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ABSTRACT 

The increasing demand for high bandwidth and density printed circuit boards is the 

motivation for replacing the traditional electrical connections with optical 

interconnects to carry high speed data. A new technology Circuits in Plastic (CiP) 

was developed to implement circuits on plastic substrates using a wide range of 

plastics. This method offers simple packaging, low cost and environmentally friendly 

products as well as water-proof circuit boards. 

This research reports a study of the design, fabrication and testing of multimode 

polymer optical waveguides formed in transparent substrates suitable for CiP 

technology. The surface mount electronics components and the optical waveguide are 

embedded and integrated in a PMMA substrate. The optical signal was coupled 

directly to/from the optical channel to form the optical circuits in plastic (O-CiP). The 

technique is also cost effective and environmentally friendly. 

The performance of waveguides fabricated using five different methods was 

examined; the coupling loss was found theoretically and experimentally. The 

propagation loss was less than 0.9 dB/cm which compares well with previous 

embedded optical waveguides. Furthermore, the bend loss at different bend radii and 

crossing loss at different waveguide widths were measured. In addition the 

characteristics of the direct modulated signal in the straight and bent waveguides were 

investigated including frequency response, group delay and impulse response. A high 

speed VCSEL and photoreceiver were used to conduct frequency response 

measurements using butt coupling and lens coupling methods at the receiver side 

using three different optical wavelengths (850 nm, 1310 nm and 1550 nm). 
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In order to implement a dense optical board, a substrate with two parallel waveguides 

and different separation distances were fabricated. The crosstalk between the 

waveguides was examined for different launching conditions, waveguide lengths and 

waveguide separation distances (595 µm, 195 µm, 95 µm and 70 µm).The crosstalk 

was less than -40 dB with 70 µm waveguide separation. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

For a long time copper has been used for electrical connections (EI) in electronics 

because of the high conductivity and low cost for both material and manufacturing. 

However, this type of interconnect is limited to low gigahertz data speed in printed 

circuit boards (PCB). The escalation in the demand for advanced systems and devices 

in both speed and density of the PCB has led to a need beyond the ability of the 

existing copper based interconnects. This bandwidth limitation has become the 

bottleneck in PCB design and performance. As a result, many techniques have been 

developed to provide the requirements of the PCB and to avoid the copper 

interconnect concerns such as waveguide impedance, power dissipation and 

electromagnetic interference. The optical printed circuit board (O-PCB) is considered 

the most promising technique to solve these problems and provide high data rate 

connections [1, 2]. 

Circuits in plastic (CiP) is a new technology designed to use plastic materials as a 

circuit board substrate (all electronic devices and the circuit components are mounted 

in the substrate). The printed connection paths between them are added and complete 

circuit is sealed completely by putting a cover sheet made from same substrate 

material the cover to the substrate in a thermal pressure step. The manufactured 

circuit using this innovative technology is water proofed and can be characterized as 

small size, light weight, flexibility, stability as well as can be employed for multilayer 

optical printed boards. These properties allow the circuits to survive in harsh 

environment conditions such as mechanical stress, humidity, dust, oxidation, 

atmospheric degradation and thermal dissipation [3]. In addition, this technology has 

numerous benefits for both economic and ecological circuits manufacturing reasons. 

Optical communication plays a vital role in high data rate long distance links such as 

metro and local area networks. For short distance applications (less than 1m) optical 

interconnects have been used to make a connection between chips on-board or 
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between boards. Many researchers have replaced the electrical interconnects by 

optical ones to facilitate the increasing clock speed of the chips. Figure 1.1 shows the 

increasing data rate for five chip types from 1995-2020 by the international 

technology roadmap for semiconductors (ITRS) [4]. 

The worldwide research in this field is limited to some extent by the fibre based 

optical interconnect. The reason for that is that industry has considerable experience 

in the design and manufacturing process of the electrical interconnects, and a change 

to a new technology needs a big R&D investment. So, to introduce this technology to 

the commercial field, the costs and the required printed circuit board area for this new 

technology should be competitive with the copper based electrical connections [5]. 

Two different types of optical connections have been suggested: free space and 

guided waves. The optical propagation in the second kind requires fibers or 

waveguide channels. 

 

 

Figure 1.1: On-chip bit rates and number of transistors per chip predicted by ITRS [4]. 
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1.2 Optical Interconnection 

Electrical connections fail to be simple solution as the demand for clock rates exceed 

10 Gb/s due to increased loss, skin effect and impedance mismatch. Optical 

interconnects have many advantages over copper once as shown below. 

The EI system has many limitations including impedance mismatch, frequency 

dependent loss and crosstalk. There are some loss parameters that affect the EI at high 

frequency. Firstly, the skin effect results from the dense current distribution near to 

the conductor surface which increases the interconnection resistance. The dielectric 

and conductor losses of the electrical lines increase with the system speed, so the two 

loss mechanisms increase the power consumption for high speed EI with increasing 

operation frequency [6-8]. 

There are additional issues that limit the performance of electrical printed circuit 

boards. First, electrical interconnects suffer from the scaling limit, where the loss 

depends on the modulated bit rate (limit the bit rate capacity). A longer electrical wire 

has a larger aspect ratio limit (the ratio between the length and the cross-section 

dimension of the longest interconnect) which leads to a lower bandwidth especially at 

bit rates higher than 10 Gb/s while the optical interconnects do not have this problem. 

Second, the electrical connections are susceptible to crosstalk and intersymbol 

interference (ISI) resulting from the capacitive coupling and impedance mismatches 

which becomes a problem at high data rates leading to errors at the receiver circuit 

and an increase in the BER. An increase in the interconnect density increases the 

crosstalk. The crosstalk between the conductive tracks is -13 dB [9] when the space 

between the tracks equals the track width. The crosstalk decreases with the increasing 

of the track spacing. For example, a 3 mm track width, 50 mm long and 8 mm space 

the far field electrical crosstalk was about -30 dB (resulting in -15 dB crosstalk when 

considering optical transmission) and -12 dB for 3.5 mm trace space and 2 GHz 

frequency [9-11]. To solve problems that occur due to impedance mismatch, 

additional components must be added and these add to the power requirements of the 

whole circuits. 

There are a number of suggested solutions in the architecture designed to improve the 

EI bandwidth, power consumption and packaging density at high speed operation 

however a trade-off still exists. Optical interconnect (OI) technology is the most 
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promising solution to the current board EI problems because there is minimum power 

consumption and crosstalk is very low. As the separation between interconnects can 

be smaller than those for the electrical wires, the track density will be higher [5, 12]. 

A variety of optical interconnection technologies have been investigated by many 

researchers. Review of OI and its board circuits/components and packaging is 

reported in Chapter 2. 

 

1.3 Thesis Contributions 

This research work contributes to the fabrication techniques for different waveguide 

structures that suit optical circuits in plastic (O-CiP) application. This technology can 

be used to reduce the board packaging complexity and to develop environmentally 

friendly optical boards at higher than 10 GHz operating frequency. The thesis 

contributions are: 

 Implementation and comparison of five different waveguide fabrication 

methods; Polymethyl methacrylate (PMMA) was used as a cladding 

material and a photo-resist epoxy (SU-8) as a core. The waveguide 

propagation loss at three different optical wavelengths was measured 

including the experimental study of all loss components in bent waveguides. 

 Design and fabrication of an O-CiP for the first time, all the board elements 

including waveguides are all embedded in plastic substrate instead of FR4. 

Four steps in manufacturing process were involved and a simple coupling 

method and uncomplicated cost effective packaging were illustrated. The O-

CiP board is a RoHS and lead free technology so the implemented board 

reduces the environmental impact and can be recycled with some parts 

reused. 

 Fabrication of dense multimode optical waveguides with a 70 µm separation 

distance and crosstalk less -40 dB using dicing saw cutter method. 

 

 



5 
 

1.4 Chapters Summary 

Chapter 2 

This chapter presents a review of the work published by researchers. It discusses the 

short optical interconnect types briefly with a focus on polymer optical waveguides 

fabrication and performance limitations. The components, packaging and 

performance of the optical board are reviewed. Most common coupling methods are 

reported and the advantages and disadvantages of each one are highlighted. 

Chapter 3 

The principle of the optical signal propagation in the multimode planar optical 

waveguide is introduced. The light source and the detector that are most suitable for 

short range optical interconnections are discussed briefly. The link budget of the 

square cross-section straight and bent waveguides is calculated. 

The roughness of the waveguide surface, sidewall and endface impact on the 

waveguide performance are presented. 

Chapter 4 

This chapter outlines the optical waveguide fabrication process in detail. Starting 

from all of the fabrication techniques used for optical waveguide groove (straight, 

bent and crossing) machining, then the filling and curing process and ending with 

optical waveguide core sealing with the top cladding sheet. The points in favour of 

and against for each method are discussed. 

The design, fabrication steps and packaging of the O-CiP with all components 

embedded in plastic substrate is shown and the propagation loss for the embedded 

waveguide at 650 nm is measured. The near field profile (NFP) for the light emitting 

diode (LED) source was determined. 

Chapter 5 

Propagation loss, bending loss, crossing loss, mode profile, and the frequency 

response including group delay and impulse response were measured and analysed. 
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A surface smoothing method is presented and the propagation loss before and after is 

compared. 

The crosstalk for the waveguide machined by dicing saw cutter at different 

waveguide separations is reported. The impact of waveguide separation, length and 

launching condition on the crosstalk are studied and measured. 

Chapter 6 

The thesis conclusion and possible future research work are presented in this chapter. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

This chapter provides a brief literature review of the status and technology 

development in high speed optical interconnect research. This includes optical printed 

circuit board (O-PCB) devices and components, packaging and performance. A brief 

summary and comparison is made for the current researches on O-PCB. 

 

2.2 Short Range Optical Interconnection 

Since the late 1980s, optical fibers have been used with optoelectronic devices for 

long haul communication applications. Wavelength division multiplexing technology 

has been used to solve the bandwidth bottleneck resulting from the transceiver 

electronic components and huge bandwidths can be achieved using optical fibers [1]. 

According to the media and structure of the optical link, there are two types of optical 

interconnects: free space and guided wave interconnects. The fiber based and polymer 

waveguide based optical interconnects are subcategories of the guided wave channels. 

The polymer interconnection is a promising technology for optical circuit boards 

However, the transmitter and receiver optoelectronic devices are similar for both 

guided wave types [2]. 

The free space optical interconnect (FSOI) is suitable for chip-to-chip and board level 

interconnects because of high bandwidth, no mutual interference, and simple 

architecture. However, it is difficult to implement especially for high and ultra-high 

speed interconnects. The main obstacles in the high speed FSOI are the alignment 

accuracy between the detector and the source and the packaging reliability. There has 

been a lot of research done in this type of interconnect for short range distance 

applications [3]. Zheng et al. [4] used the FSOI for data distribution from/to memory 

chips in multi-chip modules (MCM) to improve the system performance and speed. 

They implemented four one dimensional arrays for both vertical cavity surface 
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emitting laser (VCSEL) and metal semiconductor (MSM) detector. Each array has 12 

channels and a data speed of 400 Mb/s was achieved for each channel. Esener and 

Marchand [5] surveyed recent FSOI research and discussed the upcoming 

developments. They concluded that in order to improve the FSOI: 

 the alignment tolerance can be enhanced by using a tapered lens array, 

 using an active alignment techniques instead of passive ones to reduce the 

power consumption, and 

 improving the packaging by employing the computer aided design (CAD) 

tools which capture the two modules the electronic circuits and subsystems 

and the optoelectronic components and subsystems. 

Vervaeke et al. [6] investigated the system performance and alignment tolerance 

between the components for MCM level FSOI using a mechanical Monte Carlo 

analysis and optical solution tools. Vast calculations were done on their prototype 

system to analyse and optimize the system components and alignment tolerance to 

improve the efficiency and decrease the loss. However, the chip bonding of the 

optical interconnection module and VCSEL/PD array was not optimized. 

The fiber optic interconnect has been developed to achieve high bandwidth 

connections over a short distance inside the electronic systems as an alternative to 

electrical connections. They have many advantages over the conventional 

interconnects such as light weight, low loss and large bandwidth which offer high 

transmission speed. An ultra-precision micro-machining technique was used to 

fabricate a 2D fiber bundle of connectors for fiber arrays in the interconnection boards 

[7]. In addition, using multimode fiber (MMF) interconnects instead of single mode 

fibres leads to improved coupling efficiency of the board because of the higher value 

of the numerical aperture and area cross-section. In this way the component 

alignment is simpler and the cost is lower [8]. Cryan [9] implemented a two 

dimensional (8×8) MMF array to connect the two dimensional arrays of both sources 

and detectors. The measured attenuation loss using the cutback method was 0.5 dB/m 

at 700 nm and the recorded bandwidth of the optical fiber array was 5.8 GHz. 

A sufficient integrated density and data rate can be achieved by using the VCSELs. 

The VCSEL based FO interconnects offer low coupling losses (less than 3 dB) and 

low manufacturing cost. Kuchta et al. [10] attained a speed of 120 GB/s using 
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VCSEL based fiber optic interconnects. They designed an optical link with 12 

channels optical fiber of 10 Gb/s each for transmitter and receiver circuits. They 

achieved a bit error rate (BER) less than 10-12 for all channels. 

In spite of the low transmission loss and thermal stability of the glass fiber, the 

minimum radius of curvature achieved was 10 mm. Tighter bends lead to high loss 

and limit the space savings on the board. Plastic optical fibers (POFs) have been used 

as an alternative to glass fibers over short distances because of the small bending 

radius (1-2 mm), low cost production and high coupling efficiency with VCSEL. 

Nyer et al. [11] presented 8×8 POF interconnects of more than 1 Tbps data rate. They 

used 125 µm POF terminated by ST connectors and fabricated 2D POF array using 

grooved plates to ensure an accurate position and alignment of the POF. However, the 

performance of the optical link is affected by the fiber endface roughness which 

induces extra loss (about 0.17-1 dB) for each endface. This loss depends on the 

endface preparation technique. 

The fiber based optical interconnects cannot achieve a high interconnection density in 

both board and chip level interconnects because of the problems of bending and 

coupling large number of fibers. 

Polymer based optical interconnects are discussed in more detail in the next section 

which shows the reason of the choosing this type of interconnection used in the 

thesis. 

 

2.3 Polymer Optical Interconnect for Printed Circuit Boards 

In the last decade, many researchers have investigated the performance of embedded 

waveguides. Polymer waveguides have been used as alternatives to embedded fiber 

arrays to achieve higher data rate, density, coupling efficiency and lower cost. Many 

ways have been suggested to establish chip to chip connections based on polymer 

optical waveguides in circuit boards. In the earliest stage, studies have been made to 

develop and manufacture high speed optical interconnects on circuit boards. Jelly et 

al. [12] constructed an on-board 1.7 inch long single polymer optical ridge waveguide 

of a core size 50 µm×80 µm. An edge emitting AlInGaAs laser source was butt 

coupled to the channel. Using a metalized 45° mirror, the light was coupled from the 
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waveguide to a PIN photodetector as shown in Figure 2.1. The measured propagation 

loss of the waveguide was 0.2 dB/cm. 

A vertical cavity surface emitting laser (VCSEL), photodetector and driver circuits 

were used to perform electro-optical and opto-electrical conversion. Two layout 

methods were used to integrate them into a printed circuit board. First, by mounting 

the optoelectronic components on board using surface mount technology (SMT) as 

shown in Figure 2.2.a, a 45° deflection optical beam was achieved using micro 

coupling optical elements such as mirrors and  lenses to overcome the 90° bend and 

to improve the coupling efficiency of the transmitter and receiver to the waveguide. 

Secondly, the optoelectronic circuits (LD and PD) were mounted and integrated into 

the board vertically; a flexible electrical cable was needed to overcome the 90 bend 

as shown in Figure 2.2.b [13, 14]. 

 

 

Figure 2.1: Single optical ridge waveguide for on board optical interconnect [12]. 

 

 

(a)                                                                            (b) 

Figure 2.2: Two layout methods of LD and PD, (a) on the top of the board (b) in the board [13]. 

 

Chen et al. [15] presented optical interconnects fully embedded in a board. The 

polymer waveguide and the optoelectronic devices were embedded to reduce 

packaging difficulties and costs and to make the circuit board more reliable by 



13 
 

shielding it from harsh environments. However, thermal management was the main 

challenge in this technology. All board components (VCSEL, metal–semiconductor–

metal (MSM) photodetector, 12 polyimide channels, and the waveguide coupling 

components) are embedded to form the high speed optical connections. The tilted 

grating (discussed later in section 2.4.4) and the 45° total internal reflection mirrors 

(TIR) were fabricated within the waveguide channel to perform the light coupling to 

and from the waveguide. 

Multilayer multichannel optical waveguides were developed to achieve high density 

optical connections. Ryu et al. [16] fabricated two layers; each with 50 multimode 

polymeric optical waveguides using a simple and cost-effective method. A hot 

embossing technique was used to make 50 µm×50 µm waveguides with a pitch of 

250 µm. The channel distance between the two layers was 150 µm and the refractive 

index difference between the core and the cladding was 0.75%. Structural 

optimization was simulated using the beam propagation method (BPM) to avoid 

optical signal coupling between the layers. The researchers found that there is no 

coupling loss between each layer; the propagation loss was 0.1 dB/cm - 0.2 dB/cm, 

the channel uniformity was less than 0.5 dB and the fabricated positional tolerance 

was less than ±5 µm. 

Multimode polymer waveguides can be employed as useful passive components such 

as crossing, bending (90° and S-shaped), splitter/combiner and coupler to achieve 

complex on-board level topologies. Flexible routing allows for many different 

applications. The crossing waveguide (an alternative to electronic visa on circuit 

boards) offers an important feature in high speed on-board optical interconnect by 

decreasing the optical path length and hence increasing the interconnection density 

which results in minimizing the board complexity and reducing the layer numbers. 

Nevertheless, the crosstalk value in the adjacent optical waveguides increases with 

the crossing number and depends also on the launching conditions. For example for 

100 crossings, the crosstalk value is increased by about 0.6 dB and 1 dB when using 

SMF and MMF for light coupling from the LD to the waveguide, respectively [17]. 

Kim et al. [18] studied the crosstalk in a crossing waveguide that based on tilted 

multimode interference (MMI) structure with 110˚ crossing angle. The light was 

focused into the waveguide by a lens and it was collected by a lensed fiber. The 

excess crossing loss was 0.29 dB per crossing at 1550 nm wavelength and the 
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measured crosstalk was -44 dB which was enhanced by more than 14 dB when 

compared with the 90˚ crossing angle. 

The bent waveguides are also important in on-board optical routing to attain curved 

paths and provide connections between points without using additional passive 

components. The loss in the curved waveguide depends on some parameters: the 

waveguide index contrast, the waveguide dimensions, waveguide power distribution 

and the bending radius.  For a 50×50 µm² waveguide and 0.02 index contrast, less 

than 1 dB bending loss was attained at 4.5 and 8 mm curvature radii when using SMF 

and MMF for coupling from the source to the waveguide, respectively [19]. In 

addition, negligible bending loss was achieved for the same waveguide dimension 

when the bending radius was greater than 20 mm with an index contrast of 0.03 [20]. 

The Y splitter and combiner were used to split and combine multiple optical signals. 

Because of the high loss induced from the splitter/combiner passive components they 

are used only if the link budget is high enough to support this loss. For example, the 

insertion loss for a 8×1 combiner and a 1×8 splitter in case of SMF launch reaches 4 

dB and 10 dB, respectively. The multimode coupler is useful in the high speed O-

PCB to achieve high power splitting [19]. 

2.3.1 Polymer Waveguide Interconnects 

The cross-section area of the core for optical waveguides should be of the order of 

tens of microns to be suitable with current PCB manufacturing, which means the 

connections are multimode optical waveguides [21]. 

The optical board cost and complexity (coupling method and layers number) as well 

as the waveguide performance depend on the chosen fabrication method. Many 

parameters are significant when the fabrication method is chosen. Some recent papers 

about the fabrication techniques, dimensions and refractive indices of the polymer 

waveguide interconnects are summarised in the following paragraphs.  

Many types of polymer materials have been investigated for both core and cladding 

such as SU-8 epoxy as core material and MR-L6100XP as cladding material [22], UV 

curable epoxy for core material and Polymethyl methacrylate (PMMA) for cladding 

[23] and UV-curable combines from both acrylate and methacrylate polymer 

materials with a refractive indices 1.5265 and 1.5560 for both core and cladding, 

respectively [24]. 
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Snakenborg et al. [25] used a direct milling method to fabricate 100 µm×100 µm 

waveguides. The process was done directly on the core layer after spin coating the 

core material (SAN-PMMA) on the substrate layer (PMMA). The propagation loss 

was approximately 1 dB/cm in the visual wavelength. 

Lee et al. [26] fabricated a 2.5 Gbps four channel polymer optical interconnects with 

a built in 45° micro mirror using UV imprinting technology (see Figure 2.3). Before 

the waveguide fabrication, a silicon mould equipped with 45° slope endface was 

made by etching the substrate with potassium hydroxide (KOH) saturated isopropanol 

to make the vertical coupling path and 45° slope. This mould was used to fabricate 

the optical waveguide interconnect using UV embossing. The UV curable polymer 

material (1.45 refractive index) was used as the waveguide cladding layer and a 1.47 

refractive index served as a core layer. The resulting waveguide dimension was 50 

μm×50 μm with a length of 7 cm. 

Lee et al [27] fabricated an integrated optical printed circuit board having an array of 

12 multimode polymer waveguides of 50×50 μm² core size, 1.475 core refractive 

index, 1.455 cladding refractive index and 70 mm length with a 250 μm pitch 

distance. The waveguides were fabricated using UV embossing and provided 45° 

mirrors to achieve the coupling from the VCSEL/PD to the waveguides. The total 

loss between the optical transmitter side and the optical waveguide was 7.9 dB when 

a 2 mW optical signal of a 10 Gbps speed was transmitted from the VCSEL. 

Zakariyah et al. [24] integrated a polymer optical waveguide into a FR4 printed 

circuit board using laser ablation. Three different laser sources were used to make the 

waveguide. The processing procedure, primary results and the resulting shape of the 

waveguide for each laser type were reported. 

Two types of polymers: Truemode (Exx formulation) and plysiloxane 

(OE4140/OE4141) were ablated using three types of laser sources: Eximer, UV Nd: 

YAG and CO2 to pattern the optical structure. The fabrication procedure for polymer 

waveguides involved three steps, as illustrated in Figure 2.4. First, disposing the core 

and under cladding polymer layers on FR4 using spin coating. Then, the laser was 

used to make grooves in the core layer, and the resulting ribs between the grooves 

become the channel waveguides. After cleaning the structure, the over cladding layer 

(also fabricated by spin coating followed by UV cure and oven baking) was put over 

the fabricated polymer waveguide to ensure the total internal reflection (TIR) and 

http://en.wikipedia.org/wiki/Potassium_hydroxide
https://dspace.lboro.ac.uk/dspace-jspui/browse?type=author&value=Zakariyah%2C+Shefiu+S.
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protection. After completing the fabrication process, a Smart Scope® Flash™ 200 

system was used to test the waveguide paths. 

Yoon [28] studied the propagation loss of multimode polymeric waveguides 

fabricated using a hot embossing process. The author presented the effect of sidewall 

roughness on the insertion loss and propagation loss. He made a polymeric 

waveguide with about 9 nm root mean square (RMS) sidewall roughness and 0.1 

dB/cm propagation loss at 850 nm using a hot embossing technique. Figure 2.5 shows 

the fabrication process which starts with the preparation of the silicon master and 

waveguide channel pattern using photolithography and deep reactive ion etching. The 

silicon master has 42 µm and 43 µm width and height, respectively. The fabricated 

waveguide pattern was placed above the PMMA under the cladding sheet (1.489 

refractive index at 850 nm). A hot embossing (150°C heat and 0.35 MPa pressure) 

was applied to the structure. After de-embossing the pattern, the waveguide was filled 

with a UV curable core material of a 1.508 refractive index at 850 nm. Then an over 

cladding layer PMMA was put over the core in the presence of pressure and UV light. 

 

 

 (a)                                                                                     (b) 

Figure 2.3: Fabrication steps of polymer waveguide using UV imprinting technology [26]. 
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Figure 2.4: Fabrication steps of polymer waveguide using laser ablation [24]. 

 

 

Figure 2.5: Polymer optical waveguide fabrication procedure by using hot embossing process [28]. 
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Ryu et al. [16] proposed a simple and cost effective method to fabricate a double 

layer polymeric optical waveguide of 100 channels using a single Ni stamp and 

passive alignment on both sides of the layer, using a hot embossing technique. The 

size of the designed waveguide was 50 µm×50 µm with a pitch of 250 µm and the 

channel distance between the two layers was 150 µm. The fabrication process 

required two hot embossing steps, one for each layer. In the first hot embossing 

procedure the pressure was applied on the PMMA sheet of 250 µm thickness after 

putting a Ni stamp (with dimension 140 mm×20 mm×3.1 mm and 50 ribs) on it. In 

the second hot embossing process the bottom layer of the polymer was fabricated by 

using the first fabricated pattern after coating it with a buffer layer for protection. The 

pattern was inserted with the stamp into a metal desk template which was used as a 

passive alignment technique on both sides of the polymer. After constructing the 

middle clad layer, a double layer optical waveguide was fabricated by using curable 

resin or dropping liquid core resin into the middle clad to make a contact of PMMA 

sheet with the middle clad. Finally, UV light was applied for 5 minutes in N2 

atmosphere at 15 bars pressure. The researchers achieved almost perfect coupling 

without loss between the layers, the propagation loss was 0.1 dB/cm - 0.2 dB/cm, the 

polarization independent loss was below 0.2 dB, the channel non-uniformity was less 

than 0.5 dB and the fabricated positional tolerance was less than ±5 µm. 

The laser ablation and milling fabrication methods are considered the most cost 

effective methods and they suit the circuits in plastic technology. These two methods 

are reported later to machine waveguide grooves and optical/electronic elements 

pockets. 

2.3.2 Performance of the Polymer Waveguide Interconnect 

The quality of the optical signal is affected by the optical waveguide characteristics. 

The performance of the polymer optical interconnect should be evaluated by 

measuring the waveguide loss components and the environmental reliability using 

simulation as well as experimental and analytical methods. As the waveguide 

propagation loss is considered the dominant loss in optical waveguides, many 

methods have been used to investigate and calculate it. The cutback method is the 

most common and simple method and was chosen for the propagation loss 

measurement in the next chapters. The measurement of transmission losses is done 
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directly by comparing the transmittance of waveguides having different lengths by 

cutting a waveguide and then cleaving and polishing the facet of the waveguide edges 

before performing each optical power measurement. 

Papakonstantinou et al. [29] investigated the loss components of a bent polymer 

waveguide using the BPM and experimental evaluations. They grouped the losses in 

the polymer waveguide into four categories: input and output coupling losses, 

waveguide transition loss, bend radiation loss and waveguide propagation loss. They 

used a group of waveguides with multiple bends (nested bend method) as an 

alternative to cutback method to measure the propagation loss for three different 

waveguide dimensions: 50 μm×50 μm, 75 μm×50μm and 100 μm×50 μm. They also 

determined the waveguide bending loss at several bend radii and they found that the 

minimum loss of 0.74 dB was achieved when 50 μm×50 μm waveguide was 

fabricated with a bending radius of 13.5 mm. 

The prism sliding method requires a long time for measurements. Wang et al. [30] 

proposed a fast real time method to measure the loss coefficient accurately even for 

the lower loss polymers (0.04 dB/cm at 980 nm). They coupled a CCD camera to a 

lens imaging system to observe and catch the scattered light as an image. The process 

takes few seconds to evaluate the optical waveguide performance as well as the 

propagation properties. 

Sugihara et al. [31] introduced a simple and reliable time saving method to measure 

the propagation loss in polymer optical waveguides called the 45° angled cut method. 

The waveguide test unit consisted of parallel waveguides fabricated on a rectangular 

substrate. This was cut at a 45° angle (see Figure 2.6). The resulting lines have 

different waveguide lengths. An 850 nm transmitter launched the light into the optical 

waveguides via a graded index fiber 50/125 μm. The authors performed the 

measurement process using both the traditional cutback method and the 45° angled 

cut method. Almost the same propagation loss value was attained: 0.09 dB/cm and 

0.08 dB/cm for the cutback and the 45° angled cut methods, respectively. 
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Figure 2.6: Propagation loss measurement using 45º-angled cut methods. Seven identical waveguides 

were fabricated on a board (left image). The boards was cut diagonally which results in waveguides of 

different lengths and the attenuation loss in each length was measured (right image) [31]. 

 

Some researchers attempted to find a scaling rule to increase the density of the 

polymer optical waveguide integration and to decrease the propagation loss by 

minimizing the waveguide sidewall roughness. Simulation and calculation studies 

were performed by Lee et al. [26] to find the optimum separation distance between 

the waveguides with less than -20 dB crosstalk after a 100 mm propagation distance 

and the best waveguide width. A beam propagation method was used to get the 

results. They found that 46 waveguides can be fabricated in a 1 mm wide substrate if 

the refractive index difference is 0.01, the separation distance is 14 μm and the 

waveguide width is 7 μm. In addition, they noticed that the number of fabricated 

waveguides in the same space can be increased to 67 if the refractive index difference 

is increased to 0.02. 

The authors conducted a study to reduce the waveguide transmission loss by 

minimizing the waveguide sidewall roughness. They found that the reduction of the 

surface roughness for the silicon master (waveguide pattern/mould) results in 

reducing the waveguide transmission loss. An experiment was done using a silicon 

master with different values of roughness (14, 12 and 8 nm) in the waveguide 

fabrication. The recorded propagation loss at 850 nm was 0.7, 0.3 and 0.1 dB, 

respectively. The characteristics of the waveguide structure and the propagation were 

measured using a near field scanning optical microscope (NSOM). In addition, a new 

technique was used to examine the propagated light in the waveguide clearly. By 

stripping the waveguide cladding and putting an index matching liquid, the probe is 

closer to the core and hence examines the evanescent field clearly. 
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The reliability of the optical polymer waveguide performance in harsh environments 

and subjected to mechanical stress has been studied by Immonen et al. [32]. The 

effect of aging namely, heat, humidity and ionic contamination to both the structure 

and the properties (refractive index and transmission loss) of the polymer waveguide 

was studied using two different waveguide materials; acrylic Truemode, which has a 

propagation loss less than 0.1 dB/cm, and epoxy SU-8 which was considered a cost-

effective polymer material. Three different optical printed circuit board (O-PCB) 

designs were constructed. The propagation loss, insertion loss, surface roughness and 

the refractive index were measured before and after the tests. They found that the 

structure of the embedded waveguide inside the board was more stable than the 

optical surface build-up structures as the optical layer was laminated inside the FR4 

board. A slight increase was recorded in the propagation loss value after the 

accelerated temperature shock test. However, the propagation loss was increased 

significantly for O-PCB-B from 0.38 dB/cm to 0.5 dB/cm and dramatically for 

OPCB-A from 0.4 dB/cm to 2.88 dB/cm. In addition, no significant change was 

noticed for the refractive index values (increased less than 1%) for all cases. 

 

2.4 Components of the O-PCB Technology 

The electronic and the photonic devices as well as the coupling between the photonic 

components and the high speed optical polymer interconnects in the O-PCB are 

important. These technologies are reviewed in this section. 

2.4.1 Light Sources 

The optical source is an active component on the printed board. In the giga-bit rate of 

optical interconnection, the optical source should meet many requirements. Light 

emitting diode (LED) and VCSEL have been used for short distance optical fiber data 

transmission for many years. However, LEDs are not suitable for high modulation 

bandwidth while VCSEL has reached tens GB/s [33, 34]. The VCSEL is considered 

the most promising light source for high speed applications because of its many 

advantages especially in the short distance interconnects. The VCSEL has been 

fabricated to emit the light for several different wavelength bands. Firstly, the 850 nm 

and 980 nm VCSELs have been manufactured on an AlGaAs substrate. Later, 1310 
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nm and 1550 nm VCSELs were developed based on an InP substrate. Moreover, a 

650 nm VCSEL was used as a light source for high speed plastic optical fiber (POF) 

technology in which the PMMA material is used as fiber core [34, 35]. 

Hofmann et al. [37] developed a monolithically integrated 2D 1.5 μm VCSEL array, 

and integrated 8×8 channel optical interconnects. The signal data rate was 10 

Gb/s/channel (direct modulation and transmission along a standard single mode fiber 

(SSMF)). 

However, the 850 nm VCSEL is the favoured source at high data rate waveguides 

because of the low loss of polymer materials at this wavelength. In addition, it has 

been used for a long time as standard in fiber based optical interconnections. 

Recently, the 980 nm waveband VCSEL was used to mount it on a chip directly 

because the 980 nm VCSEL substrate is transparent. This is not true for the 850 nm 

VCSEL substrate. Hofmann et al. [34] designed and implemented a 980 nm VCSEL 

for high speed optical interconnect applications such as intra-chip, chip to chip and 

board to board. They followed a highly optimized construction procedure to achieve 

38 Gb/s VCSEL at 85°C and 44 Gb/s at 25°C. W. Hofmann et al. [38] also developed 

980 nm VCSEL with 6 μm aperture which can operate at higher temperatures and 

work properly with a 12.5 Gb/s bit rate at 155°C and up to 25 Gb/s at 120°C. 

2.4.2 Photodetectors (PDs) 

Many parameters affect the functionality of a photodetector including the operating 

wavelength, bandwidth and responsivity. Table 2.1 illustrates the most important 

parameters for common detector types such as material, wavelength range, 

responsivity etc. The positive-intrinsic-negative (PIN) diode detector is the most 

common detector type in the optical interconnection field. It has higher quantum 

efficiency and smaller dark current, the avalanche photodiode (APD) has higher 

responsivity but more noise and the metal semiconductor metal (MSM) photodetector 

is also used for short distance optical interconnect applications because it has a very 

low capacitance per unit area so devices can have a large active area without having a 

significant effect on the receiver bandwidth and hence can achieve easy optical 

coupling and a relaxed alignment requirement but it has poor responsivity and higher 

noise. The selection of the detector mainly depends on the application requirements. 
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Liu et al. [41] fabricated a high speed link operating at speeds up to 15 Gb/s using a 

Ge PIN photodetector on a Si substrate to detect a wide range of wavelength 650-

1650 nm. This can be used to detect the optical signal in both telecommunication and 

high speed optical interconnect applications. Their photodetector has 0.55 A/W and 

0.68 A/W responsivity at 850 nm and 980 nm, respectively, 8.8 GHz bandwidth, 0.18 

pF capacitance and 90% quantum efficiency. 

Yu et al. [42] fabricated a MSM PD based on Si substrate with 919 MHz bandwidth, 

0.23 A/W responsivity operating at 850 nm wavelength. Ciftcioglu et al. [43] 

fabricated a Ge MSM PD with a sufficient active area (47×47 μm²) and a 3dB 

bandwidth (more than 10 GHz). The PD works at 850 nm with a 40 pF capacitance 

and has 0.23 A/W responsivity. 

Marshaa et al. [44] developed APD on InAs substrate with 3.5 GHz, 580 GHz gain 

bandwidth product and 3 A/W responsivity at 1550 nm. 

 

Table 2.1: Characteristics of several common photodetectors [39, 40]. 

PD 

type 

Material and wavelength 

range (nm) 
Responsivity (A/W) 

Quantum 

efficiency (%) 
Capacitance 

PIN 

Si (400-1100) 

Ge (800-1600) 

GaAs (650-870) 

InGaAs (1100-1700) 

InGaAsP (800-1650) 

0.4-0.95 depending 

on the wavelength 

and material 

30-95 0.2 fF-5 fF 

APD 

Si (400-1100) 

Ge (800-1650) 

InGaAs, InP (900-1700) 

3-130 depending on 

the wavelength and 

material 

30-80 0.1 pF-1.5 pF 

MSM 

GaAs(400-1650) 

AlGaN (UV region) 

InGaAs (1300-1500) 

AlGaAs at 846 

0.4-0.7 - 100 fF-0.1 pF 

 

2.4.3 Electronic Circuits 

The bandwidth of the optoelectronic circuits such as receiver and driver circuits and 

the modulation type have a big impact on the optical interconnect data rate. For link 

lengths less than 1 m the VCSEL is used as a source because of its advantage in the 

board and chip level and can be modulated with a very low current value. Recent 
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researchers reported that the complementary metal-oxide-semiconductor (CMOS) 

technology is the most attractive because it provides a high level of interconnection 

for driver and receiver ICs and low cost as well as low power consumption. They 

must meet requirements such as modulation type, small jitter decline, stable with 

temperature change and automated power control [45]. In general, there are two main 

classes of optical modulator: direct modulation and external modulation. The latter is 

preferred in ultra-long, long and medium haul distances while for short distances the 

direct modulation is used. Cadien et al. [46] suggested the conditions required in the 

on-chip CMOS modulator (see Table 2.2). 

The emergence of monolithic driver and receiver IC technology provides a high 

integration of parallel transceivers. Furthermore, a transimpedance amplifier (TIA) 

has been used at the receiver side to amplify the photocurrent and improve the 

receiver performance. Matsuoka et al. [47] developed 1 Tb/s OPCB which has 20 

Gb/s/channel transmitter/receiver data rate and consists of 48 channels using low 

power CMOS ICs and SiGe TIA. The transmitter consists of direct modulation, lens 

integrated surface emitting laser (LISEL) array and a driver IC. The receiver module 

composed of lens integrated photodetector (LIPD) and SiGe TIA. The power 

consumed by the transmitter and receiver were 7.1 mW/Gb/s (2.6 mW/Gb/s for LD 

driver) and 8 mW/Gb/s (3 mW for TIA), respectively. The laser diode biasing current 

was 30 mA and PD biasing voltage was -2 V. 

Bamiedakis et al. [48] suggested and implemented a low cost optical transceiver 

composed of electronic and photonic components, multimode polymer Y splitter and 

electro-optic connectors integrated onto FR4 PCB to provide a 10 Gb/s duplex data 

transmission. The transmitter module was based on 11.3 Gb/s VCSEL driver and 850 

nm 10 Gb/s VCSEL. The receiver side consisted of 11.3 Gb/s TIA and GaAs PD. The 

Y splitter/combiner utilized the interface of the source/detector with the optical 

waveguide layer. 

2.4.4 Coupling Between the Optical Components 

Achieving a robust and high efficiency coupling between the optical interconnects 

and the laser diode/photodetector is considered an important and challenging part in 

the O-PCB. Coupling can be employed between two solid waveguides 

(waveguide/waveguide, optical fiber/waveguide and waveguide/optical fiber) and/or 
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between free space and optical waveguide (optical source/waveguide and 

waveguide/photodetector). However, to couple light in free space efficiently to the 

waveguide, micro coupling optical elements such as lenses, pillars and micro mirrors 

may be needed to collimate the beam. Butt coupling is a suitable coupling method as 

it provides the lowest coupling loss and can be used when the two elements are very 

close to each other (no area and numerical aperture mismatch losses). It is used in this 

thesis to couple the fiber to the waveguide and to couple the waveguide to PIN 

detector. Lens coupling is also used to do the coupling between the waveguide and 

detector. The common optical interconnection coupling methods for some recent 

papers are discussed. 

The transverse coupler is the simplest coupling method. The light is launched directly 

or by using a micro coupling optical element, from one waveguide to another. This 

type of coupling is grouped into direct coupling (end fire coupling) and end butt 

coupling which is similar to the end fire coupling but achieved (without optical 

elements) by placing the end of the fiber/waveguide as close as possible to the output 

aperture of the laser diode. Figure 2.7 shows the coupling methods of the light from 

the laser to the waveguide and from the waveguide to the detector. 

Hashim et al. [49] used end fire coupling in polymer interconnects to couple the light 

from an 850 nm VCSEL to a polymer waveguide (PWG) and then to a PIN 

photodetector in free space without using any additional optical elements. They found 

this coupling method achieves the lowest coupling loss when compared to other 

common methods. However, this method needs a match between the optical beam 

diameter and the thickness of the waveguide in order to get high coupling efficiency. 

Dellman et al. [50] used butt coupling to couple the light beam into/out of 12 PWG 

channels. The measured coupling loss from the source to the PWG was 2 dB and that 

from the waveguide to the receiver was 3 dB. This method has been also used to 

couple the light beam from PWG in one board to the PWG in another board via an 

optical fiber. The coupling loss resulting from PWG-to-fiber and from fiber-to-PWG 

was 2 dB and 1 dB respectively. 

The second coupling technique is the prism coupler. The laser diode light was 

coupled to the buried waveguide using a high refractive index prism [51]. To achieve 

a good coupling, the phase velocity of both the light in the prism and in the 
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waveguide must be matched. Pasmooij et al. [52] studied the prism coupling 

efficiency. A 1.74 refractive index prism was used to couple the light into a very 

narrow embedded ridge waveguide. They found the maximum coupling efficiency of 

about 80% is possible in the case of a very wide waveguide while it is reduced in the 

case of smaller width waveguides. That means the efficiency is increased with the  

 

Table 2.2: Proposed requirements for the CMOS compatible modulators [46]. 

High Bandwidth >20 Gb/s 

Low Insertion Loss <3 dB 

Low Capacitance <10 fF 

Low Voltage Operation <1.0 Volt 

Small Area <100 μm² 

Compatible with CMOS Processing Meets EHS and micro-

contamination 

Operational Stability 100° C, >7 years 

Withstand thermal processing conditions 

(during chip making and packaging). 
>250° C, >1 hour 

 

 

Figure 2.7: Different types of polymer waveguide coupling methods: (a) grating coupler, (b) 

evanescent coupler, (c) out-of-plane micro-mirror coupling and (d) end-fire coupling [49]. 
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waveguide size increasing. This leads to a reduced package density in the printed 

circuit board. In addition, prism coupling does not work efficiently with 

semiconductor lasers that have a 10-20° half angle beam divergence unless a lens is 

used. 

Another type of coupler is the grating coupler. Like a prism coupler it requires a 

phase matching condition. The grating coupler can be implemented by fabricating a 

tilted grating at the waveguide top surface. France et al. [53] implemented a resonant 

diffraction grating structure to couple the light from the 850 nm light source to a high 

bit rate multimode waveguide in free space with 90% coupling efficiency at both 

sides of the waveguide. This type of coupler is preferred because it is a part of the 

waveguide and the coupling efficiency is not affected by mechanical stress or ambient 

temperature conditions. The polarization of the waveguide beam should be preserved 

and controlled as well as the resonant grating parameters to get a high coupling 

efficiency. 

The tapered coupling technique is done by tapering the waveguide thickness at 

tapering regions to reduce the cut-off wavelength. Soenmez et al. [54] investigated 

the coupling of a light emitting VCSEL into multimode tapered dielectric waveguide. 

Two optical waveguides can be coupled together by using this simple method which 

reduces the power loss resulting from vertical and horizontal misalignments as 

demonstrated in Figure 2.8. 

To achieve high density in an O-PCB, researchers have tried to solve the alignment 

problem and coupling distance limitation that occurs when the VCSEL array is 

directly coupled to the waveguide by developing an optical interconnect on a planar 

substrate layer like FR4. The electrical circuits and optoelectronic devices are 

mounted onto another substrate such as low temperature co-fired ceramic (LTCC) 

which is mounted in turn onto a PWB. The coupling between the optoelectronic 

devices and the high speed interconnects was done using micro coupling optical 

components such as microlens and ball lens [55, 56]. 

Karppinen et al. [55] investigated the coupling efficiency for three different optical 

coupling methods namely, simple butt coupling and coupling based on micro lenses 

and microball lenses optical coupling elements. The microlens arrays made from 

acrylate were used to collimate the expanded light beam from VCSEL and focus it to 
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the waveguide by 45° mirror, the coupling loss was 7 dB. At the receiver side, the 

same coupling procedure was implemented to couple the light from the waveguide to 

PD with a 2.5±1 dB coupling loss. The second selected coupling method was 

implemented using two microball lenses made from BK7 glass, at each side. They 

were glued to the 45° micro mirror surface and placed under both VCSEL and PD 

chips to position the light beam from VCSEL to waveguide at transmitter and then 

from waveguide to the PD at receiver. The measured coupling loss at the transmitter 

side was 7 dB. However, the minimum recorded coupling loss at transmitter side was 

3 dB when the butt coupling method was used. 

Another micro optical coupling element is an optical via hole developed by 

Matsubara et al. [56] to achieve coupling in three dimensions with the 45° micro 

mirror. It was fabricated by inserting a transparent epoxy resin into a hole (152 μm 

diameter and 0.8 mm depth) made in CPCore™ organic board. The transmission 

system was arranged as follows: the light from 850 nm VCSEL was coupled to a 50 

μm graded index multimode fiber (GI-MMF), and the optical via hole (transparency 

epoxy resin injected through a hole) coupling element was coupled to the output light 

in the polymer waveguide by 45° mirror integrated at both ends of the waveguide. At 

the receiver side, the optical via hole was coupled the light at 45°mirror interface to 

the PIN PD by 62.5 μm GI-MMF. 

 

 

Figure 2.8: The tapered coupler, (a) steps for tapering waveguide, (b) focusing the VCSEL to 

waveguides and (c) coupling the light between two waveguides [54]. 
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The measured input coupling loss was 4.4 dB and the output coupling loss was 6.5 

dB. Hendrickx et al. [57] coupled the light vertically to/from the optical layer to the 

photonic devices using a 45° micro mirror. They used two different forms of micro 

mirrors, based on TIR at the polymer-air interface and another based on reflection 

achieved by metalizing the 45° mirror face. Laser ablation was used to fabricate the 

mirrors. 

Lee and et al. [27] proposed a technique to improve the coupling efficiency. Besides 

using the 45° micro mirrors integrated on the polymer waveguide ends, they 

implemented a microlensed VCSEL, which was achieved by ink jetting lens material 

onto the VCSEL aperture to reduce the source radiation angle from 18° to 15° and 

hence to increase the coupling efficiency from -1.4 dB to -0.96 dB. 

The optical pillar micro optical coupling element was developed to ameliorate the 

coupling between the optoelectronic devices and the embedded waveguides. Glebov 

et al. [58] reduced the coupling loss by about 1.5 dB for 10 GB/s optical interconnect 

using pillars to guide the light vertically from the LD to the optical waveguide and 

then to the PD. They used three different polymer optical pillar shapes: round, square 

shifted along the square side and square shifted along the square diagonal. The round 

type gives better mechanical performance than the two other shapes. It has higher 

elastic flexibility to bending without deformation and can be used to compensate 

small displacements of the flip chip mounted device. In addition, it increased the 

package density because it was attached directly to the board without using ball grid 

array (BGA) as used in the microlens. 

 

2.5 O-PCB Packaging and Performance 

To implement the printed circuit board successfully, the packaging of the circuit 

components in the board should be achieved. The packaging depends on both 

alignment and assembly techniques. A hybrid integration of different devices, circuits 

and materials can be used in the on-chip optical connections. The transmitter and 

receiver circuits are discrete electronic ICs and assembled onto the substrate using 

one of the bonding technology methods. A summary of some common methods is 

introduced in this section. All techniques of assembly and optical board packaging are 
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based on the multilayer principle. Some of the methods are precise however, the 

assembly and alignment methods are complicated and the tolerance is tight (less than 

25 μm) and the packaging of the optical electrical board is time consuming, intricate 

and it is hard to maintain and fix the board. 

2.5.1 Optical Alignment and Assembly 

The most important requirements for an optical printed board are the alignment and 

assembly methods. The assembly should be simple and the optical alignment should 

be compatible with current automatic electronic PCB integrated circuits such as 

surface mount devices (SMD). It is preferred to be passive rather than active (i.e. 

monitoring the optical power during the assembly process) which is considered costly 

and time consuming to achieve [59]. Karppine et al. [55] made a simulation study 

using ASAP software to examine and analyse the misalignment of the micro-ball lens 

based optical waveguides using both passive and active alignments. The distance 

between the lens and each of the VCSEL, detector and waveguide ends was set to 200 

µm. Table 2.3 shows the maximum allowed misalignment and tolerance analysis of 

50×50 µm² optical waveguide to achieve system loss of 5.5 dB and 12 dB for active 

and passive alignment, respectively. 

There are many types of key technologies for these passive alignment processes such 

as visual alignment, position marks and patterns, mechanical stops and solder force 

alignment. Kurata et al. [60] used several different passive alignment methods to 

achieve low coupling loss. The LD was mounted passively on a silicon substrate by 

pattering alignment marks on the bottom surface of the LD. In addition, the optical 

fiber was self-aligned to the LD by laying it in a V-groove fabricated on silicon 

substrate, and the rectangular groove pattern made across the V-groove worked as a 

fiber mechanical stopper/guide. This type of alignment is simple and low cost and has 

been used later to butt coupling the fiber to the waveguide. 

Furthermore, a microlens integrated into the VCSEL can be used to achieve high 

alignment accuracy and high coupling efficiency as discussed in section 2.4.4. 

The assembly process is a challenging task in the ultra-short high speed O-PCB and it 

plays a significant role in the cost of the board where large numbers of components 

are needed to be accurately assembled with tight alignment tolerances. The 

misalignment of the transmitter-to-waveguide and waveguide-to-receiver should 
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guarantee low coupling loss, avoid beam deflection and hence provide good 

performance. Moreover during the assembly process the mechanical robustness of the 

whole system should be achieved [61]. 

Palen [61] found that by passive alignment and the SMD assembly technology, about 

10-20 µm alignment tolerance can be achieved within a short time. However, a tighter 

alignment tolerance of 1-5 µm can be achieved to get higher alignment accuracy and 

interconnect density by using flip-chip bonding, and that  takes more time than the 

pick and place assembly method. He compared the assembly processing, equipment 

and time for each required alignment tolerance to find the assembly cost as shown in 

the Table 2.4. 

There are two principal ways to achieve ICs interconnection: wire bonding and flip-

chip bonding (direct attach) assembly methods. In spite of the cost and flexibility of 

the wire bonding method, the flip-chip provides smaller packaging size, higher 

input/output count and shorter interconnection paths. The use of wire bonding leads 

to reduce the performance of the board because of the significant values of the 

parasitic capacitance and inductance which result from large bonding pads and long 

bond wires respectively, while flip-chip bonding is based on very small diameter 

solder bumps so the parasitic capacitance and inductance values are very small which 

leads to very high performance optical ICs and precise alignment. However, all of 

these types of electrical interconnection result in complicated and expensive boards: 

multilayer optical printed circuit board (O-PCB) or parallel boards architecture. 

 

Table 2.3: The misalignment parameters (xyz-displacements and tilts) comparison for both the active 

and passive alignment methods for microball lens based optical waveguides used for tolerance analysis 

to get total transmission loss of the system less than 6 dB [55]. 

Tolerance 

value set 

Tolerance 

parameter 

Tolerance value (maximum misalignment) 

Ball lenses 

and mirror 

(transmitter) 

VCSEL 
Transmitter 

module 

Ball lenses 

and mirror 

(receiver) 

Detector Receiver 

module 

Passive 

alignment 

Shift x,y,z ± 10 µm ± 5 µm ± 15 µm ± 10 µm ± 5 µm ± 15 µm 

Tilt x, y ± 0.5˚ ± 1˚ ± 1˚ ± 0.5˚ ± 1˚ ± 1 

Tilt z ± 1˚ - ± 0.5˚ ± 1˚ - ± 0.5˚ 

Active 

alignment 

Shift x, y ± 0 µm ± 2 µm ± 5 µm ± 0 µm ± 1 µm ± 2 µm 

Shift z ± 0 µm ±25 µm ± 10 µm ± 0 µm ± 25 µm ± 5 µm 

Tilt x ± 0˚ ± 0.5˚ ± 1˚ ± 0˚ ± 0.5˚ ± 1˚ 

Tilt y ± 0˚ ± 1˚ ± 1˚ ± 0˚ ± 1˚ ± 0.5˚ 

Tilt z ± 0˚ - ± 1˚ ± 0˚ - ± 1˚ 
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Table 2.4: The required assembly cost for each optical alignment tolerance value [61]. 

Component optical 

alignment tolerance 
Assembly attachment processing Assembly equipment Assembly time 

<1 µm 
Special attachment methods and 

highly skilled process set-up 
Custom and expensive Slow 

1-5 µm Normal die attach processing Flip-chip Fast 

10 – 20 µm Normal surface mount processing 

Standard surface mount 

automated pick and 

place equipment 

Very Fast 

 

Takagi et al. [62] developed a 4 channel×10 Gb/s chip-to-chip optical 

interconnection; passive alignment and flip-chip bonding assembly were used. The 

connection between the VCSEL and the laser diode driver (LDD) and between the 

PD and transimpedance amplifier used flip-chip bonding and achieved 8 μm 

alignment. Tan et al. [63] employed hybrid flip-chip integration based on very small 

diameter solder bumps and a high speed InP PIN photodetector. The parasitic 

capacitance and inductance have been eliminated and the PD responsivity was 

enhanced. As a result accurate alignment and dense hybrid integration can be 

realized. 

Bamiedakis et al. [19] fabricated a cost-efficient 12.5 cm long multimode polymer 

waveguides with 0.02 index difference, 250 µm waveguide separation. The reported 

crosstalk values were -50 dB and -35 dB in the case of using SMF and MMF for 

launching the input optical signal, respectively showing that a relaxed alignment 

tolerance was achieved. An alignment tolerance of about ±22.5 µm for both vertical 

and horizontal directions of the input of SMF was attained as a function of received 

power. The same values for 3 different values of operating temperature (20°, 50° and 

90°) show the stability of the waveguide transmission. 

Lee et al. [27] achieved less than 10 μm alignment mismatch in the x, y and z axes 

between the OPCB and the electrical sub-boards by using solder ball and pin arrays. 

To provide this precise alignment, first a 450 μm diameter solder ball array was used 

to ensure a vertical alignment between OPCB and the two electrical sub-boards. A 1 

mm and 200 μm diameter pin array were used to provide the electrical connection and 

the lateral alignment between the OPCB and sub-boards. 
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2.5.2 O-PCB Packaging 

It is important to consider the final packaging method in the early stages of the design 

because the integration process has a big impact on the O-PCB cost and reliability. 

There are many essential operations done during this phase such as coupling between 

the photonic components, electrical interface, and thermal management and 

protection. The optoelectronic module packaging can be divided into two parts: the 

optical and electrical system packaging. In the optical packaging the assembly, 

alignment and the coupling are achieved, while in the electrical system the VCSEL 

driver IC and PD amplifier are packaged and integrated. If done separately, these two 

steps make the process time consuming and difficult to maintain compared to the case 

of achieving all packaging in one single step. 

The low temperature co-fired ceramics (LTCC) substrate has been utilized as a flat 

form to mount the optoelectronic devices and electronic circuits into a ceramic board 

to provide high performance packaging. Furthermore, a dense packaging circuit board 

can also be attained because the LTCC has a multilayer structure to integrate and 

align all the passive components [64]. However, the high cost, high processing 

temperature and heavy weight are the limitations of the LTCC in the highly integrated 

systems. The through-hole and the small cavities in LTCC achieve passive alignment 

of the VCSEL/PD with the polymer multimode optical interconnects via micro lens 

array and 45° micro mirror. Karppinen et al. [65] used a LTCC to align the VCSEL to 

the fiber passively. They achieved less than ±10 µm alignment tolerance. Flip-chip 

and wire bonding techniques have been used to connect the VCSEL to the substrate 

and to the chip back side, respectively. 

Takagi et al. [62] proposed a packaging structure for optoelectronic devices 

compatible with the land grid array (LGA) package structure for on-chip optical 

interconnects. The VCSEL, PD, TIA and laser diode driver are flip chip mounted on 

the optoelectronic package which is assembled in LGA socket via an optical 

connector. The guide pin in the optoelectronic package is used to achieve a precise 

alignment with the optical connector while the optical signal is transmitted from/to 

package device to/from optical waveguides by optical through-holes. The 

optoelectronic package was developed to be pluggable from the LGA socket and the 
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optical connector to offer easy maintenance of the system and hence makes it more 

cost efficient and reliable. 

 

2.6 Summary 

This chapter reviews some recent research in the optical interconnection technologies. 

The waveguide dimensions, interconnect materials, refractive indices, numerical 

aperture, operating wavelength, transmission loss, fabrication technique, coupling 

loss, the system speed and board packaging have been presented and summarized (see 

Table 2.5)  

In summary, optical interconnect technology has offered a new way to improve the 

circuit board performance instead of directing attention to the design and fabrication 

of more complicated boards. Nevertheless, there are some difficulties to implement 

such as fabrication feasibility, packaging and alignment process, costs and reliability. 

If high speed optical interconnects technology passes these obstacles, it will be the 

most promising technology. 

In this project, a simple method of interconnection packaging is presented. The 

optical and electrical elements can be placed on the same layer direct/butt coupling is 

used to minimize the coupling complexity and loss. Several waveguide fabrication 

methods that suit the O-CiP technique are discussed and implemented as test 

structures. 
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Table 2.5: Summary of the optical interconnection literature at 850 nm operating wavelength. 

Ref. 

No. 

Waveguide 

dimension 

(µm²) 

Interconnect material 
Refractive 

indices 

Numerical 

aperture 

Transmission 

loss (dB/cm) 

Fabrication 

technique 

Coupling 

loss (dB) 

Coupling 

technique 

Data rate 

(Gb/s) 

16 50×50 

UV curable resin for 

core 

PMMA for cladding 

n1=1.4968 

n2=1.4856 
0.18 - 

Hot embossing 

 
- - - 

19 50×50 

Siloxane-based 

polymer OE-4140 for 

core and OE-4141 for 

cladding 

n1=1.52 

n2=1.5 
0.245 0.03-0.05 Photolithographic - - 10 

25 45×45 

Truemode 

photopolymer EXX-

clad 277 and EXX-core 

37E 

n1=1.5560 

n2=1.5265 
0.3 1.4±0.5 Laser ablation 4.5±0.5 - - 

27 50×50 

UV curable polymer 

for both core and 

cladding 

n1=1.47 

n2=1.45 
0.24 0.1-0.2 UV embossing 2.3 

45° mirror and 

microlensed 

VCSELs 

10 

49 - 

siloxane-based polymer 

OE-4140 for core and 

OE-4141 for cladding 

n1=1.519 

n2=1.501 
0.23 0.05 Photolithography 3.8 Direct end-fire 10 

56 50×50 
Acrylic polymer for 

both core and cladding 

n1=1.519 

n2=1.501 
0.23 0.16 

UV-

photolithography 
1.8 

45° mirror and 

optical via hole 
12.5 
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CHAPTER 3 

OPTICAL LINK BUDGET  

3.1 Introduction 

An optical signal can propagate from a source to the destination in free space or in a 

guided medium (optical fibers and waveguides). A multimode polymer waveguide has 

been used to provide a low loss path for short range transmission (board-to-board, chip-

to-chip and on-chip). To design an optical printed circuit board (O-PCB), all the board 

components starting from the source and ending with detector together with the 

coupling techniques must be chosen and studied carefully. 

 

3.2 Highly Multimode Optical Waveguides 

In guided wave optics, a thin dielectric film (optical layer in the photonic lightwave 

circuit) provides a communications path between transmitter and receiver and confines 

the signal to the waveguide film (core). The core has a higher refractive index than the 

substrate (cladding) and the propagation is low loss due to total internal reflection 

(TIR). 

An optical waveguide is a major component in most optical transmission systems as 

well as the optical interconnects circuits and devices. There are many waveguide 

categories grouped according to the geometry (slab, ridge, rectangular or cylinder), 

mode (single or multimode), dielectric material (polymer, glass or semiconductor) and 

the refractive index profile (step or graded index) [1]. The type of interconnection 

depends on the required distance range for the application as shown in Figure 3.1 [2]. 

The simplest structure of an optical waveguide is the planar waveguide (also called slab 

or thin film waveguide). The planar waveguide consists of three layers as shown in 

Figure 3.2: the film where the wave is guided and the upper and lower cladding layers. 

The refractive indices of the lower and upper cladding layers are equal in the case of the 

symmetric planar optical waveguide and they must be lower than the refractive index of 

the film [3]. 
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The TIR phenomenon occurs when n1 > n2 the wave is reflected from the interface 

between materials with different refractive indices n1 and n2 with an angle greater than 

the critical angle θc calculated from Snell's law: 

𝜃𝑐 = 𝑠𝑖𝑛−1(𝑛2/𝑛1)     (3-1) 

where n1 is the film refractive index and n2 is the cladding refractive index. 

The refractive index can also be described by a phase velocity υp expression: 

𝑛 = 𝑐/𝑣𝑝       (3-2) 

where the c is the light speed in vacuum and υp is the phase velocity of a propagating 

plane wave. 

However, depending on the optical wavelength, not all rays that have an incident angle 

greater than the critical angle are guided and propagated in the slab waveguide. There is 

a set of propagation angles called waveguide modes that successfully propagate in the 

slab. There are two polarization modes in the planar waveguide, the transverse electrical 

wave (TE) and the transverse magnetic wave (TM). The number of the TE or TM 

modes supported by a multimode planar waveguide can be calculated using the 

following relation [4]: 

𝑀 ≈
2𝑑

𝜆0
𝑁𝐴       (3-3) 

where, M is the approximate number of TE or TM modes, d is the core thickness, λ0 is 

the operating wavelength and NA is the numerical aperture of the waveguide that is 

calculated from: 

𝑁𝐴 = √𝑛1
2 − 𝑛2

2     (3-4) 

If M = 1, only one mode (the fundamental mode) is propagated [4]. This happens when 

the waveguide core is very thin and/or the operating wavelength is long. If M > 1, the 

planar waveguide supports multimode propagation. The value of the numerical aperture 

depends on the waveguide materials. It limits the range of the input and output angles 

that are guided by the optical waveguide. 

The 3D rectangular waveguide is more complicated in analysis than planar waveguides, 

however this structure plays an important role in integrated optics. A channel of high 

refractive index with a square or rectangular cross-section is embedded in a planar 
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substrate of a lower refractive index. The optical waveguide is bounded in two 

directions (x and y) and the wave propagates in the z direction. The guided modes in the 

3D waveguides are hybrid (p and q mode numbers in the x and y directions, 

respectively). There are some simple approximate analytical methods to analyse the 

rectangular waveguide such as the Marcatili and effective index methods [5]. 

A wave propagating inside the waveguide suffers from attenuation due to the mode 

scattering and material absorption resulting from the waveguide imperfections and the 

propagation loss inside the waveguide core. In general, the waveguide attenuation 

coefficient (α) describes the decrease in intensity along the propagation path z, and is 

determined by:  

𝐼(𝑧) = 𝐼0𝑒−𝛼𝑧      (3-5) 

From Eq. (3-5), we can write the loss relation in dB: 

𝐼(𝑧) (𝑑𝐵) = 10 𝑙𝑜𝑔 (𝐼(𝑧)) = 10𝑙𝑜𝑔 (𝐼0) − 4.34𝛼𝑧  (3-6) 

Thus a plot of received power in dB versus the lengths should be linear. 

 

 

Figure 3.1: Distance ranges required for various optical interconnections and preferred optical techniques 

for implementation [2]. 
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Figure 3.2: Symmetric planar optical waveguide [3]. 

 

 

where I0 and I(z) are the intensity at z = 0 and at any point z along the waveguide 

respectively and α is the loss parameter in Neper/cm. 

There are many criteria that should be taken into account when designing and 

fabricating board level optical interconnects including optical, thermo-mechanical and 

processing requirements. Figure 3.3 shows the fabrication parameters for optical 

waveguides designed for O-PCB. These properties should be taken into account early in 

the design stage. 

The selection of the low loss material at the chosen operating wavelength is the main 

key to the construction step because it limits the dimensions and the possible designs of 

the optical interconnections. Polymer materials were found to be the best candidate to 

fabricate the waveguide for their favourable properties such as, compatible with 

standard PCB, low cost, high temperature stability, and low loss at 850 nm wavelength 

window [7, 8]. The loss parameter limits the optical path length and the design of the 

optical components and waveguide structures in the board. In addition, the waveguide 

core roughness created during the fabrication phase plays a significant role in the 

waveguide loss. The optical properties of the polymer waveguide such as numerical 

aperture (NA) and refractive index, shape and size should be compatible with the 

source, detector and coupling method. Moreover, high thermal, mechanical and 

humidity stability of the selected polymer material are considered the second important 

rule for the success of the fabricated waveguide. The polymer waveguide must be able 

to withstand high lamination and soldering process temperatures up to 260° C and the 
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mechanical stress during the assembly of the electronic components to the PCB. Many 

different technologies have been presented to structure the polymer waveguide namely, 

laser ablation, direct ultraviolet photolithography, hot embossing, direct laser writing 

and moulding [9]. 

 

3.3 Light Source and Detectors 

The performance of the optical interconnection system depends on many parameters: 

optical waveguide, light source, photodetector and coupling scheme. The on-board 

optical interconnection includes the generation and modulation of the light source, 

propagation and detection. 

 

 

Figure 3.3: Important optical waveguide fabrication parameters [6]. 

 

3.3.1 Light source 

The light source is one of the key components in the optical interconnection system.  

The choice of the light source for an application depends on many factors such as cost, 

required output power, power dissipation, bit rate, spectral width, the wavelength of 
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operation, numerical aperture, coupling method, packaging approach and the optical 

link length and loss. 

The most important factor for short distance optical interconnects is the ability to 

provide high transmission bandwidth. Light emitting diodes (LED) and laser diodes 

(LD) are used as light sources for short range optical interconnection. The LD is more 

common for on-board interconnection for high speed applications for its low driving 

voltage and current, low consumption power, the small divergence, high speed 

operation and bandwidth and high quality of the optical beam all help to improve the 

coupling efficiency. A vertical cavity surface emitting laser (VCSEL) is cost-effective 

and a high density package can be achieved and fabricated using two dimensional arrays 

of the VCSEL [10-13]. In addition, the capability of the VCSEL to provide both high 

power and high speed functions through a direct modulation current at low cost is 

highly desirable. Furthermore, the VCSEL is preferred over an edge emitting laser 

(EEL) diode in the optical interconnection boards because it has a smaller footprint and 

can provide denser boards. The VCSEL is used at either 850 nm (standard design for 

MMF links) or 980 nm (has better thermal conductivity and higher ambient temperature 

operation). While it is difficult to realize, some VCSELs emit at long-haul 

communication wavelengths 1.3-1.6 µm [14]. 

A VCSEL is a LED sandwiched between crystalline mirrors and typically fabricated 

using InGaN and it operates on the principles of stimulated emission. Figure 3.4 shows 

the active region and the cladding layers are sandwiched with multilayer mirrors. The p-

type and n-type multilayers provide mirrors of the resonant cavity called distributed 

Bragg reflectors (DBRs). The choice of both the semi-conductor and the dopant for the 

DBR at the fabrication stage selects the working wavelength at the VCSEL surface 

while the modulation speed depends on the on/off/on switching speed. In addition, the 

threshold current value of the VCSEL relies on the active region thickness (thicker 

active region means higher threshold value) [15]. The VCSEL operates at a constant 

input current and the laser starts working when the input current increases beyond the 

threshold value. LED emitters work on the principle of spontaneous emission and 

consists of a biased p-n junction without mirrors or gratings. The coupling efficiency 

from the LED to the waveguide and fiber is very low compared to the laser since the 

low power light emits in all directions (high divergence angle) as well the spectral width 

for LED is larger and so the emitted light is not coherent. 
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LEDs can also be used for on-board optical interconnection at both short and long 

wavelengths. They can be directly modulated but the modulation speed can reach a few 

GHz for an efficient LED. However, a VCSEL can be modulated with high frequency, 

more than 50 GHz. 

 

 

Figure 3.4: Cross-section view for the vertical cavity surface emitting laser [15]. 

 

3.3.2 Detectors 

The optical detectors used for optical communication and interconnection applications 

are wavelength dependent and the light detection results from the interaction of the light 

energy with the detector material electrons. 

To integrate the Photodetector (PD) on a high speed optical interconnection board, it 

must have a low input capacitance, small size (for high density integration) and 

sufficient photosensitive area to achieve high coupling efficiency with the optical 

waveguide. It should also be highly sensitive to the source wavelength, operating at 

high bandwidth and have low power consumption. There are three main kinds of high 

speed photodetectors that can be used in high speed O-PCB namely: pin photodiodes 

(PIN), avalanche photodiodes (APD) and metal semiconductor photodiodes (MSM). 

In spite of the many varieties of PDs, there are some figures of merit that can be used to 

ensure the chosen PD is appropriate to the application. Firstly, the responsivity (R) 

measures the change in the generated photocurrent due to the incident optical power. It 

is function of the light wavelength. The responsivity (A/W) can be found from [15]: 
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𝑅 = 𝜂
𝑞

ℎ𝑓
       (3-7) 

where η is the quantum efficiency of the PD, q is electron charge, f is frequency of the 

photonic signal and h is Plank’s constant. The PD with high responsivity contributes to 

maximize the overall signal to noise ratio (SNR); hence the APD is more suitable for 

the applications that require this feature [16, 17]. The APD has an integral gain which 

provides high responsivity, while the PIN and MSM do not have such features. The 

second asset is the PD speed. It can be determined in both domains: frequency domain 

(from 3dB bandwidth) and time domain (full width half maximum FWHM). 

The MSM is preferred for use in high speed interconnects because they have a very 

large bandwidth and low noise and capacitance. In the commercial field, the PIN 

photodiode is more common than MSM because of its higher responsivity [18]. 

The final important PD characteristic is the noise performance [16]. Generally, there are 

five types of noise generated by the PD: shot noise, thermal noise, flicker noise, excess 

noise and generation-recombination noise. The PD noise can be represented by noise 

equivalent power (NEP) which is the required amount of the input optical power to get 

the wanted RMS output signal level equal to RMS noise output for 1 Hz bandwidth. By 

finding the detector NEP at the operating wavelength NEP(λ0), the minimum detectable 

power (Pmin) can be determined: 

𝑁𝐸𝑃(𝜆0) =
𝑁𝐸𝑃 𝑅𝑚𝑎𝑥

𝑅(𝜆)
     (3-8) 

𝑃𝑚𝑖𝑛 = 𝑁𝐸𝑃(𝜆0)√𝐵𝑊     (3-9) 

where R(max) is the detector maximum responsivity, R(λ0) is the detector responsivity 

at the operating wavelength and BW is the bandwidth of the receiver. 

As the photo-current generated from the photodetector is small, an amplifier should be 

used. There are three main configurations of pre-amplifiers: high input impedance, low 

input impedance and transimpedance amplifier (TIA). The TIA is used in optical 

interconnection boards because of its advantages in large bandwidth and low added 

noise [19]. 

In order to achieve a high data rate optical interconnect system, the number of the 

parallel interconnects as well as the density of the optical board should be increased. 

However, the density of the optical channel is limited by the size of the detecting area 
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because a smaller detection area means higher coupling loss. Nevertheless, this area is 

also limited by the sensitivity and bandwidth of the receiver. 

The photoreceiver performance has a significant impact on the BER of the system and it 

is distinguished by the photoreceiver characteristics: dynamic range, photoreceiver 

conversion gain (V/W), group delay, bandwidth and sensitivity [16]. 

 

3.3 Surface Roughness Effect  

The surface roughness results mainly from the cutting/milling process for the 

waveguides/grooves using laser ablation and laser direct writing methods. The 

roughness occurs also in waveguides fabricated by moulding and embossing. The 

surface roughness and sidewall roughness are transferred to the waveguide from the 

mould and thus can be reduced by using a high quality mould. In the cutting/milling 

methods the optimization of the cutting parameters improves the groove surface and 

sidewall roughness. The theoretical average roughness Ra of the slot, in a plastic 

material, produced by milling is [20]: 

𝑅𝑎 =
𝑓𝑡

32(𝑅±𝑓𝑡𝑛𝑡/𝜋)
      (3-10) 

where ft is the feed rate per blade in (mm/rev), R is the nose radius of the cutter in (mm) 

and nt is the number of teeth on the end mill. The sign + and – refers to milling direction 

up and down, respectively. 

In practice the value of the roughness Ra is much higher than the theoretical value given 

by Eq. 3-10 as it does not take into account some parameters such as the cutting depth 

and speed. There are some factors that can increase the roughness practically such as 

motor vibration, increased heating of the material during machining and machine 

misalignment such as run-out which happens frequently for small size structures. The Ra 

value is higher when a saw cutter is used. Like milling methods, the quality of the saw 

cut is impacted by many parameters: feed speed, saw speed, tooth angle, bite per tooth, 

gullet size and kerf thickness as well as the quality of the cut surface [21]. The surface 

roughness from the saw cutter ranges from 0.1-0.4 mm (from the manual). Circular 

saws are suited for straight cutting and offer a better surface finish and a high cutting 

speed than band saws [21]. In addition, the debris formation in the waveguide/groove 
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during the machining and structuring increases the surface roughness. Nevertheless, 

some post-processing of the cut using gases and pressure can reduce this effect. 

The surface and sidewall quality have a significant impact on the waveguide loss due to 

the scattering (energy redistribution and modes radiation from the core to the cladding) 

which occurs due to the imperfection of the waveguide structure. In addition, the 

scattering loss at the waveguide interfaces (waveguide sidewalls) results from the 

waveguide defects that are formed after the fabrication or from the original material 

(milled/cut grooves in the substrate). As a result of the scattering, the light will no 

longer be confined to the waveguide core layer and starts to leak to the cladding layer. 

This effect increases in the bent waveguides and has an impact on the channel 

propagation loss. A smooth surface and sidewall will reduce the propagation loss and so 

the waveguide insertion loss. The macro-roughness and micro-roughness can be 

measured by a reflectometer. 

If the embedded waveguide is connected directly to an optical fibre, the waveguide 

endface roughness has a direct impact on the performance. It is the main source of the 

coupling loss values (in-coupling and out-coupling) as the waveguide endfaces are cut 

to couple the light to/from the optical interconnection. Many tools have been used to cut 

the waveguide ends and reduce the face roughness such as diamond blade, dicing saw 

and milling machine. The cutting quality of these tools also depends on the grit size, 

rotation speed and translation speed. For some tools a polishing process is needed to get 

smooth endface such as wet sand paper, diamond paste, plastic polish liquids etc. 

 

3.4 Link Budget 

The analysis of the whole optical system performance from the transmitter through the 

waveguide to the detector taking into account all waveguide losses and coupling loss is 

called the link budget. The power of both the signal and the noise are measured at each 

stage in the optical transmission system to ensure that the incident power to the receiver 

provides the required system performance. In short-range optical interconnects, the laser 

diode, output power waveguide, coupling loss (out and in-coupling losses), channel loss 

and the receiver sensitivity must be taken into consideration for the link power budget 

calculation. 
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The number M of the TM modes (approximately the same number as TE modes) 

supported by planar waveguide was given in Eq. 3-3. For the dielectric waveguide with 

square cross-section of width d it can be estimated [4]: 

𝑀 ≈
𝜋

4
(

2𝑑

𝜆0
)

2
(𝑁𝐴)2     (3-11) 

where, λ0 is the operating wavelength and NA is the numerical aperture of the 

waveguide. 

Four types of losses occur in an optical waveguide consisting of a 

straight─90°bent─straight waveguide structure shown in Figure 3.5: the propagation 

loss PLP, the sum of the input and output coupling loss PLcouple, the transition loss PLT 

and the radiation loss PLR (all in dB). The total loss (TL) in dB is: 

𝑇𝐿 = 𝑃𝐿𝑐𝑜𝑢𝑝𝑙𝑒 + 𝑅𝐿𝑃 +  𝑃𝐿𝑇 +  𝑃𝐿𝑅   (3-12) 

The loss in the two straight sections (PLstr) and the loss in bend section are: 

𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛 − 𝑃𝐿𝑏𝑒𝑛𝑑 − 𝑃𝐿𝑠𝑡𝑟     (3-13) 

𝑃𝐿𝑏𝑒𝑛𝑑 = 𝛼𝑙𝑏𝑒𝑛𝑑 + 𝑃𝐿𝑇 + 𝑃𝐿𝑅    (3-14) 

𝑃𝐿𝑠𝑡𝑟 = 𝑃𝐿𝑐𝑜𝑢𝑝𝑙𝑒 + 𝛼𝑙𝑠𝑡𝑟     (3-15) 

𝛼 =
𝑊𝑔𝐿

𝑙
       (3-16) 

where Pout is the received optical power, α is the attenuation coefficient of the 

waveguide (dB/unit length), lstr and lbend are the total length of the straight parts and the 

bent waveguide part, WgL is the waveguide propagation loss of total length l of the 

waveguide. 

The total loss of the bend (transition, radiation and propagation) can be measured 

experimentally. In addition, it can be estimated using the transmission relation [22]: 

𝑇 =
𝑃𝑜𝑢𝑡,𝑏𝑒𝑛𝑑

𝑃𝑖𝑛,𝑏𝑒𝑛𝑑
= 1 −

1

2
𝐾 −

1

6
𝐾2 −

1

8
𝐾3 −

1

8
𝐾4  (3-17) 

𝐾 =
𝑑

𝑁𝐴2𝑅
       (3-18) 
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Figure 3.5: Block diagram of a bent waveguide sample with multimode fibre connections to the source 

and power meter. This configuration was used for attenuation measurements. 

 

where, R is the radius of the bend. If the waveguide is highly multimodal then the 

transition loss dominates the radiation loss. 

I. The propagation loss (PLP) is dominated by scattering of energy due to waveguide 

sidewall roughness (manufacturing imperfections) as well as the intrinsic material 

loss. This can be measured by using the cutback method. 

II. Coupling losses (PLcouple) occur between the incoming GI-MMF and the straight 

waveguide and between the end of the waveguide and the output to the GI-

MMF/free-space optics at the receiver. This consists of the following components:  

 The Fresnel reflection loss at the interfaces between the different refractive 

index media (fiber/waveguide and waveguide/air) [23]: 

𝑅𝐿 = 20𝑙𝑜𝑔10
4𝑛1𝑛2

(𝑛1+𝑛2)2     (3-19) 

where n1 and n2 are the refractive indices of the fiber core/air and buried 

waveguide/fiber core, respectively. 

 The scattering loss resulting from the roughness of the waveguide endfaces leads 

to scattering into a wide range of angles. This loss is minimized at the 

transmitter side if a well cleaved fiber is butt coupled inside the waveguide 

channel. It is more significant at the receiver side where the light was coupled 

from the waveguide end onto the detector. 
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 The cross-section mismatch loss results from the change in the core cross-

section between the fiber (circular) and the waveguide (square). This loss can be 

calculated using: 

𝐴𝐿 = 10𝑙𝑜𝑔10
π𝑐2

𝑎𝑏
      (3-20) 

where c is fiber radius and a and b are the waveguide core dimension. 

This loss has an impact at the receiver side when the waveguide cross-section is 

bigger than the fiber once and there is no cross-section mismatch loss when the 

detector area is larger than the waveguide cross-section. At the transmitter side 

the waveguide core area is bigger than the fiber core area so there is no cross-

section mismatch loss. 

 Numerical aperture mismatch loss NAL is the loss due to the difference in NA 

between the optical waveguide and the fiber at the receiver side (fiber has lower 

numerical aperture than the optical waveguide) and can be calculated by [24]: 

 𝑁𝐴𝐿 = 10𝑙𝑜𝑔10 (
𝑁𝐴1

𝑁𝐴2
)

2

     (3-21) 

where NA1 and NA2 are the numerical aperture of the waveguide and GI-MMF, 

respectively. 

The coupling loss can be determined experimentally. After finding the 

attenuation coefficient in the first step, the propagation loss is obtained for 

straight sections of the waveguide structure. After finding the total loss 

experimentally by measuring Pin and Pout and by subtracting the propagation loss 

from the total loss, the average coupling loss can be found. Pin and Pout represent 

the source output power and received optical power respectively. 

III. The waveguide transition loss/joint loss (TRL) occurs at the junction between the 

straight and the bent waveguides due to mode mismatch at both sides (straight/bent 

and bent/straight). In large core cross-section waveguides, the number of the modes 

is very high, so the transition loss is expected to be larger than the radiation loss [4, 

24]. 

IV. The radiation loss (RL) results from the radiated energy in the bend part of the 

waveguide. 
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All loss components can be found experimentally except for the last two loss terms 

(transition and radiation loss) cannot be measured separately. 

To validate the waveguide at high data rates, the waveguide dispersion must be 

determined as pulse broadening limits the bit rate. Assuming that all rays are directed 

between the angles θ = 0 and θ = θc, then the minimum and the maximum arriving time 

for the rays propagate at θ = 0 and θ = θc, respectively can be determined by [23]: 

𝑡𝑚𝑖𝑛 =
𝑛1𝐿

𝑐
       (3-22) 

𝑡𝑚𝑎𝑥 =
𝑛1

2𝐿

𝑐𝑛2
       (3-23) 

where n1 and n2 are the core and cladding refractive indices for the waveguide. 

So, the time delay between both rays (axial and extreme meridional rays) at the output 

of the step index multimode waveguide can be calculated by subtracting Eq. 3-22 from 

Eq. 3-23. The time difference at 850 nm wavelength between theses rays is shown in 

Figure 3.6. If we assume the fabricated waveguide length is 7.5 cm, the maximum 

allowable pulse broadening is 23.87 ps. 

 

 

Figure 3.6: The calculated pulse broadening as an estimate of tmax-tmin for n1= 1.58 and n2=1.48 at 850 nm 

wavelength versus the length of the multimode waveguide. 
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3.5 Summary 

Multimode optical transmission waveguides allow light propagation inside a channel by 

TIR. The number of the propagated modes in the planar and rectangular waveguides 

depends on the waveguide dimensions and numerical aperture. The types of light 

sources and detectors for short range communication were presented. It was concluded 

that the VCSEL light source and PIN detector are suitable for high data rate 

interconnections. The link budget for an optical path consisting of a straight/bend 

optical interconnects was used to explain the coupling loss relations. The loss 

contributions from inside the waveguides (propagation loss, transition and radiation 

losses) were discussed and the link power budget formulation was derived (Eq. 3-12). 

The estimated value of the pulse broadening in a multimode waveguide at 850 nm 

(numerical aperture 0.53) was verified for different waveguide lengths. 

The surface and sidewalls roughness for the waveguide/waveguide groove made by 

some machining techniques especially the mechanical ones were studied and the 

procedure that can reduce this effect and improve the quality were discussed. Some of 

this information has been used in the experiments (see Chapters 4 and 5) and published 

in the literature [25]. 
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CHAPTER 4 

WAVEGUIDE FABRICATION PROCESSES 

4.1 Introduction 

Five different methods for waveguide groove fabrication were developed. The process 

of waveguide groove preparation, filling, curing and sealing is explained in detail. A 

simple experimental circuit that represents an optical circuits in plastic (O-CiP) 

demonstrates the manufacturing technique. The low cost, simple and single layer optical 

board in which all optical and electrical circuit components are embedded in the plastic 

substrate (bottom cladding layer) was implemented. The light was direct butt coupled 

from an LED to the waveguide. In addition, the fabricated designs for a 90˚ bend and 

crossing waveguides are shown. This can increase the optical board density and routing 

options. 

 

4.2 Waveguide Groove Machining Methods 

The waveguide grooves were fabricated on a 3 mm thick PVC and PMMA plastic 

substrate. In principle, there are some requirements for the used plastic material: good 

thermal stability (transition temperature (Tg) and melting point) and physical and optical 

properties (loss, index of refraction, thermal expansion coefficient and thermal 

shrinkage). In addition, the chosen substrate must have a lower refractive index than the 

core material to ensure TIR. The strategy requires a method to machine waveguide 

grooves with an acceptable surface roughness. Different fabrication methods of 

embedded waveguide structures that can be used in the (O-CiP) were investigated 

experimentally. However, the used fabrication techniques in this thesis are unlikely to 

be used commercially for embedded waveguides. 

Two different groove sections were made in a plastic substrate. The total length of 

groove was 10 cm. First, grooves of cross-section 0.9×0.9 mm² and 1 cm long were 

made at both ends of the substrate to place and align the connecting fibers as shown in 

Figure 4.1. Then, a groove of 8 cm long and 0.6×0.6 mm² cross-sectional dimensions 
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was cut in a base polymer material. Five methods and techniques were used to fabricate 

the channel groove. The surface and sidewall roughness of the fabricated grooves 

depends on the method employed, the surface roughness for the fabricated grooves by 

all methods except the dicing saw were obtained from the data sheet and also by using a 

visual comparison between our samples with the ones cut by the company with a known 

surface roughness. 

4.2.1 Rotary Saw Machine 

A 152.4 µm rotary saw was used to create optical channel grooves in the 3 mm thick 

plastics substrate. The grooves were made in two different polymer materials: Polyvinyl 

chloride (PVC) and Polymethyl methacrylate (PMMA). The sidewall and bottom 

surfaces of the waveguide were found to be not sufficiently smooth (the average 

roughness in PMMA is about 4 µm for bottom and 1.6 µm for sidewall) so the path loss 

in the waveguide was high. The cutting quality in a PMMA base was better than in PVC 

[1]. 

4.2.2 CNC Milling Machine 

The channel grooves were milled in 3 mm PMMA substrate by using a CNC milling 

machine of ±0.005 mm resolution. The average roughness of grooves by this methods is 

in the range of 0.4−1.6 µm (bottom) and about 0.8 µm for the sidewall so the channel 

groove showed less surface roughness than that achieved by the rotary saw method as 

shown in Figure 4.2. However, the bottom of the channel groove showed significant 

machine marks from the CNC rotary cutter. The waveguide path loss was still lower 

than that found in the rotary saw method [2]. 

 

 

Figure 4.1: The standard test bed for the straight waveguide fabrication on a plastic substrate. 
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4.2.3 Three Layer CNC Milling 

The fabrication of the channel grooves involves two main steps. First, a 0.6 mm thick 

PMMA sheet was cut through. A milling machine was used to cut the slots of 0.9 mm 

width and 10 mm length for fiber alignment and a 0.6 mm width and 80 mm length for 

the channel groove in a 120 mm long PMMA sheet (Figure 4.3a). The machined thin 

sheet was placed on top of a 2 mm thick and 100 mm long PMMA plate and placed in a 

hot embossing machine to obtain a thermal bond to get a single piece (Figure 4.3c). The 

reason of these two steps is to get a smooth waveguide surface at the bottom of the 

waveguide without the milling marks that were evident in the previous method (section 

4.1.2). The temperature setting for the embossing machine was 140 °C and 130 °C for 

top and bottom, respectively, and 3 bars pressure was applied for 150 seconds. These 

conditions were sufficient to get excellent adhesion between the two PMMA sheets and 

to prevent air gaps between the two layers next to the channel (see Figure 4.3). This is 

necessary to prevent the liquid core material from moving in between the two layers 

which leads to a very different channel structure [2]. 

The optimum setting conditions for the hot embossing machine were chosen after 

embossing more than 20 samples at different settings (top and bottom temperatures, 

pressure, and time). After changing each setting parameter, the quality of embossing 

was tested by a pressure gauge tool. The sample was put inside a pressure container 

after filling it with a dye and a pressure of 3 bars was applied for 3 hours. Later, the 

samples were taken out and a visual inspection was done to evaluate the joint quality, 

the formation of a square cross-section channel, and the presence of any leaks. Finally, 

the plate was trimmed at both sides to make the fiber grooves open and ready for the 

next step (Figure 4.3d). 
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Figure 4.2: Optical waveguide and fiber grooves machined in PMMA using, (a): rotary saw cutter and 

(b): milling machine. 

 

 

Figure 4.3: The fabrication steps of the three layer optical waveguide: (a) the desired trenches are made 

on 0.6 mm thick clear PMMA substrate, (b) a 2 mm thick PMMA layer was cleaned and prepared to be 

the base for the thinner one, (c) the thin substrate with the trenches was placed on top of the substrate and 

hot embossed for a join, (d) the extra side ends of the 0.6 mm PMMA layer are cut. 

 

4.2.4 Three Layer Laser Cutting 

A low cost CO2 laser (wavelength 10.6 μm) was used to cut right through a thin layer of 

PMMA substrate. The control system of the laser has a 0.02 mm step size. This was 

insufficient to make optically smooth grooves. The laser cutting method was similar to 

the three layer milling method with a laser instead of a CNC milling machine. This 
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method of cutting is considered to be fast, low cost and perhaps suitable for mass 

production providing improved cutting accuracy can be achieved when an advanced 

laser with smaller step size and beam width is used. 

4.2.5 Dicing Saw 

A dicing saw (DAD322 from Disco) was used for the first time to dice the waveguide 

grooves in a 1.6 mm PMMA substrate thickness. The dicing saw step resolution is 0.05 

µm. The channel groove dimension was 500 µm depth and 570 µm width (see Figure 

4.4). 

The surface roughness of the bottom, and side walls (left and right) of the cut groove 

was measured by a white light interferometer from Zygo. Figure 4.5 shows the three 

views of the machined waveguide groove before the groove filling. The average 

roughness value was 183.27 nm, 8.14 nm, 4.03 nm and 0.844 nm for bottom, left side, 

right side and untreated PMMA substrate, respectively. In addition, the measured root 

mean square (RMS) roughness was 246 nm, 10.05 nm, 5.16 nm and 1.07 nm for the 

bottom, left side, right side and untreated PMMA substrate, respectively. The maximum 

recorded roughness value was the groove bottom surface (see Figure 4.6). 

 

 

Figure 4.4: Optical waveguide groove machined in PMMA using a dicing saw, the groove width is 570 

µm and the depth is 500 µm. 
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Figure 4.5: The top, bottom and side views of the waveguide groove machined by the dicing saw. 

 

 

Figure 4.6: The bottom surface roughness measurement using white light interferometer, top images 

shows the surface relief of the sample as a 2D (left image) and 3D (right image), the bottom right exhibit 

the surface profile represented by height vs. distance (left image) and the 2D map intensity (right image). 
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4.3 Groove Filling and Waveguide Curing 

After the waveguide grooves were machined in PMMA (refractive index 1.488) or PVC 

(refractive index 1.538) substrate by one of the above methods, it was cleaned and filled 

with the core material. 

A negative photo-resist high contrast SU-8 2000 (1-methoxy-2-propanol acetate) epoxy 

was used as the core material. It has been used for many years mainly in the fabrication 

of optical interconnections, microfluidics channels and bio-MEMS etc. It is available in 

different viscosities which help to get optical waveguide cores at different thickness 

levels (from 0.5 µm to more than 200 µm in a single coat). The SU-8 2000.5 (14.4% 

solids and 2.49 cSt viscosity) and SU-8 2005 (45% solids and 45 cSt viscosity) were 

used in these experiments [1]. 

The sample was cleaned with Isopropyl Alcohol (IPA) and dried. The optical fibers 

were glued in place before filling the groove with the waveguide core material. All dust 

particles and remaining chips resulting from the cutting were removed during the 

cleaning process. Figure 4.7 shows the waveguide grooves made by rotary saw on PVC 

and PMMA substrates. The cleaning process involved in the following steps: 

1) PMMA substrate with groove placed in a beaker and soaked in IPA 

2) ultrasonic bath applied for 5 minutes 

3) deionised (DI) water used to rinse the substrate 

4) substrate dried using compressed nitrogen or compressed air 

After the cleaning step, 62.5/125 µm graded index multimode optical fibers (GI-MMF 

NA=0.275) were cleaved and glued in the groove using a super glue to establish a direct 

butt coupling method with the optical waveguide. About 2-3 mm of the fiber core was 

extended inside the channel groove at both sides to ensure the coupling. The super glue 

epoxy was dispensed and flowed into the fiber groove to glue a 1 cm long section fiber 

with its jacket in the 0.9×0.9 mm2 groove (see Figure 4.8a). This is achieved. This 

provides mechanical stability and a simple and cheap passive alignment method. After 

the glue was cured and before filling the groove, the substrate was heated in the oven to 

50 °C for 5 minutes. This step allows the waveguide core material (SU-8) to flow 

enough and to remove the bigger air bubbles when filling the channel. The SU-8 2005 

(1.57 refractive index at 1310 nm) was dispensed in the groove with a syringe, and then 

the sample was soft-baked in an oven at 60º C for 15 minutes to planarize the channel 

http://en.wikipedia.org/wiki/1-methoxy-2-propanol_acetate
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and to get a uniform thickness. Then, the baking temperature was increased to 95º C for 

30 minutes.  Due to the high amount of solvent, the process of the channel filling and 

baking was repeated three times to get the required channel depth. To harden the 

waveguide channel a UV exposure was the next step. After the pre-exposure step, the 

sample was left to cool down to room temperature (about two hours). 

The SU-8 is optically transparent at UV region so the UV light was used to cure the 

waveguide and get an optical waveguide with vertical sidewalls and good thermal and 

mechanical properties. The UV light dose depends on the waveguide core thickness. A 

UV light (wavelength 365 nm) was applied to the top of the sample to cure the SU-8 

waveguide and create acid radicals which act as catalyst points for the polymerization. 

A 500 W universal mercury lamp UV light (3.5 mW/cm2 power density with 365 nm 

UV filter to eliminate unwanted wavelengths) was applied for 205 seconds to get the 

required energy dose (718 mJ/cm2) to cure the 600 µm×600 µm polymer waveguide 

core by formation of a strong acid [4]. 

After the exposure step, the sample was left at room temperature for 10 minutes to 

allow the hexafluoroantimonic acid to start the polymerization process. To get a fully 

cross-linked channel, a post-exposure baking step was done in an oven. The baking 

temperature started from room temperature and increased gradually with a ramping rate 

of 3º C/min. the temperature was held for 10 minutes at 65º C, for 30 minutes at 95º C 

and finally for 30 minutes at 130º C. The sample was then left inside the oven after 

switching off for slow cooling to the room temperature to avoid thermal stress that can 

cause the SU-8 to crack inside the waveguide channel (see Figure 4.8b). After this step, 

the waveguide core has about 210º C glass transition temperature, 380º C degradation 

temperature and chemical resistance [2]. 
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(a) 

      

(b) 

Figure 4.7: Optical waveguide groove machined using a dicing saw on different substrates: (a) on PVC 

and (b) on PMMA, left before the cleaning and right after the cleaning. 

 

 
(a) 

 
(b) 

Figure 4.8: Optical waveguide preparation and filling: (a) optical fibers alignment and gluing, (b) top 

cladding layer embossed on the SU-8 waveguide after filling and curing. 
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(a)                                                                                      (b) 

Figure 4.9: Fabricated SU-8 waveguide channel on: (a) PVC substrate and (b) PMMA substrate. 

   

4.4 Top Cladding Layer Sealing 

The final fabrication step required the addition of the top cladding layer using hot 

embossing. A 1 mm thick upper cladding layer (made from the same material as the 

substrate) was placed over the waveguide core layer and sealed using hot embossing. 

The embossing setting was 2 bars of pressure applied for two minutes, the temperature 

was 120° C on the top and 95° C on the bottom for PVC cladding layers and 130° C 

(top and 115° C (bottom) when PMMA was used as cladding layers. Figure 4.9 shows 

an optical microscope bottom view of the SU-8 waveguide core (taken through the 

substrate and channel towards the upper surface of the core) after completion. It can be 

seen that waveguide edges are rougher than that with PMMA substrate as the resultant 

machined grooves have a bottom surface roughness more than that in PMMA which can 

reflect negatively on the waveguide performance made on both PVC (1.53 refractive 

index at 600 nm and 85° C transition temperature) and PMMA (1.49 refractive index at 

600 nm and 105° C transition temperature). The optical properties of the waveguide 

channel for each case are reported in Chapter 5. 

  

4.5 CiP Flashing Circuit 

Circuits in plastic (CiP) is a PCB alternative with electronic devices embedded in a 

plastic board and sealed with a thin plastic sheet, different plastic materials were used as 

a circuit board (polycarbonate, polystyrene, PMMA, PVC etc.) [3]. The waveguide 

groove in the plastic filled with SU-8 provide multimode optical interconnects. Surface-
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mount components were used to drive a LED source. In order to see the received pulses 

signal a visible light source was used. CiP technology is characterized by a simple 

manufacturing process which involves only four steps. It starts from making electronic 

component pockets and channel grooves using CNC milling machine. The waveguide 

and components slots can also be made using other methods such as metal stamps, 

injection moulding, hot embossing or other machining techniques. After that, the circuit 

components (including photonic and electronic devices) are placed in their specified 

pockets. The conductive tracks (sliver ink) are applied on a thin (0.5 mm) cover sheet 

and formed using screen printing, the schematic diagram for the transmitter circuit 

components is shown in Figure 4.10. The components were placed in their pockets (see 

Figure 4.11) and the channel groove was filled with SU-8 2005, baked and UV cured 

(the post exposure temperature was 80° C for about 3 to avoid circuit components from 

damaging due to high temperature). The circuit was sealed with a cover sheet by 

applying temperature and pressure (hot embossing) to seal the components and to make 

the electrical connections as illustrated in Figure 4.12. The complete electrical and 

optical circuits are isolated from the environment. 

The components were mounted in a 4 mm thick PMMA substrate. The transmitter 

circuit consists of: 

a. Side view LED at 650 nm wavelength. 

b. Timer circuit (LM555 timer IC and passive components: resistors (1 KΩ and 1 

MΩ) and capacitor (1µF). 

c. Optical channel of 1 mm ×2.6 mm cross-section and 70 mm groove length filled 

with core material. 

The LED was butt coupled to the optical channel and a 7 V driving voltage was applied 

to the transmitter. 

This circuit is built to create a test structure and prove the concept of the incorporating 

electronics, optoelectronics and waveguide is a viable technology. For mass commercial 

production, an injection moulding method can be used to form waveguides and 

components pockets. This technique shows promise for high speed optical interconnects 

over short distances. The method is low cost without high alignment tolerance for the 

optical components. The waveguide propagation loss was measured for the waveguide 

at 660 nm wavelength using the cutback method as shown in Figure 4.13. The 

propagation loss was 1.3 dB/cm and was determined from the slope of the linear fitting 
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of the plotted points; the slope exhibits a linear behavior (Pearson’s correlation 

coefficient r2=0.96). The x-axis intercept (-11.44 dBm) is the output power of the 

transmitter. This was measured independently at -11.5 dBm. The transmitter electrical 

power was 12.8 mW (V=7 V and I=1.85 mA). The power meter was precisely butt 

coupled to the waveguide using 3-axis translation stage. The O-CiP approach is 

appropriate to build a high speed board after embedding and assembly a high speed 

VCSEL light source with its driving circuit components. 

The near field profile (NFP) for the LED in free space was measured using a 62.5/125 

µm GI-MMF. The fiber was used to scan the radiated optical power from the LED 

along both x axis and y axis offsets (see Figure 4.14). The Kingfisher power meter (-70 

dBm sensitivity) was used to measure the received power (the NFP measurement for the 

waveguide failed as the power meter was not sufficient sensitive). 

 

 

Figure 4.10: The schematic diagram for the transmitter circuit, the LED switches ON and OFF every one 

second at 650 nm wavelength. 
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(a) (b) 

Figure 4.11: (a): 4 mm thick PMMA substrate with pockets and groove machined in and (b): the 

transmitter circuit components were placed into their pockets, where: Ra=1 KΩ, Rb=1 MΩ, Rs=1 KΩ, 

C1=1µF, D1 is LED and U1 is the LM555 timer IC. 

  

 
Figure 4.12: The steps to complete the O-CiP, (a): filling the groove with SU-8 and cure it, (b): screen 

printing the conductive tracks on 0.5 mm PMMA thick top cladding layer and (c): sealing the complete 

circuit and the buried optical channel using a thermal press.  
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Figure 4.13: Experimental measurements of the propagation loss of the straight waveguide at 

660 nm wavelength in the CiP board using a cutback method. The dots were the measured data 

which were best fitted with r2 greater than 0.96. 

 

 

Figure 4.14: The x and y near field optical power profiles for the LED measured at z=5 µm and 660 nm 

wavelength. 
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4.6 Optical Waveguide Structures 

Different optical waveguide structures were fabricated and analysed. These form the 

key components for a bus architecture. The machined waveguide groove (600 µm×600 

µm) structures were straight, 90˚ bend, and crossing (orthogonal intersection). Five sets 

of waveguides, one straight and four 90˚ bent waveguides with different bend radius (15 

mm, 20 mm, 30 mm and 40 mm) were machined on 100 mm×100 mm plastic substrate 

of 4 mm thickness. The total length of each waveguide was the same (80 mm) as shown 

in Figure 4.15 [4]. 

The crossing waveguide grooves have the same cross-section dimension as mentioned 

before and were made using a CNC milling machine. Integrating passive waveguide 

components to the optical layer leads to an increase in the on board functionality and 

achieves complex topology. The crossing waveguides help to reduce the link lengths, 

and hence maximize the available usable on-board area. Higher interconnection density 

can be achieved by using crossing elements. 7×7 crossing waveguides were fabricated 

on PMMA substrate (see Figure 4.16) with three different widths of the crossing 

waveguides (0.4 mm, 0.6 mm and 0.8 mm). All measurement results are presented in 

Chapter 5. 
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4.7 Summary 

Five different fabrication methods (rotary saw, CNC milling, three layer CNC milling, 

laser cutting and dicing saw) for embedded optical interconnections in a plastic 

substrate were implemented. In all methods, the grooves were machined and the 

waveguide material poured into the groove. These methods are suitable for active 

circuits using the O-CiP approach. Laser cutting is the quickest method although the 

resulting grooves have high surface roughness which can be improved by using a high 

resolution laser translation stage. The dicing saw method shows the lowest value of 

surface roughness among the other methods (RMS value was 246 nm at the bottom, 

10.05 nm (left) and 5.16 nm (right), Table 4.1 summarizes the limitations for each 

method. 

The optical circuits in plastic technology is inexpensive, has low environmental impact 

and can be adequate for high speed optical interconnects over short distances. A 

flashing circuit test board was made as a proof of the concept. The O-CiP is a new 

simple and cheap technique to make circuit boards for the high frequency applications 

(up to 10 GHz). There is no requirement to make multilayers packaging boards, for 

solder reflow processes which complicates and increases the cost of packaging. 

The CNC milling method was used to make more complicated passive waveguide 

components (90˚ bend waveguides with different bend radii and crossing waveguides) 

to route the optical signals and increase the board density. 

Some of the material presented in this chapter has been published [1-3]. 

The following chapter (Chapter 5) reports the test regime and results from the boards 

designed in this chapter. 
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Figure 4.15: Straight and 90˚ bent waveguide grooves structure on a PMMA substrate. The length of the measured straight and curved sections remains constant by insetting 

the waveguide connection points. 
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Figure 4.16: Orthogonal 7×7 crossing waveguide grooves of 600×600 µm2cross-section machined on a 

3 mm thick PMMA sheet. 

 

Table 4.1: Advantages and drawbacks for each fabrication method, the time and the cost are estimated 

for (0.6×0.6mm2) cross-section groove. 

Machining 

method 
Structures 

Time excluding 

preparation time 

(minute) 

Cost per 

hour(AUD) 

Max. 

resulting 

Ra (µm) 

Suitability to 

O-CiP 

approach 

Rotary saw Straight 1 35 6.3 Not sufficient 

CNC milling 
All 

structures 
2-3 35 1.6 

Yes and 

sufficient 

Three layer 

CNC milling 

All 

structures 
2-3 35 0.8 

Yes but 

complicated 

CO2 Laser All 0.5 20 6.3 
Difficult to 

make 

Dicing saw 
Straight and 

pocket  
5 20 0.25 

For straight 

cutting and 

pocket  
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CHAPTER 5 

MEASUREMENT RESULTS 

5.1 Introduction 

The characteristics of a 0.6×0.6 mm2 polymer optical waveguide of PMMA/PVC 

cladding and SU-8 photoresist epoxy core material were presented in this chapter. 

The waveguide propagation loss for each of the fabrication method (presented in 

Chapter 4) was measured. The bending loss, crossing loss, crosstalk and near field 

profile were found for the waveguide networks described in Chapter 4. Two coupling 

methods at the receiver side were used: butt-coupling and lens coupling. 

Experimental results for a direct modulated signal propagated in both straight and 

bent waveguides were presented by measuring the S21 parameter which provides the 

following measurements: frequency response, group delay and impulse response. 

 

5.2 Attenuation Loss Constant 

The waveguide propagation loss was found for the optical channel fabricated by five 

different methods. In the earliest experiment, the loss was estimated by measuring the 

received optical power at the waveguide end and simply by applying the link budget 

equations (Eqs. 3-12 to 3-21) to calculate the propagation loss. The characteristics of 

the optical waveguides with SU-8 core material are illustrated in Table 5.1. A 

summary of the resultant NA and the number of the GI-MMF and waveguide modes 

at each source wavelength is shown in Table 5.2. The number of modes in both fiber 

and SU-8 waveguides increases as the wavelength decreases. All measurements were 

done at 1310 nm and 1550 nm and some at 850 nm. A 2.5 GHz multimode VCSEL 

from Appointtech.INC was used as a source at 850 nm wavelength. It was driven by a 

laser diode current controller (LDC). The LDC was used in the current mode to get a 

constant driving current for the laser diode and to provide protection and safe 

operation for the VCSEL. A bias-tee (5541A broadband, 80 kHz-26 GHz) was 

connected to the network analyzer (E5071C, 100 kHz-8.5 GHz). In addition, the 
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VCSEL was connected in series with a 20 Ω surface mount resistance to achieve a 

total 50 Ω resistance to match with the 50 Ω RF coaxial cable for the RF 

measurements [1]. The propagation loss results were obtained using the CW mode 

(without amplitude modulation). 

To study the VCSEL characteristics, the Light-Current (L-I) curve and slope 

efficiency of the VCSEL were measured. The driving current from the LDC 200 was 

swept from 0.04 mA up to 14 mA and the power meter was used to measure the 

received power. From Figure 5.1, it can be seen that the threshold current is 2 mA and 

the curve slope efficiency is about 0.07 mW/mA. 

Kingfishers light source KI7402 (emits laser light at 1310 nm and 1550 nm) and 

power meter KI7600A (wide dynamic range from +10 dBm to -70 dBm) were used 

with a 62.5/125 µm graded index multimode optical fiber (NA=0.275) to achieve an 

optical butt coupling between the waveguide and devices as shown in Figure 5.2. The 

total propagation loss WgL was found from [2]: 

𝑊𝑔𝐿 = 𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 − 𝑃𝐿𝑐𝑜𝑢𝑝𝑙𝑒    (5-1) 

where PLcouple is the coupling loss (sum of Fresnel reflection loss, cross-section 

mismatch loss and numerical aperture mismatch loss) and defined in Eqs. 3-19 to 3-

21, and the waveguide propagation loss constant (α) can be obtained from Eq. 3-16. 

Table 5.3 demonstrates all measured and calculated losses in a straight waveguide 

where its groove was created by 152.4 µm rotary saw cutter method in PMMA/PVC 

substrate; the measurement was performed at 1310 nm and 1550 nm wavelengths. As 

shown in the Table 5.3, the mismatch numerical aperture loss between GI-MMF and 

SU-8 waveguide with a lower refractive index contrast (in case of PVC cladding) is 

1.4 dB and it is lower than that in case of PMMA cladding (2.76 dB). However, the 

propagation loss resulting from a waveguide of PVC cladding (2.45 dB/cm and 2.54 

dB/cm at 1550 nm and 1310 nm, respectively) was higher than that of waveguide of 

PMMA cladding layers (1.66 dB/cm and 1.51 dB/cm at 1550 nm and 1310 nm, 

respectively) because of two main reasons. First, the higher index contrast between 

the core and the cladding ensures the light is tightly confined in the core layer and 

leads to decrease the waveguide propagation loss. Secondly, the quality of the 

machined groove by rotary saw on PVC was less than that made on PMMA (see 

Figures 4.7 and 4.9). 
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Table 5.1: Waveguide parameters for 0.6×0.6 mm2 waveguide core made of SU-8 at 1310 nm 

wavelength. 

Cladding 

material 

Cladding 

refractive index 

Numerical 

aperture 

Refractive index 

contrast (∆) 

PVC 1.538 0.348 0.024 

PMMA 1.488 0.53 0.055 

 

Table 5.2: Number of modes generated and waveguide numerical aperture at three different 

wavelengths in both channel waveguide (Su-8 core and PMMA cladding) and GI-MMF. 

Light 

wavelength 

(nm) 

SU-8 

refractive 

index 

Waveguide NA  

Waveguide modes 

(TE and TM 

modes) 

GI-MMF 

modes 

850 1.58 0.55 947043 1004 

1310 1.571 0.53 370246 420 

1550 1.57 0.52 509161 306 

 

 

Figure 5.1: L-I curve for the 850 nm VCSEL. 
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Figure 5.2: Block diagram of the straight transmission optical short-link. 

 

Table 5.3: Measured and calculated loss parameters at the end of 7 cm long and 0.6×0.6 mm² optical 

waveguide fabricated using rotary saw method, the optical transmitted power was -5 dBm. 

Cladding 

material  

Received 

power 

(dBm) at 

1550 nm 

Received 

power 

(dBm) at 

1310 nm 

 Fresnel٭

loss RL 

(dB) 

Mismatch 

area loss AL 

(dB) 

Mismatch 

mumerical 

aperture loss 

NAL (dB) 

Propagation loss 

(dB/cm) 

 

PVC -44.3 -44.86 0.005 20.7 1.4 
2.45 at λ= 1550 nm 

2.54 at λ= 1310 nm 

PMMA -40.1 -39.04 0.005 20.7 2.76 
1.66 at λ= 1550 nm 

1.51 at λ= 1310 nm 

*This parameter is minor dependent on the wavelength. 

 

Alternative fabrication methods were investigated to obtain a waveguide with a 

sufficiently low sidewall roughness and surface roughness than that obtained with 

rotary saw method. The propagation loss for the waveguide made by the milling 

method was lower and the quality of the machined grooves was better as shown in 

Figure 4.2. A cutback method was used to do the propagation loss measurement at 

three wavelengths. A 7.5 cm long SU-8 waveguide was cut by 1 cm and the end was 

polished to reduce scattering before each measurement. This was done by using two 

different levels of wet sandpaper (6000 grits and 12000 grits). Then a Novus 1 plastic 

polish was used to remove the fine scratches. The propagation losses (curve slope of 

the linear fitting of the points) were 1.96 dB/cm, 1.32 dB/cm and 1.39 dB/cm at 850 

nm, 1310 nm and 1550 nm, respectively as shown in Figure 5.3. The slope at all 

wavelengths show a linear action with r2 equals 0.935, 0.985 and 0.99 at 850 nm, 

1310 nm and 1550 nm, respectively. The attenuation at 850 nm was higher than at the 

other wavelengths mainly because the loss due to surface roughness is larger at 

shorter wavelengths. The offset of the lines at length=0 cm represents the respective 

coupling loss. Furthermore, the average experimental value of the coupling loss 
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(combination of Fresnel, numerical aperture mismatch and cross-section mismatch 

losses) was 23.38 dB (high coupling loss comes from the low coupling efficiency 

mainly due to the small area of the output fiber core compared to the waveguide core 

area) and it is very close to the theoretical value of 23.47 dB (sum of RL, AL and NAL) 

which is illustrated in Table 5.3. The coupling loss for the later experiments using the 

high speed receiver is about 1 dB. 

Another fabrication technique was three layer milling (milling right through) 

which was used to reduce the waveguide groove bottom average surface roughness 

(from about 400 nm to 2 nm). A lower loss value was obtained from three layer 

milling (1.17 dB/cm and 1.2 dB/cm at 1310 nm and 1550 nm, respectively), the light 

scattering was reduced as the waveguide surface is optically flat (1.07 nm average 

surface roughness) as the bottom layer is not milled. The sidewall roughness was the 

main source of the waveguide roughness. Comparing this result with the one from the 

CNC milling method, the approximate additional loss for 7.5 cm waveguide resulting 

from the bottom surface roughness was 1.425 dB at 1550 nm. 

The other fabrication technique is laser cutting which is suitable for mass production 

as many waveguide grooves can be made in a very short time. The loss of the 

waveguides fabricated by the CO2 laser cutter (1.53 dB/cm and 1.64 dB/cm at 1310 

nm and 1550 nm, respectively) is significantly higher than that of the three layer 

milling and CNC milling method. For a 7.5 cm waveguide long, it was higher than 

that of the three layer milling method by 2.7 dB and 3.3 dB at 1310 nm and 1550 nm, 

respectively. It was also higher by 1.575 dB and 1.875 dB at 1310 nm and 1550 nm, 

respectively than that done by CNC milling. The quality of the grooves made by a 

laser can be improved and the channel loss will be reduced by using a higher 

resolution laser cutter. 

A dicing saw cutter used to make the waveguide grooves (500 µm depth and 570 µm 

width) had a low RMS surface roughness. The details of this method and the resultant 

surface and sidewall roughness were demonstrated in chapter 4. It was found that the 

endface roughness of the channel has a significant impact on the waveguide insertion 

loss (total loss). After the waveguide ends cut by a CNC milling machine the received 

optical power was measured, then a polishing step was done using wet sand paper 

(6000 grits and 12000 grits) for about 5 minutes on each waveguide endface. The 

total insertion loss was reduced by about 3 dB due to the improving the average 
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endface roughness (from 400 nm to less than 50 nm). The propagation loss for the 

fabricated waveguide was measured by cutback method for a single waveguide and 

for waveguides with different separation values (S). Figure 5.4 shows the average 

propagation loss constant for the rectangular waveguide is 0.9 dB/cm, all slopes 

exhibit a linear behaviour with r2 more than 0.95. There is a difference by ±0.1 dB/cm 

in the measured values which results from the fabrication step and/or waveguide 

endface roughness. 

A comparison among all fabrication methods is shown in Table 5.4. The minimum 

propagation loss was achieved when a dicing saw cutter was used. The recorded 

propagation losses from some recent publications for waveguides made by milling, 

laser ablation and some other methods are shown in Table 5.5. The milling and 

ablation processes were done directly on the core layer after spin coating the core 

material on the substrate layer [3]. However, the measured loss for the machined 

waveguides is close to our measurements. 

 

 

Figure 5.3: Experimental measurement of the propagation loss by cutback method for the straight 

waveguide fabricated by CNC milling method at three different wavelengths, the lines represent the 

best fitting for the measured data points and the r2 was more than 0.9 for all lines. 
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Figure 5.4: Experimental measurement of the propagation loss by cutback method for the straight 

waveguide fabricated by dicing saw cutter method for single waveguide and waveguides with different 

separation values. The best fitted lines have a high linearity behavior with r2 higher than 0.95. 

 

Table 5.4: A 0.6×0.6 mm² optical waveguide attenuation loss in dB/cm using different fabrication 

techniques. 

Fabrication method 
Attenuation at 1310 nm 

(dB/cm) 

Attenuation at 1550 nm 

(dB/cm) 

Rotary saw 1.51 1.66 

CNC machining 1.32 1.39 

Three layer milling 1.17 1.20 

Laser cutting 1.53 1.64 

Dicing saw cutter 0.9 - 
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Table 5.5: Attenuation loss for optical waveguide fabricated by different methods reported in some 

recent papers for optical waveguides. 

Fabrication 

method 

Waveguide 

dimension 
Core material Cladding material 

Propagation loss 

(dB/cm) 

Direct milling 

[4] 
100×90 µm2 

Doped PMMA 

(80% PMMA 

and 20% SAN) 

PMMA 1 at 650 nm 

CO2 Laser 

ablation [5] 

60 μm depth and 

varying width 

Truemode™ 

photopolymer 

EXX-core 37E 

Truemode™ 

photopolymer  

EXX-clad 277 

1.3±0.5  

Laser ablation 

[6] 
45×45 µm2 

Truemode™ 

photopolymer 

EXX-core 37E 

Truemode™ 

photopolymer  

EXX-clad 277 

1.4±0.5 at 850 nm 

Dip coating and 

RIE techniques 

[7] 

80×83 µm2 PMMA 

PFMA (under 

cladding) and 

CYTOP (upper 

cladding) 

3.4 before treatment 

and 1.4 after 

treatment at 680 nm 

Hot embossing 

[8] 
80×60 µm2 NOA72 PMMA 1 at 635 nm 

UV lithography 

and RIE [9] 
40 ×50 µm2 UV15 PMMA 1.9 

 

5.3 Improving Surface Roughness 

There are some post processing methods that can be used to improve the surface 

quality of the waveguide grooves such as surface coating and vapour exposure [10]. 

A vapour exposure method was used; a groove was machined in a 3 mm thickness 

PMMA substrate using CNC milling machine and the sample was cleaned and 

prepared for the exposure process. First, stand offs made from glass were put inside a 

petri dish which was already placed inside a water bath to keep a constant 

temperature. Secondly, a PMMA sample with waveguide grooves was placed on the 

stands and the sample face where the grooves were made facing the solvent. 

Chloroform was poured into the dish until the level became 3 mm below the PMMA 

sample. To create a vapour exposure chamber, another petri dish was used as a lid. 

The whole assembly was kept for 4 minutes (see Figure 5.5). The surface roughness 

decreased after the vapour exposure and the effect can clearly be seen in Figure 5.6. 
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Another way to show the improvement in the surface quality of the waveguide 

grooves was to complete the polymer waveguide fabrication by filling the grooves 

with the SU-8 waveguide core material and undertake propagation loss measurements 

(see Figure 5.7). If the sample is exposed for more than 4 minutes, the sidewalls 

deform due to the beginning of the sides melting. After the chloroform vapour 

exposure process, the surface roughness loss was reduced by 1.2 dB and 1 dB for 7.5 

cm waveguide at 1310 nm and 1550 nm, respectively. The propagation loss 

(measured by cutback method) became 1.202 dB/cm and 1.263 dB/cm at 1310 nm 

and 1550 nm, respectively. The lines for the best fitted data points showed a linear 

performance with r2 value higher than 0.97. 

 

 

Figure 5.5: Schematic diagram of the vapour exposure process [10]. 

 

  

(a)                                                                            (b) 

Figure 5.6: A 600 μm×600 μm waveguide groove made by CNC machining under Microscope, (a): 

after normal cleaning, (b): after 4 minutes of chloroform vapour exposure. 
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Figure 5.7: Attenuation loss of channel produced by CNC milling before and after 4 minutes vapour 

exposure at two wavelengths: 1310 nm and 1550 nm, the linear fit for the experimental data showed a 

high linearity with r2 more than 0.97. 

 

5.4 Bending Loss 

A set of 90º circular arc waveguides with four different bent radii (15 mm, 20 mm, 30 

mm and 40 mm) were fabricated. The straight─90°bent─straight waveguide structure 

was used for the bend loss measurements. The block diagram for the experimental set 

up is illustrated in Figure 5.8. Each bend section has input/output straight waveguide 

sections at both ends (Figure 4.14). The length of the straight part was varied for each 

bend radius with the total length kept constant. The total waveguide length (bend and 

straight parts) between the waveguide connection points was the same for all 

waveguides (equal 80 mm) as shown in Table 5.6. The main purpose of the straight 

parts was to align the optical fiber core for butt coupling. The power meter was used 

to measure the bending loss by measuring the received optical power at the end of 

SU-8 waveguide at 850 nm, 1310 nm and 1550 nm light source wavelengths. The 

measured loss in the straight─90°bent─straight waveguide structure is shown in 

Figure 5.9. It is clear that structure consists of three main loss parameters: straight, 
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bending and coupling losses. The bend loss components can be found from Eq. 3-14, 

the propagation loss for the bent waveguide section was assumed to be the same as 

for the straight waveguide though it is an approximation. 

The total loss contributions in the straight─90°bent─straight waveguide was 

determined experimentally for each bending radius and shown in Table 5.7. 

The combination of the transition and radiation loss decreases with increasing radius 

of curvature. It is the dominant loss and becomes significantly high for the smallest 

radius of curvature (15 mm and less). However, when the bend radius is greater than 

30 mm, the propagation loss becomes the dominant loss parameter as shown in 

Figure 5.10. For example, at 30 mm radius and 850 nm wavelength, the sum of the 

transition and radiation losses was 4.84 dB and the propagation loss was 9.22 dB, the 

lowest value of transition and radiation loss was recorded at this wavelength. 

 

 

Figure 5.8: Block diagram for straight─90°bent─straight waveguide structure set up measurements. 
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Figure 5.9: The total loss vs. waveguide bend radius at different wavelengths. 

 

Table 5.6: Length of the two waveguide sections: straight and bent (see Figure 4.14). 

Bending radius 

R (mm) 

Straight part length 

at each side (mm) 

Bend part length 

(mm) 

Total length 

(mm) 

15 28.25 23.56 80.06 

20 24.3 31.42 80.02 

30 16.44 47.12 80 

40 8.6 62.83 80.03 

 

Table 5.7: Waveguide total loss, propagation loss and sum of transition and radiation loss for four bend 

radii at three different wavelengths. 

Waveguide 

bending 

radius (mm) 

λ0 (nm) 
Total loss* 

(dB) 

Propagation loss for 

curvature part (dB) 

Transition and 

radiation losses 

(dB) 

15 

850 

1310 

1550 

46.50 

43.16 

46.12 

4.60 

3.11 

3.28 

8.42 

11.19 

11.08 

20 

850 

1310 

1550 

46.10 

39.60 

41.79 

6.14 

4.15 

4.37 

8.03 

7.64 

6.76 

30 

850 

1310 

1550 

42.90 

37.60 

40.20 

9.22 

6.22 

6.55 

4.84 

5.64 

5.17 

40 

850 

1310 

1550 

41.50 

36.50 

38.90 

12.29 

8.30 

8.74 

3.43 

4.54 

3.86 

*Including coupling loss, propagation loss, transition loss and radiation loss. 
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Figure 5.10: Combination of the transition and radiation losses and the propagation loss for both 

curved waveguide and straight waveguide sections as a function of bending radius. The right-hand axis 

represents the coupling loss and the left-hand is the transition and radiation loss and the propagation 

losses. The symbols: •, ◊ and ×, are for 850 nm, 1310 nm and 1550 nm light sources. 

 

Furthermore, the coupling loss value is independent on the bending radius and varies 

with the operating wavelength. The high value of the coupling loss in the propagation 

loss measurements results from the mismatch area loss between the large core 

waveguide and the out-coupled fiber core, it can be reduced dramatically by using a 

free-space power meter/photoreceiver with a large detecting area (see Section 5.8). A 

bar chart in Figure 5.11 shows the three loss components in the 

straight─90°bent─straight waveguide structures (propagation loss in the straight part, 

bent waveguide loss including the propagation in that part and the coupling loss) at 

850nm, 1310 nm and 1550 nm wavelengths. Figure 5.12 shows the total bend loss vs. 

the inverse bend radius. It exemplifies that the bend loss at infinite bend radius equals 

the propagation loss in the straight waveguide found in Figure 5.3. 
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Figure 5.11: The loss components of the waveguide (propagation loss for the straight waveguide, total 

bend loss and coupling loss) for four bend radii and at three different wavelengths, (a): 850 nm, (b): 

1310 nm and (c): 1550 nm. 

 

 

Figure 5.12: Bend loss per unit length vs. the inverse waveguide bend radius at three wavelengths. 
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5.5 Waveguide Crosstalk 

The multimode waveguide grooves (500 µm depth and 570 µm width) were 

machined on 1.6 mm thick PMMA substrate using a dicing saw cutter with different 

waveguide separation distances S: 595 µm, 394 µm, 195 µm, 95 µm, 70 µm and 45 

µm (see Figure 5.13). The grooves were filled with the core material (SU-8) and 

cured to examine the crosstalk at two different launching conditions, waveguide 

lengths and waveguide separations at 1310 nm wavelength. 

The Kingfisher optical power meter (-70 dBm sensitivity) was used with 62.5/125 µm 

GI-MMF butt-coupled to measure the received optical signal. The input and output 

coupling GI-MMF were fixed on 3D translation stage. The launching and receiving of 

the optical signal were done by butt coupling (at less than 5 µm distance) the input 

and output GI-MMF to/from the polymer waveguide. The input coupling fiber 

position was (y=0 µm, z=0 µm) and the fiber scanned the waveguide core along the x-

axis. In all measurements the position of the output coupling fiber was at the center of 

the waveguide core (x=0 µm, y=0 µm and z=0 µm). 

The received optical power was measured at three different waveguide separation (45 

µm, 70 µm and 95 µm) and at three waveguide lengths (40 mm, 60 mm and 65 mm) 

to investigate the waveguide length and separation distance on the crosstalk (Table 

5.8). The crosstalk was determined as the difference between the normalized output 

power of the adjacent waveguide and the normalized output power of the excited 

waveguide [11]. The crosstalk was less than -40 dB for both S=95 µm and 70 µm. 

The maximum crosstalk (about -35 dB) was recorded for the closest (S=45 µm) and 

the longest waveguide (65 mm). the through power decreases as more power is lost to 

the adjacent channel. So the waveguides with separation distance equals 70 µm or 

more can be applied for optical interconnection boards. 

Figure 5.14 shows the normalized received power vs. the x-axis offset of the input 

fiber at the end of 80 mm single waveguide (no adjacent channels) and for parallel 

waveguides with four different separation distances (595 µm and 195 µm, 95 µm and 

70 µm) in both directions (from waveguide 1 to waveguide 2 (Wg1-Wg2) and from 

waveguide 2 to waveguide 1(Wg2-Wg1)). The curves are highly symmetric in each 

case. It is clear that the profile for the single channel is wider due to light propagation 
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in the cladding material while it becomes narrower in the case of the adjacent 

waveguides. The power level drops dramatically as soon as the scanned fiber is 

moved beyond the waveguide core and the normalized measured power becomes 

close the -40 dB when the optical fiber core reaches the next parallel waveguide core. 

For example, at S=595 µm, the normalized power drops from maximum to -37.5 dB 

when fiber moves from x=0 µm to x=880 µm, respectively (see Figure 5.13 and 

Figure 5.14a). The crosstalk was measured for all waveguide separations and it was 

about -40 dB. The crosstalk at the middle of the adjacent waveguide core (at approx. 

640 µm offset) is expected to be lower than -40 dB, however, this cannot be recorded 

due to the limited sensitivity of the power meter (-70 dBm). The measured crosstalk 

for S=70 µm is less by more than 5 dB compared to that measured for 50×50 µm2 

cross-section, 125 mm long waveguide and 200 µm waveguide space [11]. 

Decreasing the separation distance between the waveguides leads to an increase in the 

track density and so the achievable data rate of the optical interconnections. 

 

Table 5.8: Received optical power when exciting one of the parallel waveguides with different 

separation distances (nearest edge distance S=45 µm, 70 µm and 95 µm), at different waveguide 

lengths. Ch1 and Ch2 are the input of the optical channel one and two and ch1' and ch2' are the outputs 

of channel one and two, respectively. 

S (µm) 
Waveguide 

Length (mm) 

Received optical power (dBm) 

Ch1-ch1' Ch1-ch2' Ch2-ch2' Ch2-ch1' 

45 

40 -28.05 <-70 -28.35 <-70 

60 -30.81 -68.3 -30.6 -68 

65 -31 -67.2 -31.4 -66.3 

70 

40 -25.8 <-70 -25.7 <-70 

60 -28.6 <-70 -28.67 <-70 

65 -29 <-70 -29.1 <-70 

95 

40 -25.28 <-70 -25.3 <-70 

60 -28.41 <-70 -28.5 <-70 

65 -29.03 <-70 -29 <-70 
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Figure 5.13: The diced waveguide groove under microscope (50Х) image shows the waveguide nearest 

edge separation S and signal dropping distance (880 µm). 

 

The normalized power vs. x-axis offset was also evaluated for two different 

waveguide lengths (80 mm and 55 mm) for the 70 µm waveguide separation. It was 

found that the shorter waveguide has lower crosstalk as shown in Figure 5.15. 

The impact of the launching condition was investigated. Two different optical fibers 

were used to launch 1310 nm wavelength light to the highly multimode optical 

waveguide with 70 µm waveguide separation: a 9/125 µm (NA=0.14) standard single 

mode fiber (SSMF) and a 62.5/125 µm GI-MMF (see Figure 5.16). There is a slight 

decrease in the waveguide power profile width when SMF was used due to the high 

resolution of the SSMF evident at the shoulder of the waveguide channel. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

Figure 5.14: The normalized received optical power at the output of 80 mm straight waveguide as a 

function of the position of the input GI-MMF at 1310 nm wavelength for, (a): single waveguide, (b): 

S=595 µm, (c): S=195 µm, (d): S=95 µm and (e): S=70 µm. The lower end of the ordinate corresponds 

to the sensitivity limit of the power meter (-70 dBm). 

 

The misalignment for 1 dB tolerance for the fabricated waveguides (70 µm separation 

distance) was found for the three axis directions at both transmitter and receiver sides 

as illustrated in Table 5.9. The horizontal axis is more sensitive than the vertical one 

and it was found that the misalignment tolerance at both sides is similar. 
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Figure 5.15: Normalized received optical power at the output of 80 mm straight waveguide with S=70 

µm as a function of the position of the input MMF for different waveguide length (80 mm and 55 mm). 

The lower end of the ordinate corresponds to the sensitivity limit of the power meter. 

 

 

Figure 5.16: The normalized received optical power at the output of 80 mm straight waveguide as a 

function of the position of the input fiber type: SMF and MMF for S=70 µm. The lower end of the 

ordinate corresponds to the sensitivity limit of the power meter. 
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Table 5.9: The three offset values (x-axis, y-axis and z-axis) for 1 dB misalignment tolerance. The 

waveguide length was 80 mm, the separation was 70 µm at both transmission sides and the MMF was 

scanned at both sides of the waveguide. 

Offset side x-axis (vertical) 
y-axis 

(horizontal) 

z-axis (optical 

axis) 

Transmitter ±190 µm ±70 µm ≥700 

Receiver ±200 µm ±50 µm ≥600 

 

5.6 Crossing Loss 

The excess loss in step index crossing waveguides occurs at the intersection of the 

two waveguide cores when the optical signal that propagates by total internal 

reflection is no longer confined, and spreads out over the waveguide width due to the 

diffraction of the guiding modes when they propagate through the crossing region as 

well as the optical power radiation and scattering at crossing section. 

The waveguides have a square cross-section of 600 µm×600 µm. Each substrate 

consists of 80 mm long waveguides with 1 to 7 crossings at angle of 90º (see Fig. 

4.15). The received optical power was measured at the end of a waveguide at 

different crossing numbers as shown in Figure 5.17. The received power decreased 

from -39.55 dBm for single crossing to -41.8 dBm for 7 crossings at 1310 nm 

wavelength. In addition, the received power for the waveguide with seven crossings 

at 1550 nm was lower by about 4 dBm than that at 1310 nm. 

The impact of the crossing waveguide width was investigated. The loss per crossing 

(dB/crossing) was measured from the slope of the measured results at 0.4 mm, 0.6 

mm and 0.8 mm crossing core width while the width of the core of the input 

waveguides was the same (0.6 mm). As expected, reducing the width of the crossing 

waveguide leads to a reduction in the loss per crossing [12]. The loss per crossing 

was decreased from 0.362 dB to 0.34 dB at 0.8 mm and 0.4 mm widths, respectively 

at 1310 nm wavelength and from 0.471 dB to 0.4143 dB at 0.8 mm and 0.4 mm 

widths, respectively at 1550 nm wavelength (see Figure 5.18). The best fitted lines at 

both wavelengths show a linear behaviour with r2=0.96, 0.99 and 0.98 at 0.4 mm, 0.6 

mm and 0.8 mm crossing waveguide widths, respectively. 
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A further investigation of the waveguide crossing performance was made by 

measuring the induced crosstalk at 1310 nm wavelength in both perpendicular and 

parallel waveguides for 2×2 crossing (see Figure 5.19). The crosstalk between the 

parallel and perpendicular channels is shown in Table 5.10. It can be seen that the 

crosstalk in the intersecting waveguides is below the sensitivity of the power meter, 

thus indicating crosstalk levels less than -30 dB and crosstalk in adjacent parallel 

waveguides was low and close to -27 dB. The crosstalk of 0.6 mm crossing 

waveguide width (-27.5 dB) was found slightly higher than that 0.4 mm width (-29 

dB) as more incident power goes to the crossing waveguide and causes crosstalk. 

 

 

Figure 5.17: Received optical power as a function of the crossing waveguide number at 1310 nm and 

1550 nm wavelengths, cross-section of the input waveguide and crossing waveguide is equal (0.6×0.6 

mm2). 
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(a) 

 

(b) 

Figure 5.18: Loss per crossing at three different widths of crossing waveguide core (0.4 mm, 0.6 mm 

and 0.8 mm), (a): at 1310 nm and (b): at 1550 nm. The best fitting lines for the measured data have r2 

more than 0.95. 
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Figure 5.19: A 2×2 crossing waveguides structure of 0.6×0.6 mm2 cross-section each and 5 mm 

distance between parallel channels made on 3 mm PMMA substrate. The top cladding sheet was 1.6 

mm thick PMMA. 

 

Table 5.10: Received optical power for 2×2 90˚ crossing waveguide (0.6×0.6 mm2 cross-section) at 

1310 nm wavelength. 

Excited 

channel 

Received power (dBm) at all channels 

CH1 𝐶𝐻1̅̅ ̅̅ ̅̅  CH2 𝐶𝐻2̅̅ ̅̅ ̅̅  CH3 𝐶𝐻3̅̅ ̅̅ ̅̅   CH4 𝐶𝐻4̅̅ ̅̅ ̅̅  

CH1 Input -41.07 <-70 -68.65 <-70 <-70  <-70 <-70 

CH2 <-70 -69.7 Input -39.85 <-70 <-70  <-70 <-70 

CH3 <-70 <-70 <-70 <-70 Input -39.96  <-70 -69.95 

CH4 <-70 <-70 <-70 <-70 <-70 -69.9  Input -41 

 

5.7 Mode Profile 

The output near field profile (NFP) of the waveguides was experimentally measured 

for both straight and bent waveguides. A waveguide sample of length 7.5 cm and 

600×600 µm2 cross-section (706 λ0 × 706 λ0 at 850 nm) was placed on a 3D 

translation stage to measure the optical power butt coupled to a 62.5/125 µm GI-

MMF at a distance of approximately 5 µm and detected using the power meter (Gex 

EXFO-FPM302X with FC connector, power range from 26 dBm to -52 dBm). The 
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waveguide modes were excited by butt coupling the light from a 850 nm VCSEL to 

the waveguide core using GI-MMF. The opened end-side waveguide was moved and 

the received optical power was measured for x and y offsets for the straight optical 

waveguide and 15 mm bent optical waveguide samples (see Figure 5.20). It is clearly 

seen from the profiles for the straight waveguide that the number of modes is rather 

small, and the wavefront has a relatively narrow beamwidth. The mode profile along 

the x direction for the straight waveguide is narrower than that of the bent waveguide. 

In the case of the bent samples, mode mixing occurs and additional higher order 

modes are excited. 

The output power around the core center was the highest, and the power gradually 

decreased from the core center to the periphery in the bent waveguide sample and 

output power was almost uniform. As large numbers of waveguide modes have been 

excited in the bent waveguide, the output power profile in both x and y axes results in 

a much more uniform output profile approximating a plane wave. In the straight 

interconnect, the output power had a high value and peak at ±100 µm around the core 

center and decreased significantly away from the centre point. 

 

 

Figure 5.20: The x and y output optical power profiles measured at z=5 µm for straight and 15 mm 

bend waveguide. The transmitted power was -3.3 dBm at 850 nm. 
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5.8 Frequency Response 

The frequency response, impulse response and the group delay were measured of a 

direct modulated optical signal. The configuration of both the transmitter and receiver 

were modified for RF measurements. Two coupling methods (butt coupling and lens 

coupling) were used at the receiver side to couple the light from the waveguide end to 

a high speed photoreceiver. 

In the lens coupling arrangement, a pair of spherical Plano-convex lenses KPX076 

(NA=0.5, focal length=25.4 mm and 25.4 mm diameter) were used and placed 

between waveguide and detector (about 12 mm far from waveguide end and 

detector). A high speed photoreceiver with Si-PIN photodiode (HSA-X-S-1G4-SI-

FC) was used. This detector has 0.8 mm effective active diameter with a ball lens, 

5×103 V/A transimpedance amplifier gain, 2.5×103 V/W conversion gain (at 760 nm) 

and 1.4 GHz bandwidth. The minimum detected power Pmin is -30.66 dBm and it can 

be calculated from Eq. 3-9. The receiver conversion gain (G) at the operating 

wavelength (850 nm) was: 

𝐺(𝜆) =
𝐺𝑚𝑎𝑥 𝑅(𝜆)

𝑅𝑚𝑎𝑥
= 2.205 × 103 V/W    (5-2) 

where Gmax is the maximum conversion gain of the receiver. 

The frequency response for the back to back (B2B), straight and bent waveguide 

samples (15 mm and 40 mm bend radii) was studied. The RF measurements were 

done using a network analyzer. The incoming RF signal port 1 was connected to the 

laser via bias-tee and port 2 was connected to photodetector output to provide the 

received RF signal as shown in Figure 5.21. An 8 mA VCSEL biasing current was set 

to get -3.3 dBm transmitted power. The transmission coefficient (S21) was measured 

for the optical system without polymer waveguide (B2B), the 7.5 cm straight 

waveguide, bent waveguides (40 mm and 15 mm bend radii) using both out-coupling 

techniques (see Figure 5.22). The measured transmission |S21| for the butt coupling 

method was -31 dB, -37.94 dB and -47.49 dB for straight, 40 mm and 15 mm bend 

waveguides, respectively. For lens coupling, the measured |S21| was -33 dB, -39.27 

dB and -50.76 dB for straight, 40 mm and 15 mm bend waveguides, respectively. The 

graph shape for the response of the straight and curved waveguides was compared to 

that of the ideal link B2B (connecting the optical fibers directly without waveguide) 
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for both coupling schemes (see Figure 5.23). The S21 measurement was limited to 

1.4 GHz by the receiver bandwidth. The fabricated waveguides have a bandwidth 

greater than 3 GHz. The curve ripple at 0.71 GHz in Figures 5.22 and 5.23 is caused 

mainly by ringing (resonances) in the 1 m (approx.) long coaxial cable and 

photoreceiver. This is present in the calibration “through” optical fiber demonstrating 

it is an instrumental effect not related to the waveguide under test. 

 

 

(a) 

 

(b) 

Figure 5.21: Experimental set up for the RF measurements, (a) block diagram and (b) optical devices 

and components, the light was coupled from waveguide onto the detector using two Plano-convex 

lenses. 



108 
 

 

(a) 

 
(b) 

Figure 5.22: Frequency response for B2B (system without waveguide), straight and bent waveguides. 

The 850 nm VCSEL transmitted power was -3.3 dBm and it is coupled to the waveguide by 

62.5/125µm GI-MMF, (a): butt coupling and (b): lens coupling. 
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(a) 

 

(b) 

Figure 5.23: Frequency response after normalized to 0.4 GHz point for B2B, straight and bent 

waveguides after normalization. The 850 nm VCSEL transmitted power (-3.3 dBm) was coupled to the 

waveguide by GI-MMF, (a): butt coupling and (b): lens coupling. 
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In addition, the coupling loss was measured for the waveguide sample. This is the 

difference between the output power at the waveguide end (Pout) and the measured 

optical power at the detector input (PI,detc): 

𝐿𝑂,𝑐𝑜𝑢𝑝𝑙 = 𝑃𝑜𝑢𝑡 − 𝑃𝐼,𝑑𝑒𝑡𝑐     (5-3) 

where PI,detc can be calculated from the following relation: 

𝑃𝐼,𝑑𝑒𝑡𝑐 =
𝑉𝑜𝑢𝑡

𝐺
      (5-4) 

where Vout is the measured signal voltage amplitude at the receiver and G is the 

photoreceiver conversion gain at 850 nm (2.205×103 V/W) was calculated from Eq. 

5-2. 

The output coupling loss for the butt coupling technique was 1 dB. The coupling loss 

for the lens coupling scheme was approximately twice (~2 dB) that for the butt 

coupling method. The achieved butt coupling loss from the waveguide to the receiver 

side is lower by 2 dB than that recorded in [13]. The microlens coupling method was 

used in [14] to couple light from 67 µm waveguide width to a PIN photodiode with 

an active area of 65 µm. The measured coupling loss was 2.5±1 dB at around ±25 µm 

misalignment tolerance. 

The transimpedance amplifier response for the photoreceiver was studied. A 7.5 cm 

straight waveguide was butt coupled to the receiver and the relative output was found 

for each VCSEL output optical power and for different RF frequencies as shown in 

Figure 5.24. It was found that the photoreceiver has a linear response up to -5.66 dBm 

VCSEL output power. 
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Figure 5.24: Measured relative electrical receiver output vs. 850 nm VCSEL output optical power for 

7.5 cm straight waveguide at different RF frequencies. 

 

5.9 Group Delay and Impulse Response 

The group delay for the optical system under test was measured for both coupling 

types: butt and lens coupling as shown in Figure 5.25a and 5.25b, respectively. There 

is a slight difference in the group delay between the two coupling methods (about 

0.26×10-9 sec for B2B link). The group delay for all three waveguides were very 

close for the butt coupling method. The slight difference can be due to small changes 

in the waveguide lengths. The group delay for the signal propagated in the 

waveguides was higher by about 1.6 nsec than the ideal B2B link. 

The impulse response was also measured for the two coupling methods (see Figure 

5.26). After shifting the impulse responses for all samples to that of the back-to-back 

impulse response, it is apparent that there is no significant pulse broadening. The full 

width half maximum (FWHM) for each measurement was 0.418×10-9 sec for both 

coupling methods. The oscillations in Figure 5.26 are mainly due to the limited 

frequency band as the impulse response is found via IFFT. 

. 
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(a) 

 

(b) 

Figure 5.25: Group delay for B2B, straight and bent waveguides. Transmitted optical power from 850 

nm VCSEL source was -3.3 dBm, (a): butt coupling, (b): lens coupling. 
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(a) 

 

(b) 

 

(c) 

Figure 5.26: Normalized impulse response for B2B, straight and bent waveguides, (a): butt coupling 

without delay, (b): lens coupling without delay and (c) after shifting each curve in (a) on top of the 

B2B impulse responses; -3.3 dBm transmitted power 850 nm VCSEL. 
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5.10 Conclusions 

The attenuation loss was measured for straight optical waveguides fabricated using 

five different techniques (rotary saw cutter, CNC milling machine, three layer 

milling, laser cutting and dicing saw cutter). The minimum measured propagation 

loss was 0.8 dB/cm at 1310 nm for the waveguide made by the dicing saw cutter 

method, this result compares well with the propagation loss for the waveguides made 

by machining methods in the previous published works. The dicing saw cutter 

method had the minimum surface and sidewall roughness for the machined 

waveguide groove on PMMA substrate. 

As the surface roughness has an impact on the waveguide propagation loss, a simple 

method of surface roughness reduction was implemented. Chloroform was used as a 

solvent in vapour exposure experiment to reduce the roughness for the waveguide 

grooves machined using CNC milling machine. The new propagation loss was lower 

by about 0.2 dB/cm at 1310 nm. 

Bent and crossing waveguides were fabricated. The bend loss for the polymer 

waveguide with four different bend radii (40 mm, 30 mm, 20 mm and 15 mm) was 

measured at 850 nm, 1310 nm and 1550 nm wavelengths. It was found that the 

bending loss increased up to 6 dB/cm for 15 mm bend radius. The two bending loss 

components (transition and radiation losses) become the dominant loss for the 

waveguides with 15 mm bend radius or less. The mode profile for bent waveguides 

was broader as in the case of the straight waveguide because of the excitation of 

larger number of the higher order modes. 

An array of 7×7 crossing waveguides was fabricated and loss per crossing was 

measured at three different widths of the crossing waveguide (0.4 mm, 0.6 mm and 

0.8 mm) and 0.6 mm input waveguide width. The lowest loss per crossing value was 

0.34 dB at the smallest crossing waveguide width of 0.4 mm  

The crosstalk was measured for the waveguides machined by the dicing saw cutter 

and for different waveguide separations. The crosstalk was less than -40 dB at 70 µm 

separation distance or higher. However, the crosstalk was still significantly low (-38 

dB) for 45 µm waveguide separation. The impact of the launching optical fiber type 
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on the crosstalk and misalignment offset were studied. The waveguide insertion loss 

was reduced by about 3 dB after polishing the waveguide endfaces and improved the 

face roughness. 

The frequency response was assessed for straight and bent waveguides using high 

speed transmitter and receiver. Two coupling methods (butt and lens couplings) at the 

receiver side were employed. The lens coupling loss was two times higher than for 

butt coupling. The impulse response was determined for both couplings and for two 

bend radii; however no remarkable difference in the width of the impulse response 

was measured using a network analyzer. 

All evidence points the fact the bandwidth limitation of our channel is due to the 

optoelectronic devices since the impulse responses did not exhibit any obvious ripple. 

The back-to-back signal as well as the propagated ones through straight and bent 

waveguides degrades after 1.4 GHz due to exceeding the receiver bandwidth. We 

believe the bandwidth of the fabricated waveguide is more than 3 GHz. The 

theoretical bandwidth (more than 37GHz) can found from Equations 3-22 and 3-23 as 

well as Figure 3.6. 
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CHAPTER 6 

CONCLUSIONS 

6.1 Thesis Summary 

The main focus of this research was to study and develop optical interconnects with 

low cost, direct coupling and uncomplicated packaging (i.e. without lenses, reflectors 

etc.). Several optical connection fabrication techniques that suit CiP board technology 

were implemented, a variety of plastics can be used as a substrate including 

biodegradable, biocompatible, recycled and flexible plastics to form the circuits and 

waveguide substrate. The chosen plastic material should have good optical properties 

and a lower refractive index than the used waveguide core material. This technology 

can be used to produce multi-channel high speed applications chip to chip and board 

to board interconnections in a low cost manufacturing environment. The thesis 

describes each method and the manufacturing process steps. 

The SU-8 epoxy based photoresist was selected as a core material in a plastic 

substrate because of its optical properties especially after the baking process as well 

as good mechanical and optical properties; PMMA was used as a cladding so the 

numerical aperture for 0.6×0.6 µm2 cross-section waveguide was 0.53 at 1310 nm 

wavelength. 

Five different methods were used to machine the waveguide grooves (rotary saw, 

CNC milling machine, three layer CNC milling, three layer laser cutting and dicing 

saw). The propagation loss was measured for each method at three different 

wavelengths (850 nm, 1310 nm and 1550 nm). The dicing saw cutter is used for the 

first time for waveguide machining has produced waveguides with the smallest 

propagation loss and groove roughness (surface and sidewalls roughness). The 

propagation loss for this method was lower by about 70% and 50% of the ones that 

achieved by the rotary saw and CNC machining, respectively at the same wavelength. 

The RMS surface roughness for the groove machined by the dicing methods was 246 

nm while it was more than 400 nm and 4000 nm for the CNC and rotary saw samples. 

However, the CNC method is more suitable for the CiP as all the waveguide 
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structures can be implemented Table 6.1 summarizes a comparison for all used 

methods. 

In addition, bent and crossing optical waveguide structures were fabricated. The 

bending loss was measured for different bent radii, the transition and radiation loss 

was the dominant loss when the radius of curvature was less than 15mm. A vapour 

exposure method was used to reduce the waveguide groove roughness and the 

propagation loss was reduced by about 20% at 1310 nm after four minutes of 

chloroform vapour exposure. 

The frequency response, impulse response and group delay were measured for the 

direct modulated signal for both straight and bent waveguides using a high speed 

VCSEL transmitter and detector. Two coupling methods for coupling light from the 

waveguide to the detector were investigated and very low coupling loss was achieved 

(about 1 dB) using butt coupling when a close distance is maintained between the 

waveguide end and the detector active area. The measured near field profile (NFP) for 

the straight waveguide was narrower than that for the bend one because the low order 

modes dominate the propagation in the case of straight waveguide. 

For the first time, an optical electrical circuit was implemented on a plastic substrate 

to create a test board proves the viability of the O-CiP technology. An opto-electrical 

board with all circuit components and optical waveguide were embedded in a PMMA 

substrate and sealed by a thin plastic sheet using hot embossing. The sliver ink was 

screen printed on the top cladding layer to attain the connection among the circuit 

components. The technique can be developed to work at higher speed by mounting 

high speed source, detector and driving circuit. 

A dense optical interconnection can be achieved using the dicing saw machining 

method. The crosstalk was studied for optical waveguides with different separation 

distances. The measured crosstalk was less than -40 dB for waveguide separations 

down to 70 µm. No significant difference in crosstalk was found between 9/125 µm 

SSMF and 62.5/125 µm GI-MMF launching fibers because of the nature of the large 

waveguide core as well as the limiting sensitivity of the power meter. A relaxed 

alignment was achieved at both sides of the waveguide to maintain 1 dB loss. 
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Table 6.1: Comparison among the five different fabrication methods. 

Machining 

method 

Attenuation 

at 1310 nm 

(dB/cm) 

Cost per 

hour(AUD) 

Max. 

resulting 

Ra (µm) 

Suitability to O-CiP 

approach 

Rotary saw 1.51 35 6.3 Not sufficient 

CNC milling 1.32 35 1.6 

Yes and sufficient 

for all waveguide 

structures 

Three layer CNC 

milling 
1.17 35 0.8 Yes but complicated 

CO2 Laser 1.53 20 6.3 Difficult to make 

Dicing saw 0.9 20 0.25 

For straight 

waveguides and 

pockets 

 

The achieved propagation loss, butt coupling loss and crosstalk for the used 

fabrication methods were compared to previously published results and the 

performance was close to and better from some of them. 

A preliminary design of a multimode directional waveguide coupler was implemented 

with a 500×570 µm2 cross-section, the two cores were merged in the upper 100 µm of 

the coupling region (see Appendix A). The coupling region has a 22 µm width and 

400 µm depth. The viability of the technology has been demonstrated in a research 

laboratory setting. 

 

6.2 Future Work 

 The preliminary design of the multimode directional coupler (see appendix A) 

can be optimized by finding the minimum coupling length. This can be done 

by decreasing the coupling region width and/or increasing the shared area. 

Then, the coupler can be implemented in an O-CiP board with high data rates. 

 An optical bus board on a plastic substrate can be implemented by combining 

two methods of machining (CNC milling and dicing saw) saw to gain the 

advantages of both approaches. In addition, a moulding technique can be used 

as a single step mass production method for O-CiP board. 

 A high speed (up to 10 GHz) 850 nm multimode VCSEL source and PIN 

photodetector can be embedded in the plastic substrate connected via a buried 
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optical interconnect to demonstrate the high frequency operation O-PCB on 

CiP. The VCSEL light should be butt coupled to the waveguide and the 

received light can be coupled directly to a detector with an active area bigger 

than the waveguide cross-section to reduce the coupling loss. The coupling 

efficiency of the light going into/out from waveguide can be determined. 

The performance of the final O-PCB on CiP package should be evaluated by 

measuring the bit error rate (BER) of the transferred electrical signal. 

 A dense optical board can be implemented by minimizing the waveguide core 

size and reducing the separation distance between the waveguides. This can be 

done by spin coating the core material with the required thickness on a 

PMMA substrate, complete the fabrication procedure (pre-exposure, UV 

exposure and post-exposure steps) then a dicing saw can be used to form the 

waveguide structure with low roughness and vertical sidewalls. The final step 

will be bonding the top cladding layer by pouring a PMMA polymer or dicing 

a thin PMMA sheet to create grooves which complements the core substrate. 

 The advantage of the large size of the waveguide core can be assessed in an 

opto-fluidic channel to build lab-on-a chip system. This microfluidic device 

has the ability to detect changes on the optical transfer characteristics such as 

refractive index, dispersion and absorption. 

 The CiP technology is principally designed for high volume, low cost 

manufacturing. The ability to fabricate optical channels during the CiP 

fabrication process remains a subject for further investigation. 
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Appendix A 

Preliminary Directional Coupler Design 

A dicing saw cutter was used to machine parallel grooves with a 22 µm separation 

distance between them. The straight parallel optical waveguides (500 µm depth, 570 

µm width) with coupling area of 22 µm width and 400 µm depth (the design was 

made by accident) was found to be useful as a multimode directional coupler. 

Previously reported directional couplers were constructed using single mode 

waveguides and multimode waveguides (interference and star couplers) where the 

coupling sections were merged. Figure A.1 illustrates the directional coupler design 

and shows the two waveguides separated partially by a thin gap. During the 

fabrication, the coupling region depth was less than waveguide depth with the core 

merged in the upper 100 µm forming a 4 port device Figure A.2. The length of the 

coupler was changed from 8 cm to 4.5 cm by cutting the sample (at receiver side) and 

polishing the end. The received optical power at 1310 nm was measured at two ports 

(as shown in Table A.1 and Figures A.3 and A.4). At 70 mm length, the received 

power P12 (-40 dBm) and P42 (-39.5 dBm) are very similar so a successful hybrid can 

be achieved at 70 mm waveguide length. For lengths less than 70 mm, the output 

power in the adjacent waveguide (P43) was approximately 15 dB less than the through 

port power (P12). 

The coupler characteristic losses at 70 mm coupling length were [1]: 

1. Throughput losses (LTHP) between the input port and favoured output port 

was: 

𝐿𝑇𝐻𝑃 = −10𝑙𝑜𝑔
𝑃12

𝑃11
= 29.8 𝑑𝐵   (A-1) 

2. Tap loss (LTAP) between the input port and the tap port was: 

𝐿𝑇𝐴𝑃 = −10𝑙𝑜𝑔
𝑃13

𝑃11
= 35 𝑑𝐵    (A-2) 

3. Directionality (LD) in dB between the input port and the isolated port can be 

found from: 

𝐿𝐷 = −10𝑙𝑜𝑔
𝑃44

𝑃11
     (A-3) 
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However, this value could not measure because of the close distance between the 

ports and no space for the translation stage. 

4. Excess loss (LE) is the power lost within the coupler: 

𝐿𝐷 = −10𝑙𝑜𝑔
𝑃12+𝑃13

𝑃11
= 69.8 𝑑𝐵   (A-4) 

The high value of LD loss is mainly from the output coupling loss due to the area 

mismatch and numerical aperture mismatch between the waveguide core (570 µm 

width) and out-coupling fiber core (62.5/125 µm GI-MMF). 

 

 

Figure A.1: Block diagram shows a cross-section view of the multimode directional coupler. 

 

 

 

Figure A.2: Four port directional coupler [1]. In the experiment Port 1 was connected to the 

light source using a multimode optical fiber. 

 

 

 

 



125 
 

Table A.1: Received optical power (dBm) when exciting port 1 (IN1) and port 2 (IN2) for different 

coupling length, the input power was -5 dBm. 

Waveguide length 

(mm) 
P12 P13 P43 P42 

80 -36 -50 -38 -52 

70 -34.8 -40 -38.8 -39.5 

65 -35 -48 -36 -50 

60 -36 -49.5 -48.04 -50 

55 -31.58 -46.5 -48.5 -49.5 

50 -31.35 -45 -48.2 -49.5 

45 -31.1 -46.5 -45 -42 

 

 

Figure A.3: Received optical power versus the waveguide length at 1310 nm wavelength. P1 

and P4 are the input of the waveguides and P2 and P4 are output of the waveguides. 
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Figure A.4: Received optical power at throughput port (port2) and tap port (port3) versus the 

waveguide length at 1310 nm wavelength when P1 was excited. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.  J. C. Palais, Fiber optic communications, 5th Ed., Prentice-Hall International 

Inc., USA, 2005. 


