declining before and after the maximum peak. 
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                                          (c) 

Figure 5-10: The measured coupling efficiencies when the tip of the multi-core fiber is decentered 

along (a) X-axis, (b) Y-axis and (c) Z-axis. 
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                                    (a)                                                                      (b) 

Figure 5-11: An image of the output end of the multi-core fiber at (a) the position with maximum 

coupling efficiency and (b) decentered for some distance along X-axis. The change in the brightness of 

the core is visible. A reflection from the lens of the camera is also visible in (a). 

HeNe as a source 

The curve of the measured coupling efficiency when decentering SMF-28 along X-axis shows 

that the coupling efficiency gradually decreases as the fiber tip is moved away from the 

optical axis. The curve of the measured coupling efficiency when decentering SMF-28 along 

Y-axis shows that the coupling efficiency gradually decreases as the fiber tip is moved away 

from the optical axis, similar to decentering along X-axis. However, the alignment tolerance 

for decentering along X-axis appears to be slightly higher than along Y-axis. The curve of the 

measured coupling efficiency when decentering along Z-axis shows that there is second peak 

close to the lens, but the coupling efficiency is generally declining before and after the 

maximum peak. 
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(c) 

Figure 5-12: The measured coupling efficiencies when the tip of SMF-28 is decentered along (a) X-

axis, (b) Y-axis and (c) Z-axis. 

 

Figure 5-13: An image of the output end of SMF-28 at the position with maximum coupling 

efficiency. The bright core and a reflection from the lens of the camera is visible. 

The curve of the measured coupling efficiency when decentering LG-770 along X-axis shows 

that the coupling efficiency gradually decreases as the fiber tip is moved away from the 

optical axis. The curve of the measured coupling efficiency when decentering LG-770 fiber 

along Y-axis shows that the coupling efficiency gradually decreases as the fiber tip is moved 

away from the optical axis. There exist a second peak at xY-axis   0.3 mm, but is not a 

significant change. When comparing the two, the alignment tolerance for decentering along 

X-axis appears to be higher than along Y-axis. The curve of the measured coupling efficiency 

when decentering along Z-axis shows that the coupling efficiency is gradually declining after 

the maximum peak as expected. 
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                                          (c) 

Figure 5-14: The measured coupling efficiencies when the tip of LG-770 is decentered along (a) X-

axis, (b) Y-axis and (c) Z-axis. 

 

Figure 5-15: An image of the output end of LG-770 at the position with maximum coupling efficiency. 

The bright core is visible. 
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The curve of the measured coupling efficiency when decentering the multi-core fiber along X-

axis shows that the coupling efficiency gradually decreases as the fiber tip is moved away 

from the optical axis. The curve of the measured coupling efficiency when decentering along 

Y-axis shows a second peak at approximately 0.39 mm away from the optical axis, but 

otherwise appears to be generally declining. When comparing the two, the alignment 

tolerance against decentering along X-axis and Y-axis appears to be similar until x = 0.1 mm, 

where for both cases, the normalized coupling efficiency is approximately 20%. After that, 

the coupling efficiency along X-axis gradually decreases to 0% at xX-axis   0.2 mm. On the 

other hand, the coupling efficiency along Y-axis has a slower rate of decline and reaches 0% 

at xY-axis   0.8 mm. The curve of the measured coupling efficiency when decentering along 

Z-axis shows the coupling efficiency gradually declining before and after the maximum peak. 
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                                                  (c) 

Figure 5-16: The measured coupling efficiencies when the tip of the multi-core fiber is decentered 

along (a) X-axis, (b) Y-axis and (c) Z-axis. 
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(a) (b) 

Figure 5-17: An image of the output end of multi-core fiber at (a) the position with maximum coupling 

efficiency and (b) decenetered for some distance along X-axis. The bright cores and a reflection are 

visible in (a). 

5.3.2 PSF and MTF 

The figure below shows the measured PSF of the D8 lens. At 50% intensity, the diameter of 

the spot is approximately 75 μm. MTF obtained by a Fourier transformation of the PSF shows 

that the resolution drops below 10% at approximately 10 line pairs per mm. It stays below the 

10% line until approximately 43 line pairs per mm, where the resolution becomes 0. 
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Figure 5-18: The measured (a) PSF and (b) MTF obtained by a Fourier transformation of the PSF.  
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6 Conclusions and Outlook 

6.1 DOE and Biconvex Comparison 

One of the tasks of this thesis is to compare the performance of the DOE lens and the 

biconvex lens in a simulation. With respect to the maximum coupling efficiency, it appears 

that the DOE lens is the better performing lens. When coupled into a single-mode fiber, the 

maximum efficiency of the DOE lens is 90.95% for a laser diode and 99.87 for a HeNe laser, 

where as for the biconvex lens, it is 68.18% and 99.99%, respectively. The difference in the 

maximum coupling efficiency for a HeNe laser is only 0.12% and is not significant. On the 

other hand, the difference in the maximum coupling efficiency for a laser diode is 22.77%. 

Therefore, it can be said that the DOE lens is the better performing lens concerning the 

maximum coupling efficiency. 

Figure 6-1 compares the alignment tolerance against tilting when coupling a laser diode or a 

HeNe laser into a single-mode fiber through the two lenses mentioned above. In the case of a 

laser diode, the alignment tolerance appears to be slightly higher for the biconvex lens, but the 

difference is small enough to say that the performance of the two lenses with regard to tilting 

is the same. In the case of a HeNe laser, the alignment tolerance is virtually the same for both 

lenses, except for the second peak around 20~25° where the coupling efficiency for the 

biconvex lens is higher. However, up until approximately 10° where the coupling efficiency is 

virtually 0%, it can be said that both lenses perform the same. 
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                                       (a)                                                                        (b) 

Figure 6-1: The graphs show a comparison between the DOE lens and the biconvex lens with respect 

to tilting, with (a) a laser diode and (b) a HeNe laser as a source and a single-mode fiber as a receiver. 

Figure 6-2 compares the alignment tolerance against decentering along X- and Y-axes when 

coupling a laser diode or a HeNe laser into a single-mode fiber through the two lenses 

mentioned above. In the case of a laser diode, the alignment tolerance appears to be slightly 

higher for the DOE lens, but the difference is small enough to say that the performance of the 
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two lenses with regard to decentering along X- and Y-axes is the same. In the case of a HeNe 

laser, the alignment tolerance is virtually the same. 
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                                         (a)                                                                       (b) 

Figure 6-2: The graphs show a comparison between the DOE lens and the biconvex lens with respect 

to decentering along X- and Y-axes, with (a) a laser diode and (b) a HeNe laser as a source a single-

mode fiber as a receiver. 

Figure 6-3 compares the alignment tolerance against decentering along Z-axis when coupling 

a laser diode or a HeNe laser into a single-mode fiber through the two lenses mentioned 

above. Due to multiple peaks, an accurate comparison is not possible, but in the case of a laser 

diode, the alignment tolerance of the DOE lens appears to be higher overall and more stable. 

On the contrary, the alignment tolerance of the biconvex lens appears to be higher and more 

stable in the case of a HeNe laser as a source. 
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Figure 6-3: The graphs show a comparison between the DOE lens and the biconvex lens with respect 

to decentering along Z-axis, with (a) a laser diode and (b) a HeNe laser as a source a single-mode fiber 

as a receiver. 

In terms of PSF, the biconvex lens has a better spot with a diameter of 0.732 μm at 50% 

intensity, where it is 1.364 μm for the DOE lens. The biconvex lens is also better in terms of 

MTF. The resolution drops under 10% at approximately 180 cycles per mm as opposed to 

approximately 22 cycles per mm for the DOE lens. 

To summarize, the DOE lens better in terms of the maximum coupling efficiency. The 

alignment tolerance against tilting and decentering along X- and Y-axes for two different laser 

sources is basically the same. However, the DOE lens appears to have a higher and more 

stable alignment tolerance in the case of a laser diode, and the same can be said for the 

bicovex lens in the case of a HeNe laser. In terms of both PSF and MTF, the biconvex is the 

better performing lens. 

A mismatch between simulated PSF and simulated alignment tolerance was seen in some 

cases. The simulation result showed higher alignment tolerance than expected for relatively 

small PSF. This is likely caused by the difference in the distance Z2 between the lens and the 

receiver when simulating these values. In the laser diode-to-DOE-to-SMF system, the 

maximum coupling efficiency of 90.95% was realized with Z2 = 0.936 mm. However, the 

PSF was measured at the focal pint of the system, which was Z2 = 1.006 mm. This lead to 

higher alignment tolerance compared to the small PSF. 

6.2 D8 

In terms of coupling efficiencies, the experimental data did not match very well with the 

simulated coupling efficiencies. In the experiment, it was not possible to obtain the high 

coupling efficiency that was seen in the simulation results. As an example, figure 6-4 

compares the simulation and experimental results of a system with a laser diode and a single-

mode fiber when the fiber tip is decentered in XY-direction. It is apparent that the 

experimental result does not match the simulation result.  
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Figure 6-4: The alignment tolerance of a system with a laser diode and a single-mode fiber, obtained 

from (a) the simulation and (b)(c) the experiment. 

Figure 6-5 compares the simulation and experimental results of a system with a HeNe laser 

and a single-mode fiber when the fiber tip is decentered in Z-direction. Again, it can be seen 

that the results do not match very well. In most cases, the simulation results showed higher 

alignment sensitivity than the experimental results. 
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Figure 6-5: The alignment tolerance of a system with a HeNe laser and a single-mode fiber, obtained 

from (a) the simulation and (b) the experiment. 

The only match is the fact that more light is coupled into a multi-mode fiber than into a 

single-mode fiber in the simulation, which agrees with the experimental result. Furthermore, 

more light is coupled into a multi-core fiber than in the multi-mode fiber.  
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In the simulation, the PSF is simulated to be 3.085 μm in diameter at 50% intensity. As for the 

MTF, the resolution drops below 10% at approximately 328 cycles per mm. The PSF and 

MTF measured in the experiment do not match the simulation very well. The experimental 

data shows that the PSF is 75 μm at 50% intensity point, and the resolution drops below 10% 

at approximately 10 cycles per mm. 

In conclusion, the measurement results point to the fact that the optical performance of the D8 

lens is not perfect due to fabrication errors during the precise glass molding process. I would 

like to propose further geometrical measurements of the lens surface in order to determine the 

fabrication errors of the lens and compare the result with the theoretical simulation results. 

6.3 Outlook 

The mismatch between the simulation results and the experimental measurements could have 

been caused by lack of information in the simulation. Since ZEMAX is not able to simulate a 

fiber, the information which represents the core-cladding boundary should have been 

introduced. Due to this missing piece of information, all the rays which would have leaked 

from the core and into the cladding in practical situation were also calculated as a coupled 

light, resulting in higher coupling efficiency in the simulation than in the experiment. 

Furthermore, Fresnel losses were not taken into account in the simulation, which also could 

have played a part in higher simulated coupling efficiency. Information regarding the laser 

beam in the simulation could have differed from the actual beam used in the experiment. For 

more accurate simulation, the beam used in the experiment should be measured and 

characterized, and the obtained information should be used in the simulation to better reflect 

the actual system.  

There were also some technical difficulties and limitations which affected the results and the 

quality of the simulation and experiments.  

In the simulation, a multi-core fiber was not simulated for the complexity of the fiber. A 

newer version of ZEMAX or another optical simulation program could perhaps enable a 

simulation of a multi-core fiber. Due to a technical difficulty, the coupling efficiency shown 

in the geometric image analysis used for coupling into a multi-mode fiber did not respond to 

the tilting and decentering of the fiber tip, and was therefore calculated by hand. As 

mentioned before, a newer version of ZEMAX or another optical simulation program could 

perhaps enable a more effective and accurate simulation. 

In terms of experiment, alignment tolerances against tilting could not be measured due to 

technical limitations in the laboratory. Further experiments should be done in the future 

regarding tilting, where appropriate equipments are present. Measuring the coupling 

efficiency of a multi-mode fiber with a laser diode was not possible. This could be due to the 

low accuracy of the alignment of each component, since it was done by hand. An automatic 

alignment machine with motion control could solve this problem. The alignment accuracy 

could be improved also by using piezoelectric positioning stages. 

Other unknown factors may still exist which might have played a part in the mismatch 

between the simulation results and the experimental measurement results.  
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