
V
TT PU

BLICA
TIO

N
S 698

      H
igh bitrate optical interconnects on printed w

iring board
K

arppinen

ESPOO 2008 VTT PUBLICATIONS 698

Mikko Karppinen

High bitrate optical interconnects on
printed wiring board

Microoptics and hybrid integration

Optical interconnects are foreseen as a potential solution to improve the
performance of data transmission on printed wiring boards (PWB). Optical
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The  aim of  the  research  work was  to  study  and develop boardlevel
optical  interconnection  technologies  that  would  be  suitable  for  volume
manufacturing  with  typical  electronics  production  processes,  such  as
surfacemount  assembly  and  board  manufacturing.  More  precisely,  the
work focuses on the hybrid  integration of multichannel optoelectronics
transmitters  and  receivers,  which  are  equipped  with  microoptical
structures enabling coupling to boardembedded optical waveguides. The
presented  integration  schemes  are  based  on  the  use  of  lowtemperature
cofired  ceramic  (LTCC)  circuit  boards  with  highprecision  alignment
structures.

Two  experimental  setups  were  designed  and  implemented  to  study
the  feasibility  of  the  proposed  integration  schemes.  The  first  setup
enabled evaluation of  three different  kinds of optical coupling  schemes,
which  are  based  on  microlenses,  microball  lenses  and  buttcoupling
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mounted 4channel  transmitter and  receiver components.
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modelling  and  characterisation.  With  the  proposed  improvements,  the
presented  technologies  are  suitable  for  implementation  of  high  bitrate
interconnections between ceramicpackaged integrated circuits or multi
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Karppinen, Mikko. High bit-rate optical interconnects on printed wiring board. Micro-optics and 
hybrid integration. Espoo 2008. VTT Publications 698. 162 p. 

Keywords data transmission, optical interconnects, printed wiring boards, micro-optics, 
multi-channel optoelectronics, optical transmitters, optical receivers, optical 
waveguides, microlens arrays, micro-mirrors, LTCC, hybrid integration  

Abstract 
Optical interconnects are foreseen as a potential solution to improve the 
performance of data transmission on printed wiring boards (PWB). Optical 
interconnects carry data signals as modulation of optical intensity, for instance 
through an optical waveguide, thus replacing traditional electrical interconnects. 

The aim of the research work was to study and develop board-level optical 
interconnection technologies that would be suitable for volume manufacturing 
with typical electronics production processes, such as surface-mount assembly and 
board manufacturing. More precisely, the work focuses on the hybrid integration 
of multi-channel optoelectronics transmitters and receivers, which are equipped with 
micro-optical structures enabling coupling to board-embedded optical waveguides. 
The presented integration schemes are based on the use of low-temperature 
co-fired ceramic (LTCC) circuit boards with high-precision alignment structures. 

Two experimental set-ups were designed and implemented to study the feasibility 
of the proposed integration schemes. The first set-up enabled evaluation of three 
different kinds of optical coupling schemes, which are based on microlenses, 
micro-ball lenses and butt-coupling respectively. The other demonstrator is a 
parallel optical interconnect integrated on a standard PWB. The optical coupling 
is based on microlens arrays and a micro-mirror, which, together with four 
polymer multimode waveguides on the PWB, form the interconnections between 
the surface-mounted 4-channel transmitter and receiver components. 

The optical performance of the demonstrated structures is studied by modelling 
and characterisation. With the proposed improvements, the presented technologies 
are suitable for implementation of high bit-rate interconnections between 
ceramic-packaged integrated circuits or multi-chip modules on PWB. 
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1. Introduction 

1.1 Background and motivation 

Optical interconnection refers to a kind of data transmission in which the data 
signal is transmitted as a modulation of optical carrier wave (i.e. light) through 
an optically transparent media, such as an optical fibre, planar optical waveguide 
or air. Typically, the intensity of the light source, such as a laser diode, is 
modulated and the transmitted optical signal is converted back to the electrical 
domain by the use of a photo detector. For comparison, the more conventional 
electrical interconnect usually transmits data as a modulation of voltage through 
an electrically conductive media, such as copper wire. Regardless of the term 
optical, almost all optical data links actually function at the near-infrared 
wavelength range between 800 and 1600 nm. 

Often, the use of the term optical interconnect is assumed to deal with data 
transmission inside an electronic device or system � that is, it is typically used 
when the transmission distance is short. This can be compared to the term 
optical communications, which refers to optical data transmission between 
distant and independent systems. However, the term optical interconnect is 
sometimes used when referring to optical communication links as well. Optical 
communications through fibre has long been the technology of choice for high-
speed long-distance data links. Gradually, as the capacity requirements have 
increased, the optical links have emerged into shorter distance applications, such 
as fibre-to-the-home, local area network (LAN), and even into fibre-optic 
interconnects between boards and cabinets inside electronic equipment � i.e. into 
what are to be referred as �optical interconnects� in this thesis. It is predicted that 
this trend will continue and, eventually, optics will perhaps be used to 
interconnect integrated circuits (IC) on a board or even to be used in intra-chip 
interconnects. That is, electrical interconnects, which have dominated since the 
infancy of electronics, are likely to be replaced with optical interconnects in 
some cases. Although there is no thorough distinction between the terms optical 
communications and optical interconnects, this thesis is clearly about the latter. 
This is because the technologies to be discussed are intended for relatively short-
distance interconnections � less than 1 meter � and only to be used inside 
electronic equipment. 
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In general, the interest in studying and promoting optical interconnects to be 
used inside electronic equipment arises from the great challenges met when 
trying to further improve the performance of today�s electrical interconnects. 
This happens due to the physical obstacles of the copper-based signal 
transmission, which typically uses striplines on a printed wiring board (PWB). 
These obstacles may result in a situation in which the performance of the whole 
system becomes limited by the interconnect capacity � a situation often called 
�interconnection bottleneck�. An example of such a case is illustrated in 
Figure 1, which compares the development of the processor clock rate to the 
clock rate of the interconnection between the processor and the memory. The off-
chip I/O capacity is more and more lacking the internal performance of the IC. 

 

Figure 1. Comparison of clock frequencies of Intel Pentium processor ICs and 
their memory buses (iNEMI 2004). 

Copper-based electrical interconnects are facing plenty of challenges. The high-
speed signals can be distorted due to dispersion, reflections and ringing, as well 
as attenuation and its variation with frequency. The high attenuation of high-
frequency signals results in a need to use high-power line-drivers, thus causing 
thermal management issues. Electromagnetic interference (EMI) causes noise 
and design constraints due to the need to fulfil electromagnetic compatibility 
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(EMC) specifications. Moreover, the performance of parallel links is limited by 
the crosstalk due to coupling from neighbouring traces and the signal skew 
caused by variations in the delay between different signal traces. 

Optical interconnects, on the other hand, can have many advantages over 
conventional electrical interconnects, thus making it easier to achieve and 
maintain good signal integrity. These include lower signal dispersion, distortion, 
lower attenuation, lower skew and easier impedance matching of transmission 
lines, as well as immunity of the signal path to EMI. The latter enables reduced 
signal crosstalk, easier EMC design and the possibility for higher interconnection 
density in parallel links. Furthermore, an optical interconnect can be seen as an 
architectural enabler: for instance, the low attenuation of the high-speed signal 
path would allow placing the processor and memory farther from each other. The 
value of the aforementioned advantages, of course, depends on the application and 
all other constraints involved in the design and implementation of the system. 
The fundamental physical reasons for favouring optical interconnects over 
electrical ones are summarised, for instance, in Miller (1997). 

Despite the significant progress achieved in the intensive research carried out by 
many groups worldwide, optical interconnects are not much used inside 
commercially available electronics products. Only fibre-based interconnects are 
in use to some extent. One reason is perhaps that the introduction of optical 
interconnects would represent a significant technological step in the design and 
production of electronic equipment. Such a step would require a major R&D 
investment from the industry. In addition, the historical aspect plays an 
important role. Even if optical interconnects were to demonstrate superior 
performance over the electronic alternative, technology transfer is not 
necessarily guaranteed due to the fact that the experience with materials, design 
procedures and manufacturing processes of electronic interconnects is well 
known and established. The logical conclusion is that in order to ease transfer to 
a novel technology with the high bit-rate optical interconnects, the needed 
technological step should be made as small as possible � in other words, the 
novel technology has to be developed based on existing technology instead of 
developing a completely new one. Consequently, on board-level interconnects, 
the technologies should be made compatible with the conventional circuit board 
processes and assembling practices. Moreover, there are at least two obvious 
prerequisites for the introduction of optical interconnects in commercial 
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applications: the costs per interconnect capacity should be competitive with 
copper-based ones in mass-production, and the required PWB area or volume 
may not exceed that of equivalent copper solutions. 

1.2 Research problem 

The aim of the research work presented in this thesis was to study novel 
technologies to enable implementation of high bit-rate optical interconnects on 
the board level. The technologies developed were targeted to be compatible with 
manufacturing processes and assembly technologies that are already in use in the 
electronics production industry. This was to ease the potential adoption of the 
developed interconnection technologies into commercial products. 

In addition to the above-mentioned application oriented targets, the research 
work had more general objectives to study the design and implementation 
technologies for hybrid integration of micro-optics and photonics with 
electronics. Hybrid integration using multi-layer ceramic substrate technology � 
more precisely, low-temperature co-fired ceramics (LTCC) � was especially 
studied. 

To give a more general picture of the research problem, a structure of a typical 
optical data link is illustrated in Figure 2. The electrical signal is converted into 
optical using a source, usually a laser diode, which is modulated with a current 
source. As an alternative to a directly modulated source, one can use an external 
optical modulator together with a continuous-wave source, which is common in 
high-speed long-haul optical communications. The light is coupled to the 
receiver through an optical medium, where a receiver converts the optical 
modulation back to electrical form using a detector, typically a photodiode, and 
a preamplifier, such as a trans-impedance amplifier (TIA). Often, there is also 
some digital pre- and post-processing of the transmitted data: binary data may be 
coded for the optical transmission, for instance, to avoid many consecutive 
�zeros� or �ones�; a parallel data stream may be serialised into one optical 
channel; and the clock signal is often carried within the data and may need to be 
extracted. 
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Figure 2. Schematic block diagram of an optical data link. 

Interconnections are often classified using the international packaging level 
hierarchy (Tummala & Rymaszevski 1989), which is based on the type of 
interconnected components and their typical interconnection distances as 
follows: 

0. Chip level (intra-chip) 0...10 mm 
1. Multi-chip-module level (intra-MCM or chip-to-chip) 1...100 mm 
2. Board level (MCM-to-MCM or chip-to-chip) 10...300 mm 
3. Backplane level (board-to-board) 0.1...1 m 
4. Cabinet level (rack-to-rack)  0.3...5 m 
5. System level (cabinet-to-cabinet) 1...100 m. 

In this thesis, the emphasised technology is the board-level interconnect (Level 2). 
The primary target is to interconnect at the PWB level using optical waveguides, 
which are potentially polymer-based and integrated into optical layers of PWB. 
Most of the work is useful for backplane interconnections (Level 3) as well, 
although board-to-board connectors, i.e. optical coupling between waveguides 
on different boards, are not addressed at all. In this thesis, these targets are 
approached by studying the lower level packaging technologies, especially 
module level packaging (Level 1). 

Encoder Serialiser Driver Light
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Light
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External
modulator

Optical media

� fibre

� free space
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Detector DecoderTIA Limiting
amplifier
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Clock
recovery

Input data 

Output data



 

18 

Perhaps the most attractive optical solution proposed to overcome the 
interconnection bottleneck at the board and module level is the interconnection 
based on low-loss integrated waveguides (Chen et al. 2000, Krabe et al. 2000). 
This stripline-like optical waveguide approach with polymer waveguides embedded 
into the board as additional optical layers has a potential to fulfil the compatibility 
requirements of the existing PWB technology. The resulting hybrid optical�
electrical printed wiring board (O/E-PWB) concept is illustrated in Figure 3. 
Such optical channels could also enable design techniques analogous to the ones 
used for wiring electrical signals on the board. In particular, PWBs made of 
conventional low-performance base materials, such as FR4 (Flame Retardant 4 � 
the most common PWB base material), are seen as the most attractive substrates 
for the O/E-PWB technology. This would enable equipping the low-cost, widely 
used technology basis with very high-speed interconnects. 

 

Figure 3. A vision of an optical�electrical printed wiring board. 

One of the biggest challenges hindering the introduction of optical interconnects 
at the board level is the need to implement a feasible and reliable optical 
coupling between the optoelectronic transmitter/receiver and the optical 
waveguide. High coupling efficiency is required due to the rather limited loss 
budget (typically around 10�15 dB) of the high bit-rate transceivers based on 
VCSEL (vertical-cavity surface-emitting laser) diodes � a technology enabling 
high density integration. On the other hand, to achieve compatibility with 
conventional electronics manufacturing processes, all components (including 
optical ones) should be suitable for surface mounting or bare-die mounting 
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procedures and all materials should withstand the reflow soldering temperatures. 
Consequently, it is not suitable to use the so-called �active alignment� technique, 
which is common in the manufacturing of fibre-optic modules and means that 
the optical power is monitored during the assembly to maximise the coupling 
efficiency; instead, �passive optical alignment� is required. 

The scope of this thesis is limited to the hardware-related physical layer 
technologies of the interconnections. The research presented is mainly based on 
the experimental case studies where an essential role is given to the design 
studies using optical modelling techniques, implementation studies using 
electronics production technologies, and characterisation studies using 
laboratory set-ups. More precisely, the thesis mainly deals with the design and 
implementation issues of hybrid integration and packaging. The presented work 
mostly concerns the module level (Level 1) packaging, but some board assembly 
and manufacturing (Level 2) issues are also included and the main targets are 
defined by the board interconnect (Level 2) challenges. The design and 
characterisation of micro-optical coupling structures have an important role as 
well. However, the fabrication of micro-optical components and optical 
waveguides are only commented on to the extent necessary from the point of 
view of integration. The manufacturing of electronic or optoelectronic devices is 
not studied. The modulation method and level of the optical signal is mentioned, 
but otherwise the electronic interfaces are only commented on very briefly 
considering the logic levels. No protocol or coding issues on the physical layer 
or on the higher levels of the data link are studied, or discussed. 

1.3 Contribution of the thesis 

This thesis demonstrates that the presented set of design, processing and 
packaging technologies enable the implementation of optoelectronic transmitters 
and receivers for high bit-rate, short-range optical interconnects. In particular, 
they are suitable for board-level interconnects based on planar optical 
waveguides as an interconnection medium. 

The thesis especially provides evidence that LTCC substrate technology and 
surface mounting can be utilised for implementing transmitter and receiver 
modules with optical alignment between the optoelectronic devices and the 
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optical media. To the author�s knowledge, no similar kind of coupling structure 
based on the via holes on the LTCC substrate and the use of top-emitting flip-
chip-bonded VCSEL devices has been presented before. From a more general 
perspective, there are only a small number of publications where waveguide-
based optical interconnections between surface-mounted components or modules 
have been studied experimentally. This thesis also demonstrates and analyses 
optical coupling structures not previously presented in the same kind of 
application: coupling based on micro-ball lenses and beam deflection using 
discrete micro-mirror components. 

As a conclusion, the thesis presents some pros and cons of the different kinds of 
technologies studied. The feasibility and performance of the presented 
technologies are analysed both by simulating the optical and opto-mechanical 
systems and by characterising the implemented systems. 

In addition to optical interconnection applications, the work provides novel 
information that is more generally applicable to the integration of micro-optics 
and optoelectronics in electronics components and sub-systems. This includes 
information on the capabilities and limitations of LTCC technology in the 
integration process. 

Papers presented in the thesis and published or jointly published by the author 
are Karppinen et al. (2004a, 2004b, 2006a, 2006b, 2007), Immonen et al. 
(2005b, 2007), Karioja et al. (2006), and Keränen et al. (2005). 

The author has also published or contributed to several other papers, which 
either have some overlap with this thesis work or some impact on it through a 
closely related topic. These include Karppinen et al. (2000, 2001a, 2001b, 2002), 
Alajoki et al. (2007), Guo et al. (2005), Heikkinen et al. (2007), Immonen et al. 
(2003, 2005c), Keränen et al. (2004), and Vervaeke et al. (2006). 
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2. State of the art and challenges 

In this chapter, the status of the research and development on optical 
interconnects is briefly reviewed. The emphasis is on the technologies that are 
closely related to the work presented in this thesis. First, the founding of optical 
interconnects is summarised, showing the historical perspective. Next, the state 
of the art and some future prospects for the technology are illustrated, including 
device and packaging technologies as well as the system demonstrations. The 
focus is on the board-level chip-to-chip interconnection technologies. The 
purpose is also to specify the challenges and the gap in the existing knowledge 
in order to prove the novelty of the work to be presented in the thesis. Finally, 
the state of the art of the electronic interconnects are briefly described and 
compared to optical solutions. 

2.1 Optical signalling in electronic equipment � history 

The use of an optical carrier for interconnecting two ICs inside electronic 
equipment was suggested by Gilleo and Last (1963) from Amelco Semiconductor 
(today Teledyne Semiconductor). They demonstrated optical signal transmission 
between two p-n junctions, a LED and a photodiode, using a glass-based rod as a 
light guide. The paper also discussed the issues of device selection, optical 
coupling, optical media and hybrid and monolithic integration � all of which are 
still under active research. It is interesting to cite the commentary remark given 
in the paper: 

�GIANT STEP? Reliability, simplicity and economy can all be expected 
from better methods of interconnecting microcircuit groups. The method 
described in this article has been only a topic of conversation until recently. 
Now that optical interconnection has been accomplished it has nowhere to go 
but in the direction of further improvement and refinement. Understanding 
the problem and utilizing recent discoveries has produced a successful 
experiment. It looks more like a quantum jump than an incremental advance.� 

After more than 40 years, it is easy to notice that the prediction about �quantum 
jump� has not yet come true. However, the sentences are worth consideration, 
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especially if one knows that they were written by an outstanding pioneer of 
microelectronics: Dr. Jay T. Last had co-founded Fairchild Semiconductor, 
where he had directed the development work resulting in the commercialisation 
of the first digital ICs in 1961, which began the success of the silicon IC 
technology. 

Although the optical interconnects did not appear in microcircuit applications, 
the development of optoelectronics devices had started and many other applications 
were presented � for instance, the optical-electrical-optical conversion appeared 
useful in electronics circuits in the form of an optocoupler (Biard et al. 1964). 
Moreover, the age of optical data transmission had begun. Soon, the emergence 
of optical fibres and semiconductor laser diodes boosted the research and 
development on the optical data transmission technologies. Thanks to the very 
low attenuation and huge bandwidth of optical fibre, it was rapidly found to be a 
superlative technology to enable high bit-rate long-haul communications. During 
the 80s and 90s, the development of wavelength division multiplexing (WDM) 
technology overcame the bandwidth limitation of the transceiver electronics and, 
thus, better exploited the huge data transmission capacity of a fibre. Consequently, 
fibre-optic data links have become the enabling technology, onto which the 
whole global Internet is constructed. Optoelectronics have also become a common 
technology in many other application areas. 

Although most of the research work on photonic data transmission-related 
technologies has targeted communications applications, there has been continuous 
interest in optical interconnects inside electronic equipment as well. The topic 
started to become more popular in the late 80s after the paper by Goodman et al. 
(1984) that discussed the potential of optical interconnects in modern VLSI 
(very-large-scale integration) systems. Today, a search of the Inspec bibliographic 
database (by Institution of Electrical Engineers) with the key word �optical 
interconnect� for subject, title or abstract of a publication results in more than 
twelve thousand matches, of which almost five thousand are journal articles 
(whereas a search for �optical communication� results in more than 65 thousand 
matches). 
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2.2 Evolution of board-level optical interconnects 

Here, the different kinds of optical interconnection solutions proposed, demonstrated 
or produced for applications, where the dominant interconnection technology is 
laminate-based PWB, are reviewed. 

Since the benefits of optical interconnects increase with increasing interconnection 
length, it is obvious that the backplanes, i.e. typically large boards interconnecting 
daughterboards, are seen as the most attractive application for board-level 
optical interconnects. The existing and proposed optical backplane solutions are 
often classified into �three generations�: fibre-based interconnects, interconnects 
based on fibre laminates and/or shuffles, and board-integrated optical channels. 
The latter solution can be further classified into several sub-categories, from 
overlaid optical pathways to board-embedded waveguides, as will be described 
in the following sections. All the above-mentioned interconnects are based on a 
guided-wave optical transmission. In addition, there is also a fourth category, the 
free-space optical interconnects, which will be introduced in Section 2.2.4. It is 
the media and structure of the optical path, i.e. the opto-mechanical packaging 
solution, in which the categories differ from each other. On the other hand, the 
optoelectronics devices and electronics circuitry of the transmitters and receivers 
used are essentially of a similar kind in all categories. 

2.2.1 Fibre-based optical interconnects 

Today, fibre-optic data links are used inside electronic systems to interconnect 
between backplanes, racks and cabinets. That is, at longer distances than the 
backplane level, the optical alternative to conventional interconnects is to 
replace copper cables with fibres. In addition to high transmission capability and 
reduced EMI issues, the advantage of fibre is its lightness compared to bulky 
and heavy high-bandwidth electrical cables. Similar kinds of fibre-based links 
can also be used to interconnect daughterboards in electronic equipment � that 
is, to form a kind of optical backplane with high bit-rate point-to-point links. 

Parallel optical links based on fibre-ribbon cables allow very high aggregate data 
rates with a relatively high integration level, thanks to multi-channel transmitters 
and receivers. The highest integration level is achieved with transmitters based 
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on VCSEL sources, mainly thanks to their low power consumption with high-
speed direct modulation. Graded-index multimode (GI MM) fibre technology is 
favoured because it allows high enough bandwidth for short-distance interconnects 
and the module technology is cheaper to implement than single-mode fibres due 
to the easier optical alignment. Using industry-standard fibre-ribbon cables and 
multi-fibre connectors, typically with an MT (Mechanical Transfer) ferrule, as 
well as VCSEL and PIN photodiode arrays, commercially feasible multi-channel 
data links can be implemented with very high aggregate data rates. Typically, 12 
parallel optical channels are used, and data links have been presented with 
channel bit-rates up to 10 Gb/s (Kuchta et al. 2004). Even higher channel counts 
are possible using 2D VCSEL arrays and 2D fibre-ribbon connectors � for 
instance, a 36-channel parallel optical link with a 3.3 Gb/s/channel rate has been 
demonstrated (Cook et al. 2003). In optical backplane systems, flexible fibre 
laminates and optical shuffle components are utilized in order to handle several 
fibres and fibre ribbons in a narrow space, as well as to ease implementation of 
cross-connections. 

Polymer fibres allow a much smaller bending radius than silica fibre. Thus they 
have been proposed and demonstrated to be used as optical backplanes or intra-
board interconnects � for instance, a fibre-ribbon concept for parallel chip-to-
chip interconnects is presented in Wittmann et al. (1999) and Steenberge et al. 
(2004). Furthermore, it is also possible to embed MM silica fibres into an FR4 
PWB to form intra-board optical interconnects (Schneider & Kühner 2006), as 
illustrated in Figure 4. Silica fibres provide negligible attenuation and high 
reliability; however, the cleaving of embedded fibres is difficult. 

 
Figure 4. Board-embedded glass fibre concept for board-level interconnects 
(Kühner & Schneider 2007): left) cross-section of PWB with embedded fibre; 
right) coupling element mounted on PWB embedded fibre. 
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Nevertheless, fibre-optic links are unattractive for board-level interconnects due to 
the fact that the packaging density is limited due to the fibre connectors/pigtails, 
the bend radius of the fibres is limited, and system assembly is not easily 
automated. In addition, fibres cannot exploit the planar fabrication technologies 
that are utilised to reduce packaging costs in electronics manufacturing. To 
conclude, higher integration density is probably needed before optical interconnects 
may become widely used in board-level and shorter interconnects. 

2.2.2 Optical interconnects overlaid on PWB 

Various technologies have been studied to implement board-level interconnects 
using some kind of separate optical pathway component that is placed and used 
in parallel with the electronics PWB or perhaps overlaid on it. The component 
can be an optical plate or sheet including beam steering refractive or diffractive 
elements. For instance, an optical backplane bus demonstrator with a 
holographic plate was presented in Kim et al. (2000). (Such a plate is not clearly 
a guided-wave component and thus the system could also be categorised as a 
free-space interconnect.) Another kind of pathway component widely proposed 
is a foil with integrated optical waveguides. An example is the polymer foil 
technology with integrated waveguides that was used in the overlaid configuration 
to demonstrate a fully assembled optical backplane system (Liu et al. 1996). A 
major benefit of a separate optical pathway component is that it does not need to 
be compatible with all the PWB manufacturing and assembly processes � for 
instance, materials that do not withstand lamination or soldering temperatures 
can be used. 

2.2.3 Inter-chip interconnects with board-embedded waveguides 

Several different approaches have been proposed to construct a chip-to-chip 
interconnect based on an optical waveguide integrated on/in the PWB. One of 
the earliest demonstrators (Jelley et al. 1992) was based on the simple structure 
shown in Figure 5: a board-mounted edge-emitting laser diode was butt-coupled 
to an optical ridge waveguide on top of the board, and the output from the 
waveguide was deflected towards the active surface of the photodiode with a 
laser-ablated mirror surface. 
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Figure 5. Optical interconnect on MCM substrate using edge-emitting laser and 
polymer waveguide (Jelley et al. 1992). 

Later on, most of the research interest has focused in the use of VCSEL sources 
and board-embedded waveguides. In such cases, 45° deflection of the optical beam 
is often required both at the transmitter and receiver parts, as illustrated in Figure 6. 
In addition, rather than using a chip-on-board type mounting, it has been seen 
favourable to mount the optoelectronic transmitter and receiver components into 
a device package, possibly with the IC, as shown in Figure 3 and Figure 6. In 
that case, it is often necessary to utilise micro-optical components, such as 
lenses, to enhance coupling efficiency, as shown in Figure 6. Such optical 
interconnect systems have been demonstrated by several papers, the earliest 
including Chen et al. (2000), Krabe et al. (2000), and Ishii et al. (2001). 

 

Figure 6. Illustration of a potential transmitter/receiver part of a board-
embedded optical interconnect system with optoelectronics devices mounted in a 
surface-mounted electronic component package. 
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An example of a potential fabrication process for a fully board-embedded optical 
interconnect is presented in Figure 7. In addition to waveguides, the thinned 
VCSEL and photodiode chips are embedded. The waveguides are deposited on 
top of the components and directly aligned with the emitter/detector active areas. 
An optical interconnection layer is added to the board in the final laminating 
stage using the standard build-up PWB process. Even though the assembly 
process is simplified, the main problems are related to the thermal management 
and handling of the thinned components. 

 

Figure 7. Process steps in embedded optics on a board concept proposed by 
Chen et al. (2000). 

Coupling from board-to-board, such as from an embedded waveguide to another, 
allows the implementation of more complete optical interconnect systems. 
Board-to-board interface couplers have been published, for instance, in Luniz et 
al. (2001) and an optical backplane technology was demonstrated to transmit 
2.5 Gb/s through backplane interface couplers and 1-m-long board-integrated 
waveguides. Board-to-board connections are not studied in this thesis. 
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Optical waveguide layers can be processed on the PWB or laminated inside the 
board. The advantages of the latter, i.e. the embedded solution, are that the 
surface area of the board is completely left to the pads and components and the 
waveguide layers are shielded from ambient environment and mechanical 
stresses, thus improving reliability (Immonen et al. 2005a, 2007). Moreover, 
multilayer optical waveguides would enable higher interconnect capacity and 
density as well as ease signal routing, especially if optical vias are implemented. 

2.2.4 Free-space optical interconnects 

The term �free-space optical interconnect� refers to the system where light is 
directed, or actually imaged, from the transmitter towards the receiver using 
optical components, such as lenses and mirrors, or there is just a transparent 
media between the transmitter and the receiver. This is in contradiction to the 
guided-wave optical transmission where the light is guided in a media based on 
total internal reflection phenomenon. In free-space interconnects, the light-guiding 
media between the transmitter and receiver can be air or another transparent 
material. A lot of research has been carried out on the free-space optical 
interconnects; mostly for very short distances, like intra-chip and intra-MCM 
(i.e. chip-to-chip) interconnects, but also for board-level and board-to-board 
applications, where ICs can be connected using massive parallel interconnects 
based on 2-dimensional laser and detector arrays, as demonstrated by Plant et al. 
(2001). However, no commercially feasible solutions have resulted yet. 

There are major challenges hindering the feasibility of high bit-rate free-space 
optical links for board/backplane-level interconnection applications. First, it is 
extremely difficult to achieve the required optical alignment accuracy, especially 
when aiming to parallel interconnects with dense pitch. This is because, 
typically, the mechanics of the standard PWB technologies are not designed to 
provide alignment accuracies required by high bit-rate parallel optics � that is, 
the PWBs are not rigid and not forced to be straight on the racks. In addition, for 
the board-to-board application, the alignments between daughtercards are not 
very accurate, and for the board-level application the alignment tolerances of the 
components and parts are only in the order of 50�200 µm, which is not high 
considering dense parallel interconnects. Secondly, the long-term reliability of a 
free-space optical link is questionable since the electronics are typically not in an 
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isolated environment and, consequently, a cabinet eventually becomes dusty 
inside and in many applications the cabinet may be exposed to high humidity 
and large ambient temperature changes as well as mechanical stresses and 
vibrations. The challenges and possible solutions have been discussed by many 
authors and reviewed, for instance, by Tooley (1996) and Plant and Kirk (2000). 
In intra-board applications, the alignment tolerances between components are 
reduced and it may be feasible to implement a chip-to-chip interconnect, as 
presented by Thienpont et al. (2001) and Vervaeke et al. (2006) in describing a 
system with optical beams propagating inside a prism-shaped component. 

The feasibility of board-to-board free-space optical interconnects has also been 
studied by the author (Karppinen et al. 2001). The optical implementation of two 
different kinds of interconnect topologies, a unidirectional ring bus and a star 
network based on beacon-type links, was mainly designed and characterised by 
the use of ray-trace simulation methods. The results of the study highlighted the 
significant path loss required to achieve misalignment-tolerant optical coupling. 
Consequently, very high bit-rate interconnects are difficult to implement without 
significant changes to the backplane systems. 

2.3 Component technologies 

Here, the electronic, photonic and optical component technologies� potential for 
high-speed short-distance optical interconnection applications are briefly reviewed, 
with a focus on the board-level interconnect. 

2.3.1 Light sources 

A light-emitting device is one of the key components of any optical data link. 
The structure and characteristics of the emitter have a significant role in the 
design of the transmitter, especially affecting the choice of optical coupling and 
packaging scheme. To enable feasible integration of the optical interconnect into 
electronic system, the emitter has to fulfil several requirements, such as small 
size, low power consumption (i.e. high electrical-to-optical conversion efficiency, 
even >50%), high modulation bandwidth (when a direct modulator is used), 
emission characteristics that enable efficient optical coupling, and low fabrication 
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costs. The costs would preferably be in the order of (or less than) the costs of the 
other devices in the system. Also, the possibility to fabricate as 1-dimensional or 
even 2-dimensional emitter arrays is important in order to enable implementation 
of dense parallel interconnects and thus achieve high aggregate transmission rates. 

Of the currently available light emitter technologies, only semiconductor devices 
fulfil the requirements of optical interconnection applications, such as very small 
size and high conversion efficiency. There are two types of semiconductor 
emitters: light-emitting diodes (LED) and laser diodes (LD). They can also be 
classified as surface-emitting and edge-emitting devices, depending on how the 
emitted light exits from the die. 

VCSEL is commonly promoted as the most attractive optical source for the 
short-distance optical interconnections. It is a laser diode in which the gain 
medium is surrounded by Bragg mirrors in such a way that the laser emits in the 
direction perpendicular to the surface of the die. VCSELs have many advantageous 
properties that are especially valuable in short-distance interconnects, such as 
low threshold current, low drive current, low operation voltage, high direct-
modulation bandwidth, low temperature sensitivity (as compared to edge-emitting 
lasers), circular output beam with rather small divergence (allowing easy coupling 
to waveguide), suitability for high-density integration as monolithic arrays, 
compatibility with wafer level testing and screening (reducing manufacturing 
costs). A particularly attractive choice is the 850-nm VCSEL array that has 
already become a mature technology in parallel fibre-optic links. This is due to 
the fact that 850 nm is the local attenuation minimum of a silica fibre and, thus, 
commonly used in short-reach fibre-optic links. 

The suitability of LEDs for optical interconnects is hindered by their rather slow 
direct modulation bandwidth, which is limited by the spontaneous recombination 
rate of the charge carriers. Typically, the maximum bandwidths of datacom-
optimised LEDs are in the order of a few hundred MHz, and the smallest rise 
and fall times are in the order of 2...3 ns. However, it is possible to modify the 
LED structure to get higher bandwidth; at least, up to 1.7 GHz has been 
demonstrated (Akbulut et al. 2001). LEDs also have two other features that 
hinder their applicability as optical interconnects. First, typical output powers of 
high bandwidth LEDs are only in the order of 100 µW or less. Secondly, the 
output beam pattern has high divergence (approximately Lambertian source) 
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making it difficult to achieve high optical coupling efficiency with waveguides. 
The more advanced device construction, a resonance-cavity light-emitting diode 
(RC-LED), has a number of advantages over conventional LEDs, such as 
improved directionality (making optical coupling easier), spectral purity and 
enhanced external efficiency and better temperature stability. Nevertheless, just 
like a conventional LED, RC-LED also suffers from a limited modulation rate 
due to the lifetime of spontaneous emission (Schubert et al. 1996). 

The conventional type of edge-emitting laser is a Fabry-Perot laser diode (FP 
LD), which comprises a semiconductor optical amplifier providing gain and 
front and back mirrors around the gain medium forming a laser resonator. The 
more advanced edge-emitting laser types, the distributed feedback (DFB) laser 
and the distributed Bragg reflector (DBR) laser, allow for single-mode 
operation, which is advantageous in long-haul fibre communications as 
chromatic dispersion is minimal but not seen as a significant advantage in short-
distance interconnects. Although edge-emitting LDs are very common in fibre-
based data links, they are less attractive for board-level interconnects. This is 
because they have difficulties meeting the cost/performance requirements, especially 
as a multi-channel source, due to the inherent way the device chips have to be 
processed, diced, cleaved and assembled. In addition, the edge-emitters are not 
able to compete with VCSELs in power dissipation, which is a key property 
when aiming at dense-packaged interconnects. Moreover, the output beam of 
edge-emitting lasers is asymmetric with high divergence (30...50º) perpendicular 
to the pn-junction, which often complicates coupling into waveguides. 

An option technology to construct a high-speed source is to use an external 
optical modulator in combination with a continuous-wave-emitting laser diode 
or LED source. With this technology it would be possible to use a single emitter 
as a source of several transmission channels by dividing the power of the emitter 
among several modulators. The disadvantage in the use of an external modulator 
is that the integration and optical coupling structures become more complicated. 

2.3.2 Characteristics of VCSELs 

VCSELs can be manufactured for several different wavelengths (Koyama 2006). 
Today, devices emitting at around 850 nm represent the most mature high-
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speed-optimised VCSEL technology. This is because they have been widely 
adopted as a standard in short-distance fibre-optic interconnects. The wavelength 
matches with the so-called �first transmission window� of the silica fibres. 
VCSELs operating at wavelengths below a micrometer are based on 
GaAs/AlGaAs-based process technology. Another VCSEL wavelength range 
which has gained interest within optical interconnect demonstrators is 980 nm. 
One reason is that, since GaAs is transparent at 980 nm, it is possible to fabricate 
devices emitting from the rear of the device (i.e. through its substrate). 

During the recent years there has been a significant development effort towards 
VCSELs operating at a wavelength range of 1200�1600 nm, i.e. to the 
wavelengths used in single-mode fibre communications. It seemed challenging 
to produce VCSEL structures using the InP-based process technology required for 
that wavelength range, but today the devices are emerging for commercial use and 
are replacing directly modulated FP LDs in some short-haul communications 
applications (Cheng et al. 2005). 

Thanks to the small device size and the low power dissipation, dense arrays of 
VCSELs, both 1-dimensional and 2-dimensional, can be fabricated and are 
feasible for high-speed links. The commercially available VCSEL arrays 
typically have a pitch of 250 µm because that matches with the standard pitch 
used in fibre-ribbon cables and connectors. However, even much smaller pitches 
are possible as the die area required by VCSEL device is typically only in the 
order of 10�20 µm in diameter. For instance, a 110-channel VCSEL array with 
a 20-µm pitch has been demonstrated (Koyama 2006). 

Recent advances in VCSEL technology are also promising higher data rates in 
the near future. Transmitter operation even up to 25 Gb/s (error-free at 85 °C 
with bias current of 7 mA) has recently been demonstrated using a 1070-nm 
InGaAs VCSEL (Suzuki et al. 2006). Also, monolithic 2D VCSEL arrays for 
parallel optical interconnects have been shown to operate up to 20 Gb/s/channel 
(Schares et al. 2006). Moreover, novel VCSEL-like devices, where an electro-
absorption modulator is monolithically integrated above the VCSEL cavity, have 
shown much higher modulation bandwidths, even up to 60 GHz, with low drive 
currents (Paraskevopoulos et al. 2006). 
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VCSELs are typically emitting a �volcano crater�-shaped beam, whose 
divergence is rotationally symmetric, but the intensity distribution has 
significant variation due to the multimodal operation. As an example, we see 
here the measured beam characteristics of a commercial 850-nm high-bandwidth 
VCSEL (ULM850-10-TT-A0112B by Ulm Photonics Gmbh), which was used 
in some of the experimental studies in this thesis (in Chapter 4). Beam 
divergence was determined with a knife-edge laser beam analyser (Melles Griot 
BeamAlyzer). The differences in beam characteristics between the transverse 
and lateral direction, as well as between laser diodes in the same array, were 
small, as seen in Figure 8, which presents a comparison between three VCSELs. 
Figure 9 shows the far-field intensity distributions of one the VCSELs at three 
different bias currents. The measurements showed that the full-angle 1/e2 beam 
divergence varied between 20�25° depending on the current and VCSEL. 

0

20

40

60

-20 -15 -10 -5 0 5 10 15 20

Emission angle [degree]

O
pt

ic
al

 p
ow

er
 [a

rb
itr

ar
y 

un
it]

 

Figure 8. Farfield distribution of three different VCSELs (at 5 mA bias). 
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Figure 9. Farfield distribution of a VCSEL by Ulm at different bias currents. 

2.3.3 Photodetectors 

The detector to be used in optical interconnection applications should provide 
high bandwidth, high sensitivity (at the operation wavelength), a large 
photosensitive surface area (to ease optical coupling), and the possibility for 
high-density multi-channel integration. There are three types of semiconductor 
photodetectors that may fulfil these requirements: p-i-n photodiodes (PIN), 
metal-semiconductor-metal photodiodes (MSM), and avalanche photodiodes 
(APD). PINs are the most commonly used in short-distance fibre-optic links. 
MSM is a low-capacitance device enabling high-speed operation with a larger 
active area than PIN. For instance, a 12-channel MSM array with 10 GHz 
bandwidth and 80 µm active area diameter has been presented (Hurm et al. 
2002). Nevertheless, the responsivity of MSM is typically lower than of PIN due 
to the top electrode structure that absorbs part of the incident power. Although 
APD provides the highest responsivity thanks to the internal gain, it is not 
considered attractive for board-level interconnects due to the requirement of 
high-bias voltage and rather complicated, i.e. expensive, fabrication processes. 
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The optimisation of the photodiode for high speed and high sensitivity with easy 
optical coupling is a trade-off: in order to ease alignment and optical coupling 
between waveguide and detector, as large an active area as possible would be 
preferred. But, on the other hand, when the area of the detector increases, so its 
capacitance increases, which results in decreased receiver bandwidth and 
increased pre-amplifier noise. This is also means that when the channel rate is 
increased, the optical coupling to the detector becomes more challenging. As a 
reference, PINs operating up to 10 Gb/s at 850 nm typically have an active area 
diameter of 60�75 µm, and, for instance, in Schares et al. (2006) it was demonstrated 
that the 3-dB bandwidth of the InGaAs PINs increased from 13 GHz to 30 GHz 
as the diameter was reduced from 60 µm to 30 µm respectively. 

In practice, all commercially available high-speed photodiodes are optimised for 
fibre-optic applications today. This is a kind of shortcoming in demonstrating 
board-level optical interconnects as it is not always possible to find a photodiode 
with the optimal area. Fortunately, the high bit-rate fibre-optic links based on 
VCSELs use GI MM fibres that have an effective core diameter of 50 or 
62.5 µm, which is also in the order of the preferred waveguide core diameter for 
board-level interconnects. In addition, the availability of photodiode arrays is 
limited to the pitch of 250 µm that is commonly utilised in parallel links based 
on fibre-ribbon cables and MT ferrules. 

GaAs is a suitable material for photodiodes at wavelengths up to 850 nm, and Si 
is sufficient at wavelengths up to 1 µm. Both Si and GaAs photodiodes are used 
in fibre-optic links at around 650 and 850 nm wavelengths, but GaAs is more 
popular in high-speed applications. In longer wavelengths up to 1.7 µm, an 
InGaAs material system on InP substrates is commonly used, also in fibre-optic 
communications using 1.3-µm and 1.55-µm transmission windows. Another 
interesting detector material is Ge, because of its potential to monolithically 
integrate PINs on Si-based integrated circuits. However, discrete Ge photodiodes 
are not used in data transmission applications. 

2.3.4 Electronics 

The data rate of the high-speed board-level optical interconnect is typically 
limited by the bandwidth of the optoelectronic circuit and devices rather than the 
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bandwidth of the transmission channel. Therefore, similar to the fibre-optic 
links, it is favourable to use binary intensity modulation techniques, especially 
on-off keying with a non-return-to-zero pulse, and to have the bit-rate equal (or 
very close) to the symbol rate. 

The data signals following a standard logic level, such as the current mode logic 
(CML) at high bit-rates, are not suitable to drive the LD directly. The laser 
requires a certain bias level and, to achieve a high extinction ratio, the voltage 
swing must be sufficiently large. Therefore, a laser driver circuit, typically an 
IC, is used to do the impedance matching and transform the logic signals into the 
appropriate modulation of the laser current. In addition, for proper biasing of the 
LD, it is often necessary to ensure the data steam is DC balanced and does not 
contain too long sequences of subsequent 0�s or 1�, e.g. by the use of 8B/10B 
encoding of the data. At the receiver side, a preamplifier is needed to amplify the 
small photocurrent and, typically, a post/limiting amplifier is also used to adjust 
the preamplified signals to match the logic level. Also, a bias is required for the 
photodiode. 

The emergence of monolithic multi-channel driver and receiver ICs has enabled 
high integration of parallel transceivers. Due to the layout restrictions of high-
speed traces it is very difficult to implemented a high channel count with 
discrete electronics and ICs. It is also important to note that in order to maximize 
the high-speed performance of the receiver, a preamplifier, which is usually a 
transimpedance amplifier (TIA), should be integrated very close to the 
photodiode, thus minimizing parasitic impedances. So far, up to 12 x 10 Gb/s 
receiver ICs have been built, e.g. by Schild et al. (2003). Today, 10 Gb/s/channel 
driver and receiver ICs with, at least, up to 4 channels are used in commercially 
available fibre-ribbon links. 

A research trend is to implement driver and receiver ICs using standard CMOS 
(complementary metal-oxide-semiconductor) processes, as they promise lower 
costs and low power consumption. For instance, a 4 x 10 Gb/s transceiver based 
on quad CMOS ICs and VCSEL and PIN arrays has been shown to consume 
only 100 mW in total (Kromer et al. 2005). Moreover, even a low-power 25 Gb/s 
TIA has been demonstrated using the CMOS process (Schow et al. 2006). 
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To further increase integration, the monolithic integration of a photodiode on a 
TIA/receiver IC is aimed at. In the highest speed applications this is possible 
with heterostructure bipolar-transistor (HBT) processes. CMOS technology is 
also suitable, e.g. a 10 Gb/s integrated photodiode and TIA with low power 
consumption (Afzalian & Flandre 2006), though the responsivity is rather low. 

To minimise the need of additional electronics due to optical interconnects, a 
research target is to connect the optoelectronic devices directly to the logic circuits. 
That is, the VCSELs would be driven bias-free directly with logic gates and the 
detectors would directly drive the logic gates. This means a trade-off in performance, 
but may be feasible if the link budget does not need to be maximised. 

Another technology to potentially improve the link bandwidth is the electronic 
dispersion compensation (EDC) that has been proposed to increase the data rate 
of multimode fibre links recently. This means the inter-symbol interference 
(ISI), which limits the channel bit-rate, is compensated by adaptive equalisation 
circuitry in the receiver after the TIA (Zhao & Choa 2002). 

2.3.5 Optical waveguides on PWB 

Optical waveguide is another key component of the interconnection. The 
accuracy of the PWB manufacturing and SMT assembly processes suggest that 
convenient cross-sectional dimensions of the waveguides are in the order of 
50�100 µm � that is, they are highly multimodal waveguides (Griese 1999). 
Therefore, it would actually be more precise to speak about lightguides instead 
of waveguides, but the latter has become a much more commonly used term and 
it is also used in this thesis. 

The waveguide in board-level interconnects has to exhibit many challenging 
properties. The interconnection length can be centimetres or even dozens of 
centimetres. Therefore, very low attenuation is a must, requiring both a low-loss 
optical material and very low surface roughness of the waveguide core in order 
to minimise scattering losses. (This significantly differs from the typical 
centimetre-length scale of the integrated optics devices that are widely used 
today�s fibre-optic communications networks.) One of the major challenges in 
achieving low attenuation is the high roughness and irregular surface of the 
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common PWBs. For instance, FR4 is an epoxy-based substrate that is 
re-enforced with glass fibres, which form a weave that increases the rigidity of 
the board. 

Other important optical parameters of the waveguide are numerical aperture 
(NA), refractive index and shape, all which should match with the properties of 
the source and detector, as well as the coupling optics. In addition, the embedded 
waveguide should provide good thermal and mechanical compatibility with the 
PWB material, including good adhesion. Moreover, the waveguide has to 
maintain good optical properties with high stability against environmental 
stresses during the electronics assembly processes and in the operating 
environment. For instance, the waveguide has to survive the reflow soldering 
process, typically at temperatures around 250 °C. 

Several different kinds of potential waveguide manufacturing technologies have 
been presented, such as photolithography, hot embossing, moulding, printing, 
ion-exchange, laser direct writing, and laser ablation. Of these, UV lithography 
with direct patterning of the optical polymer layer is probably the most common 
technology. Perhaps the �simplest� version is the lithographic waveguide fabrication 
using direct waveguide-core photo-patterning and rib cladding process, which is 
depicted in Figure 10. The cladding and core layers are commonly deposited by 
spin-coating if the substrate is small. However, screen-printing or spray-coating 
methods are also suitable for industrial PWB processes with large panel sizes. 

 

Figure 10. Optical waveguide process based on direct patterning of the core 
layer (drawing by M. Immonen / Helsinki University of Technology). 
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To achieve compatibility with PWB materials, polymer materials are favoured 
for the board-integrated waveguides. There have been numerous publications 
describing the different types of waveguide material systems, including 
acrylates, polyimides, cyclic olefins, siloxanes and silsesquioxanes (Zhou 2001). 
Recent advances in low-loss materials development have resulted in propagation 
losses of a number of polymers below or in the order of 0.1 dB/cm. The lowest 
waveguide losses have been achieved with acrylic and polysiloxane material 
systems, for instance in McEwan et al. (2002) and Moynihan et al. (2005) 
respectively. The papers have also presented good compatibility with PWBs and 
stability. Losses in polyimide- or epoxy-based materials are slightly higher, but 
they offer good temperature resistance in return. 

It is also possible to fabricate passive waveguide components, such as bends, 
splitters and crossings. Bends are essential for signal routing on the board. 
Compared to copper traces, a disadvantage of optical waveguides is that they 
suffer from optical loss if the bending radius is small. For instance, the results in 
Moynihan et al. (2005) suggested that with a waveguide index contrast of 0.03 
and core width of 50 µm, the board designs can realize a bend radius of 20 mm 
or higher without incurring any significant additional loss. On the other hand, 
crossings with low cross-talk and excess loss increases the possibilities for signal 
routing on a single layer. Splitters enable fan-out circuits. Nevertheless, they are 
only applicable if the link budget is high enough to tolerate the splitting loss as 
well as the possible excess loss of the passive component. For example, in 
Moynihan et al. (2005), 1 x 4 splitters were demonstrated with insertion losses of 
8 dB or less. 

2.3.6 Micro-optical coupling elements 

One of the key challenges of the OE-PWB technology is to provide efficient and 
robust optical coupling between the waveguide and the laser diode or the 
detector. Micro-optical elements are often utilized to enhance the optical 
coupling efficiency and possibly also to loosen the mechanical alignment 
tolerances. For instance, the expanded beam method offers a viable solution to 
loosen the alignment tolerances in some locations along the light path. In 
practice, this means that optical elements, typically lenses, are applied to expand 
the light beam into a collimated beam between the elements, which are 
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challenging to accurately align. The expanded beam method has been 
demonstrated, for instance, both with single lenses to loosen the alignment 
tolerance of a daughter-board-to-backplane connector (Guttman et al. 1999) and 
with microlens arrays to loosen the alignment tolerance of a ball-grid-array 
(BGA)-mounted component (Ishii et al. 2001) (Figure 11). Although additional 
packaging complexity is generated from the lenses, the expanded beam 
connector allows lateral, vertical and longitudinal misalignments, for instance, 
up to several hundred micrometres for a minimal additional loss of less than 
1 dB (Guttman et al. 1999). A drawback of the expanded beam method is that it 
sets a lower limit on the density of channels in parallel interconnects. 

 

Figure 11. Coupling between photonic device and board-embedded waveguide 
using microlenses in an expanded beam configuration, as well as a waveguide-
integrated micro-mirror. 

In many proposed and demonstrated packaging implementations the VCSEL and 
detectors are facing towards the waveguide, thus the optical beams have to be 
turned through 90°. The beam can be turned with a discrete mirror component. 
Different kinds of mirrors have been presented so far, such as a flip-chip 
bondable micro-mirror device (Robertsson 2004) and a surface-mountable 
micro-optical element (Erps et al. 2006). The challenge in the use of discrete 
micro-mirrors is that one must first form a cavity on the waveguide layer in 
order to expose the waveguide facet, and that facet should also be of good 
optical quality, i.e. not cause too much scattering. Recently, there has been a lot 
of research interest in integrating the mirror directly onto the optical waveguide 
layer by shaping the waveguide end to form a 45° tilted facet with high 
reflectivity achieved by metallization or a total internal reflection (TIR) effect. 
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Various fabrication technologies have been proposed and demonstrated; for 
instance, laser beam ablation (Steenberge et al. 2004), wedge dicing with a 45° 
angled blade of a wafer saw (Hikita et al. 1999), hot embossing (Lehmacher & 
Neyer 2000), tilted-beam reactive-ion-etching (Gan et al. 1999), tilted-beam X-
ray lithography (Kim & Kim 2004), and direct-patterning with inclined UV-
exposure (Immonen et al. 2005c), which is presented in Figure 12. 

 

Figure 12. SEM image of waveguide cores (dimensions 100 x 85 µm) with 45° 
rectilinear TIR mirror planes in the waveguide ends. The structures were 
patterned using inclined UV-exposure of SU8 polymer (Immonen et al. 2005c). 

Microlenses are often proposed for hybrid-integrated optical interconnects and 
have been used in many demonstrations. The microlens arrays are especially 
advantageous for parallel optical interconnects. Today, microlenses are 
customarily volume fabricated as 1D or 2D arrays on the wafer level for many 
applications. Various manufacturing technologies are possible, including even 
roll-to-roll-type continuous mass fabrication (Chang et al. 2006). Microlens 
arrays have been used in many hybrid-integrated multi-channel optical 
interconnects demonstrators, e.g. by (Ishii et al. 2003). Microlenses enable 
enhancing optical coupling, extending the separation between components and 
loosening the required alignment accuracies. 

Alternatively to microlenses, the coupling between the o/e device and the 
waveguide with mirror facet can be enhanced with an integrated vertical light 
guide, possibly having a pillar shape (Bakir et al. 2004). Since the use of free-
space lens optics is avoided, coupling with optical pillars, as presented in 
Figure 13, may enable very dense interconnects to a flip-chip-mounted o/e 
device. Moreover, when fabricated from a polymer material that is flexible 
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enough to enable bending of the pillar without deformation, the optical pillar 
may also compensate for small displacements in a flip-chip-mounted device 
(Glebov et al. 2006). 

 

Figure 13. SEM image of an optical pillar array. Pillar height is 100 µm and 
diameter ca. 28 µm. (Karppinen et al. 2007.) 

Another element that can be used to couple light into and out of the waveguide is 
a diffractive grating coupler. Various grating coupler concepts have been 
presented and studied. For instance, 35% in-coupling efficiency was demonstrated 
by pattering a tilted surface relief grating on the top surface of the multimode 
waveguide core (Chen et al. 2000). Nevertheless, it has appeared very challenging 
to implement high-efficiency couplers that would be feasible for board-
interconnect applications based on multimode waveguides, surface-normal 
incidence and incompletely collimated beams without polarisation control. 

An issue regarding the integration of micro-optics into electronics is the 
endurance of the materials during the assembly processes. Today, the micro-
optical components are typically installed in the products after the electronics 
assembly phase. This is because the micro-optical components are often made of 
polymer materials, such as PMMA, that exhibit glass transition temperatures 
below 200 °C and thus do not survive the reflow soldering temperatures. On the 
other hand, such an assembly procedure is not acceptable (or at least not 
favourable) in the case of embedded board-level optical interconnects. 
Consequently, all optical components and adhesives should survive a normal 
reflow soldering process, which typically means peak temperatures in the order 
of 250 °C for around one minute. This means that only a small part of the 
polymer materials commonly used in micro-optics are applicable. 
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2.4 Integration and packaging 

The implementation of board-level optical interconnects using today�s photonics 
and electronics technologies requires hybrid integration of several different 
material and device technologies. On the other hand, there are many functions 
that have to be implemented through the integration and packaging, such as 
optical coupling, electrical interfaces, thermal management, shielding and 
protection. Therefore, integration technologies also play a key role in defining 
the costs of the overall solution and, thus, its feasibility. 

2.4.1 Optical alignment 

Today, the dominant factor in the subassembly costs of fibre-optic transceivers 
is the packaging and alignment process, and this is strongly dependent on the 
required alignment accuracy (Palen 2007). Until recently, photonic devices were 
mainly assembled manually, which led to poor productivity, low yield and high 
manufacturing cost. Before optical interconnects can be widely used in 
applications, the optoelectronic device packages have to be compatible with the 
current automatic electronic assembly process, i.e. surface-mountable device 
(SMD) technology. Active optical alignment is a time-consuming and costly 
process. Instead, a passive alignment technique has to be used. Passive 
alignment can be obtained by several different kinds of technologies, such as 
visual determination of the position (precision vision with pick-and-place), the 
use of fiducial marks on devices or substrates, mechanical stops or guides 
(micro-machined features on devices or substrates), solder force alignment, or a 
combination of the above. The high density of the multi-channel interconnects 
and small area of the high-speed photo-detectors set challenging requirements 
for the accuracy of the pick-and-place type of assembly. Another aspect to take 
into account is that angular tolerance control will be much tighter in optoelectronics 
than in the electronics packaging assembly. 

2.4.2 Hybrid integration 

In the very-short-distance optical interconnection applications, optoelectronic 
transmitters and receivers are typically constructed of discrete electronic IC and 
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optoelectronic devices, which are assembled onto a high-accuracy substrate 
(optical sub-assembly) using wire bonding techniques and alignment structures. 
However, such methods are not very suitable for cost-efficient assembly and 
require too much substrate area; thus the research trend is towards dense hybrid 
integration that would allow incorporating both photonic devices and micro-
optical components into surface-mountable IC packages. 

Here, the so-called smart pixel array (SPA) technology, studied for free-space 
optical interconnects, is especially worth mentioning. SPAs are arrays of 
transceiver components, each pixel including transmitter and receiver 
electronics, emitter and detector devices, and often also some micro-optics. An 
example of SPA was demonstrated in Liu (2002) by hybrid integration of a 
GaAs-based optoelectronic device array chip with microlenses onto a CMOS 
chip. VCSEL emitters and MSM detectors were used to demonstrate a large 
array suitable for massively parallel interconnects, e.g. with processor chips. 

The high-alignment-accuracy hybrid integration of a microlens array with a 
VCSEL array was presented in Eitel et al. (2000). They achieved approximately 
2 µm lateral alignment precision by the use of lithographically patterned 
alignment marks and precision-machined spacers. 

Alternatively, refractive or diffractive microlenses can be fabricated on VCSELs 
or photodiodes by heterogeneous integration; either on top of the device, e.g. by 
UV casting (Gimkiewicz et al. 2004), or via wafer-bonding (Liu 2002), or on the 
rear of the chip if it has a transparent substrate such as 980-nm VCSELs have, 
e.g. by etching the substrate (Lin et al. 2007). Integrated lenses can facilitate 
optical coupling and ease the packaging alignment tolerances. 

2.4.3 Flip-chip bonding assembly 

For high-density interconnects, flip-chip mounting of VCSEL and photodiode 
arrays is favoured. A challenge in densely integrated parallel receivers is that 
channel-to-channel crosstalk induces a power penalty. This penalty can be a 
result of either imperfect optical coupling due to misalignment between the 
waveguides or fibres and the photodiodes, or due to electrical crosstalk between 
the electrical circuit signal lines either on-chip or through the substrate. One way 
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to reduce the electrical crosstalk, and thus increase integration density, is to use 
flip-chip interconnects instead of bond wires, as discussed in Park et al. (2005). 
Flip-chipping eliminates the wire-bond inductance between the driving or 
receiving circuits and the optoelectronic devices, which becomes problematic at 
data rates greater than 2.5 Gb/s (Krishnamoorthy & Goossen 1998). 

Flip-chip bonding is also advantageous for optoelectronics packaging due to the 
very accurate positioning capabilities; even 0.5 µm accuracy is feasible with 
today�s high-precision equipment. Nevertheless, there is a trade-off between the 
alignment accuracy and the mounting cycle time (i.e. the production rate). An 
example of the use of flip-chip bonding for optical alignment of VCSEL and 
photodiode arrays with multimode fibres through the substrate was presented in 
(Kuznia et al. 2003). Their technology was based on Ultra-Thin Silicon-on-
Sapphire technology, where optoelectronic devices and CMOS ICs were 
mounted on a sapphire substrate allowing dense high-performance integration. 

2.4.4 LTCC substrates for photonics modules 

A versatile technology platform for implementing densely integrated optoelectronics 
micro-modules is a low-temperature co-fired ceramics (LTCC) substrate 
(Keusseyan et al. 2002), (Karioja et al. 2006). LTCC has proven a suitable 
integration technology for high-performance micro-modules, such as millimetre-
wave modules, which can BGA-mounted on PWB (Heyen et al. 2003). The 
standard patch-type process for manufacturing LTCC panels is illustrated in 
Figure 14, and Figure 15 presents an example of an LTCC-based module 
including various integrated features. Thanks to the possibility to implement 
precision structures for optical alignment, LTCC allows the integration of 
photonic devices and electrical circuits into a ceramic wiring board. LTCC also 
enables high packaging density due to its multilayer structure and possibility for 
passive-component integration and bare-chip encapsulation. In addition, good 
high-frequency and thermal properties, as well as stability, reliability, and 
compatibility with hermetic sealing and cost efficiency, are advantageous for 
high-speed optoelectronics. Mechanical tolerances in the order of ten micrometers 
can be achieved in the alignment of the components and different layers with 
LTCC technology. The processing of 3D passive structures with ~3 µm tolerances 
has been presented for passive alignment of the photonic components. Thus the 
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mechanical tolerances are good enough for multimode optical waveguide 
applications with the use of passive alignment. Furthermore, the recent near-
zero-shrinkage tape materials promise even better accuracy. 

 

Figure 14. Manufacturing process of LTCC wiring boards. 

 

Figure 15. Schematics (cross-sectional view) of an LTCC multi-chip module 
illustrating various embedded capabilities. 
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To the best of the author�s knowledge, we were the first ever to present the use 
of passive optical alignment of a fibre and a surface-emitting device based on an 
LTCC structure (Karppinen et al. 2001a). An arrayed transmitter structure was 
designed and demonstrated with fibre pigtails, flip-chipped VCSELs and driver 
electronics. An LTCC via a hole was used to provide the alignment structure for 
the fibre on the module substrate, as presented in Figure 16. It was demonstrated 
that, thanks to less than ±20 µm total alignment tolerances, LTCC is a potential 
technology for low-cost, small-sized, high bit-rate optoelectronic modules 
featuring passive alignment of MM fibres to surface-emitting devices. Later on, 
a similar structure has been used in two other VCSEL-based transceiver module 
demonstrators (Guo et al. 2005, Heikkinen et al. 2007), achieving a sufficient 
alignment accuracy to 50 µm MM fibres. The LTCC substrate material 
Dupont 951 was used in the aforementioned modules because it has proven to be 
suitable for implementing accurate structures for micro-optical alignment and 
also provides good enough electrical performance. 

                 

Figure 16. VCSEL-to-fibre passive alignment based on an LTCC via a hole: left) 
alignment structure; middle) cross-sectional micrograph of the fibre in the 
alignment hole; right) radio-over-fibre transceiver prototype based on the 
alignment structure (receiver part unshielded and without fibre). 

2.5 Conclusions and comparison to electrical 
interconnects 

To summarise the message of the previous chapters, there are several technology 
gaps still hindering the applicability of optical interconnects at the board level. 
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These include mass-producible micro-mirror technology and SMT-compatible 
hybrid integration of optoelectronics with coupling optics. 

The fundamental difference between the electrical and optical interconnects is 
the power consumption of the electrical link scales according to square law 
versus interconnection length, due to the RC constant, whereas the power 
consumption of an optical interconnection scales linearly in length. Therefore, it 
is clear that the optical (fibre) data links are a superlative technology for high-
speed long-haul communications. However, another fundamental difference in 
the technologies is that electrical-to-optical conversion is always needed in the 
transmitter and vice versa in the receiver since, so far, all signal processing 
happens in the electrical domain. These conversions are inevitable and cause 
some losses of energy, even if the interconnect is very short. Thus the optical 
interconnect has a minimum power consumption, only dependent on the 
conversion efficiency of the optoelectronic devices, whereas electrical 
interconnects do not have such a fundamental power consumption minimum. 
Consequently, it is generally stated that, at a certain high data rate, the power 
consumption of the electrical interconnect is smaller at short link distances and 
there is always a break-even distance above which the optical interconnect has 
lower power consumption. 

A generic comparison between optical and electrical interconnects and analyses 
of break-even lengths is presented in Feldman et al. (1988). Later on, several 
other papers have presented comparisons based on different kinds of 
technological details and also applying somewhat different criteria. The 
challenge here are several somewhat independent figures of merit to be 
considered, such as channel bandwidth, power consumption, required board 
area/volume, interconnect density, manufacturing costs. On the other hand, the 
�fair� comparison becomes even more vague due to the fact that there are no 
�standard/typical� solutions of optical interconnects on the board, only 
approaches proposed for future applications. Recently, the previous comparisons 
were reviewed by Uhlig and Robertsson (2006), pointing out the only clear 
conclusion that the optical links outperform electrical links on power 
consumption above a certain breakeven link length at a given bandwidth. This is 
due to the skin effect and dielectric losses in electrical wires at high bandwidths, 
and is also the reason why fibres are clearly superior to copper cables in 
communication networks. However, whether this breakeven point will fall into 
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the distances and data rates of a board-level interconnect in the near future 
cannot be clearly shown. Uhlig and Robertsson (2006) also pointed out that, due 
to the crosstalk issues, the 10 Gb/s electrical wiring on the board requires an 
order of magnitude larger pitch than optical waveguides, i.e. optics can provide a 
higher interconnect density. On the other hand, it is still questionable whether 
there are significant benefits from board-level optical interconnects in overall 
performance (Svensson 2002). 
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3. Design aspects and methodology 

One of the aims of the research was to demonstrate an optical interconnect 
technology that is competitive with the modern electronic interconnect 
technologies. In this chapter, the methods used and the selections made in 
designing the experimental structures of thesis are described and justified. These 
include the optical design and optimisation methodology, and device selections, 
as well as the integration and packaging-related selections. In addition, some 
analysis of the high-speed performance is presented. 

3.1 System specifications and their implications 

In order to be truly attractive for commercial applications, the optical 
interconnect is aimed at simultaneously outperforming, or at least matching 
with, the copper-based ones in all important performance-related parameters. 
These include total power consumption and costs per interconnect capacity, as 
well as required board area and volume. In addition to high performance, the 
manufacturability and the reliability issues are important. It was foreseen that the 
components and the technologies should not require excessive changes to the 
established manufacturing processes. Also, the new optical technologies should 
support the simultaneous use of existing technologies, i.e. the optical 
interconnects would be introduced as an additional technology to be used in 
parallel with the electrical interconnections. One consequence of the above is 
that an optical link should not complicate packaging significantly, for instance 
due to a local increase in heat dissipation, and, especially, active temperature 
control (i.e. cooling) of components should be avoided. 

Based on the state-of-the-art technology status and foreseen needs of the optical 
interconnects as a future high-speed data bus, some technical targets were 
defined at the beginning of the work. The following features and specifications 
were then used as a guideline during the work: 

� point-to-point data bus; simplex waveguide channels 
� multi-channel (i.e. parallel optical link); high channel density (pitch 250 µm) 
� maximum transmission distance (i.e. waveguide length) ~500 mm or longer 
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� transmission speed (i.e. symbol rate) 10 Gb/s/channel or higher 
� bit-error-rate (BER) ~10-12 or smaller (without error correction) 
� ambient operation conditions as in typical consumer or industrial electronics 
� lower power consumption than in electrical interconnects. 

3.1.1 Optical specifications 

One of the key optical parameters of the data link is the operational wavelength. 
The optimal choice depends on the attenuation spectrum of the transmission 
media as well as on the emission wavelength and power of the available sources 
and sensitivity of the suitable detectors. The waveguide materials� potential for 
PWBs usually exhibit lowest attenuation at wavelengths below 1 µm down to 
visible range, but rather low loss may also be achieved at wavelengths around 
1300 nm, as shown in Immonen et al. (2007). On the other hand, the availability 
of suitable sources, i.e. mature high-speed VCSEL technology, is currently 
limited to the 850 nm wavelength. 

In the product development, one may have to consider the laser light eye-safety 
regulations as well. It is possible that the most stringent power limits do not need 
to be obeyed in an embedded optical interconnect application because there 
should be no possibility of laser beam exposure to the human eye under any 
operational conditions and, even if major damage would reveal the laser beams, 
it would probably also cause the laser current to turn off. If one has to conform 
to the safest regime, IEC Class 1, the maximum launch power can be 
approximately �1 dBm at 850 nm. However, if Class 1M is sufficient, meaning 
light is not harmful unless viewed with a magnification aid, the launch power 
can be almost +10 dBm (IEC 2001). Since 1300 and 1550 nm light sources are 
less damaging to the eye than sources at 850 nm, more power can be launched at 
those wavelengths while conforming to the eye-safety level. Nevertheless, this 
would not necessarily be beneficial because higher launch power would also 
mean higher power consumption by the transmitter. 
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3.1.2 Reliability issues 

The introduction of optical interconnects must not compromise the reliability of 
the electronic system. This usually means that the developed solutions should 
operate reliably within a wide ambient temperature range (sometimes even up to 
�40...+85 ºC), tolerate moisture or dust in the ambient environment, and be 
robust against vibrations and mechanical shocks. The optical and optoelectronic 
components typically require even more care during packaging than bare 
electronics to ensure reliability. This is due to the fact that, in addition to 
conventional interconnect reliability and thermal management issues, the optical 
devices have sensitive surfaces to be protected against contamination, the optical 
path ways need to be kept clear, and the optical alignment needs to be 
maintained. These requirements have many consequences, which should be 
taken into account when designing the system and selecting the technologies. 
Some issues are pointed out here, though only briefly as the reliability studies 
were not included in this work and the demonstrated technologies were not 
particularly designed for high reliability. 

An example of issues concerning reliability that may require special 
consideration are underfills under flip-chip and BGA-mounted devices with 
optical structures underneath. In addition to conventional joint reliability reasons, 
the use of underfill material may be preferred as it would prevent dust or 
moisture disturbing the optical channel. On the other hand, if an underfill is 
applied below an optically interconnected device, the underfill material should 
be optically transparent at the operational wavelength and should spread 
homogeneously, i.e. without air bubbles, to avoid deteriorating the optical path. 
Moreover, the underfill should then be taken into account in the optical design of 
the coupling structure. 

3.2 High-speed issues 

The aim is to maximise the aggregate data rate versus both power consumption 
and space occupied (i.e. board area and component volume). This can be 
achieved by increasing the bit-rate of individual optical channels or by 
increasing the density and number of parallel optical channels. In this section, 
some high-speed issues are presented in detail. The high-speed device technologies 
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were described in Section 2.3. A significant remark was that a large photodiode 
area is preferred to loosen the alignment tolerances in optical coupling, but in 
practice the area is limited by the trade-off in the receiver bandwidth and 
sensitivity due to the increased capacitance. 

3.2.1 Bandwidth of waveguides 

The bandwidth of a multimode step-index (MM SI) optical waveguide is mainly 
limited by the inter-modal dispersion, i.e. the differences between the propagation 
time of different modes through the waveguide. Dispersion causes inter-symbol 
interference (ISI) in the communication channel and thus increases BER. For a 
step-index waveguide, the inter-modal dispersion can be estimated with a 
differential time delay between the axial ray, which propagates along the optical 
axis of the waveguide (i.e. the mode having the highest group velocity), and the 
marginal ray, whose propagation angle has the largest deviation from the optical 
axis (i.e. the mode having the slowest group velocity). The differential time 
delay is given by 
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where L is the length of the waveguide and c is the speed of light in a vacuum 
(Hecht 1987). This equation is just an approximation that may somewhat 
underestimate the total inter-modal dispersion of the waveguide because it does 
not take into account the skew rays, i.e. the rays propagating along a path that 
does not intercept the waveguide axis. 

To estimate the bandwidth of a typical optical waveguide on a PWB, we use 
Truemode� polymer as an example waveguide material here. A Truemode 
Backplane� waveguide manufactured on FR4 has refractive indexes of 
ncore = 1.540 and nclad = 1.521 (Immonen et al. 2005b). Substituting these values 
results in the differential time delay of 64 ps/m. This value is better illustrated as 
its inverse, which states that the estimated bandwidth�distance product of such a 
waveguide is 16 GHz · m. The bandwidth can be increased by decreasing the 
refractive index difference, but, with a small difference, the bending losses of the 
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waveguide will increase and the optical input coupling becomes more 
challenging. Therefore, a practical bandwidth maximum of a step-index MM 
polymer waveguide at the board-level can be estimated to be approximately 
20 GHz · m (Uhlig & Robertsson 2006). Higher bandwidths could be achieved 
with graded-index waveguides but, so far, no manufacturing technology suitable 
for PWB-embedded has been presented. The launch condition, i.e. possible 
misalignment between the device and waveguide, and thus coupling of some 
specific VCSEL modes, can also affect the bandwidth. 

3.2.2 Link power budget 

The power budget of the link depends on the output power of the source, the 
sensitivity of the receiver and the path loss. The first two are both temperature- 
and bandwidth-dependent device characteristics, whereas the path losses are 
bandwidth-independent but may have some temperature dependence. Path loss 
can be roughly divided into three parts: coupling loss from the source into the 
waveguide, attenuation of the waveguide, and coupling from the waveguide to 
the detector. 

To get some insight on the power budget, let us consider a 10 Gb/s/channel data 
link that can be fabricated with commercial device technologies today. The 
highest average output powers of high-speed VCSEL arrays are in the order of 
1 mW per channel. Typically, multi-channel receiver ICs can provide approx.  
�15 dBm sensitivity when BER lower than 10-12 is required, see e.g. Primarion 
(2002b). Even with the state-of-the-art waveguide materials, the waveguide 
losses can reach ca. 5 dB on very large boards with ca. 50 cm dimensions. 
Assuming a 1 dB power penalty due to the transmitter extinction ratio, this 
leaves <10 dB for the coupling losses and the link margin. The latter is needed to 
allow excess losses due to potential misalignments, and power and sensitivity 
reductions due to temperature variations and aging, etc. Although it is not 
possible to give exact estimates as all these values are very much device and 
application-specific, it becomes clear that the coupling losses cannot be more 
than a few dB in total. 

In practice, even lower BER may be needed in interconnects, thus further 
reducing the loss budget. One should also note that this is the BER limit of the 
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optical link itself, because error correction methods inside electronic equipment 
are not favourable due to the requirements of short latency and low power 
consumption. 

As a consequence of the very limited optical power budget, it is difficult to 
implement point-to-multipoint interconnects; only a small splitting ratio (1-to-
2...4) may be possible and even this will require very low waveguide attenuation 
or very short links (a few centimeters or less) � unless one also integrates optical 
amplification devices, as proposed by Uhlig and Robertsson (2006). 

It is also necessary to leave some margin for all manufacturing tolerances, both 
in device characteristics and in packaging, as well as for performance 
degradation over time (i.e. aging). In practice, most single-VCSEL transmitters 
use a photodiode to monitor their output power through back-reflection of the 
light in order to maximise the power budget through the full operation 
temperature range and to overcome the effects of VCSEL ageing and detect 
failures. The monitor PD allows closed-loop control of the VCSEL current. 
However, the monitor photodiode increases the size and adds packaging 
complexity, especially in the case of a VCSEL array. 

3.3 Coupling to multimode waveguides 

High-efficiency optical coupling between the transmitter/receiver and the waveguide 
is a necessity, as emphasised above. Sufficient optical alignment, both lateral 
and angular, should be achieved by the use of pick-and-place assembly of the 
components in order to be compatible with automated electronics manufacturing. 
One challenge is that the tilts of devices, i.e. angular misalignments, have to be 
small with optics, but this aspect has not had much importance in traditional 
electronics assembly. 

The waveguide technologies were reviewed in Section 2.3.5. The waveguides� 
potential for OE-PWB applications have cross-sections in the order of 50�100 
µm and NA in the range of 0.2�0.3. 
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3.3.1 Basic principles and trade-offs 

The coupled power from a source to a MM waveguide (or fibre) can be 
calculated using the formula (Keiser 2000) 

( )sssA s ABddAP
ff

ΩΩ= ∫∫ Ω
, , (2) 

where B(As,Ωs) is the brightness (i.e. luminance) of the source and As and Ωs are 
the area and the solid emission angle of the source respectively. The area of the 
waveguide core Af and the solid acceptance angle of the waveguide Ωf define the 
limits of the integrals. The coupling efficiency is the coupled power P divided 
by the total emitted power of the source. Often, the formula is used in a 
simplified form where the coupling efficiency depends on the NA of the 
waveguide and the divergence of the source. With a step-index waveguide, this 
is true. However, with a multimode VCSEL source one should actually integrate 
the luminance of the VCSEL over the acceptance angle and area. 

Consequently, the emission characteristics of the source, especially the beam 
divergence, is an important parameter in optimising the coupling optics. Since 
the divergence of VCSEL is somewhat dependent on the drive current, i.e. 
emitted total power, it is sometimes possible to do some trade-off between the 
nominal power budget and the alignment tolerances and crosstalk; if the link 
power budget in the nominal case has a high margin, one may reduce the emitted 
power and, thus, the beam divergence. 

There are also a couple of basic principles in the design of optical coupling in an 
O/E-PWB: 

• In order to have optimized in-coupling efficiency, the emitter output 
angular properties need to be matched to the numerical aperture (NA) of 
the waveguide. Thus, if the emitter beam divergence is larger than the 
waveguide NA, the source has to be imaged to the input of the 
waveguide with a magnification larger than unity. 

• In order to have optimized out-coupling efficiency, the optics has to 
match the waveguide output surface area to the detector area. Thus, if 
the waveguide output surface area is larger than detector area, it has to 
be imaged to the detector with a magnification smaller than unity. 
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These two principles lead to trade-offs in the optimization of the micro-optical 
system and the cross-sectional dimensions of the waveguide: 

Most importantly, to loosen the alignment tolerances there is a trade-off between 
coupling a divergent laser beam to a waveguide and coupling the waveguide 
output beam to the relatively small active area of a high-speed detector. One 
method to partly overcome this trade-off is tapering of the waveguide ends (i.e. 
having a larger waveguide core at the transmitter and smaller at the receiver). In 
practice, this can only be used in one dimension (parallel to board) since it 
would be very difficult to vary the thickness of the waveguide layer in 
production. Nevertheless, the use of tapering is limited by the channel pitch in 
high-density parallel interconnects. 

The expanded beam method enables loosening the tolerance requirements, e.g. 
between the package and the board. The method can be simply realised with two 
microlens arrays (see Figure 11). Nevertheless, the use of the method is limited 
in high-density parallel interconnects as well. This is because, in order to avoid 
optical crosstalk between channels, the width of the expanded beam has to be 
smaller than the pitch of the channels. In practice, the maximum alignment 
tolerance (without any crosstalk) is the pitch minus the beam waist between the 
lenses. For instance, if the pitch is 250 µm and the beam waist is 100 µm, one 
can expect to achieve ±75 µm alignment tolerance in an ideal case. 

In addition, since the wafer surface is the active area in the suitable VCSEL and 
high-speed photodiode arrays, the beam of the source has to be bent through 90° 
to couple into the waveguide, and again the waveguide output has to be bent 
through 90° to the photodiode surface. 

3.4 Optical design methodology 

The optical systems presented in this thesis were studied and optimised by the 
use of ray tracing design tools. They enabled modelling the optical path losses as 
well as carrying out opto-mechanical tolerance analyses and optimisations. 
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3.4.1 Ray-trace modelling 

The optical channel between the transmitter and receiver can be modelled by 
non-sequential Monte Carlo ray-trace software using a realistic 3D system 
model, as demonstrated by Karppinen et al. (2002, 2001b). These simulations 
result in total coupling efficiency, i.e. path loss, of the system. Although the ray-
tracing approach is not as accurate as the wave propagation approach (Zaleta et 
al. 1996), it enables accurate analysis of complicated optical systems with such 
properties as multimode sources (e.g. VCSELs), scattering, and aperture 
clipping. Propagation through an MM waveguide can be modelled as well, 
although the simulations tend to become time-consuming due to the large 
number of reflections. Furthermore, the ray-trace approach enables analysis of 
the crosstalk can in multi-channel interconnections. 

In the work presented in this thesis, most of the optical simulations were carried 
out using ASAP® (Advanced Systems Analysis Program), which is a non-
sequential Monte Carlo ray-tracing software from Breault Research 
Organization, Inc. 3D optomechanical models of the demonstrated links were 
created. All surfaces of the optical components (except the photodiode) were 
defined without anti-reflection coatings, although AR coatings are preferred in 
real applications to reduce the coupling losses. 850-nm VCSEL sources were 
modelled with realistic beam characteristics. They can be defined into ASAP as 
circularly symmetric beams having angular distributions similar to measured 
VCSEL beams (Karppinen et al. 2001a). 

The ray-trace propagation through the waveguide was included in the 
simulations in order to obtain more realistic characteristics of the waveguide 
output beam. The cross-section of the waveguide had two sharp (45°) and two 
rounded edges. The input and output facets of the waveguide were defined with 
light scattering properties (Gaussian distribution with a 5° scatter angle). The 
waveguide material was defined to cause 0.05 dB/cm attenuation. 

In addition to waveguide losses, the ray tracing method allows analysis of the 
time jitter due to multi-path dispersion (Karppinen et al. 2002). In other words, 
the multi-path induced impulse response of the system can be calculated from 
the optical path lengths of the rays propagated through the system. Furthermore, 
the impulse response allows estimating, for instance, the inter-symbol interference 
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(ISI) and, thus, the maximum data transfer rate of the interconnect with the 
chosen modulation method. 

3.4.2 Tolerance analysis for optimisation and yield estimation 

In order to design an optical interconnect system that is insensitive to both 
component misalignments and manufacturing tolerances, two types of analyses 
are needed (Zaleta et al. 1996): 

• In sensitivity analysis, each tolerance variable (xyz-displacements and 
tilts) is simulated separately and the most critical tolerances are found. 
Sensitivity analysis helps to optimize the optics. However, the root-sum-
square and worst-case analysis that can be made from the sensitivity 
analyses of individual misalignment effects alone is not a sufficient 
method because it does not take into account the simultaneous 
interaction of all variables. 

• In Monte Carlo analysis, the effect of all variables is simultaneously 
analyzed by creating a large number of randomly chosen perturbed 
systems (with misalignments). Thus statistical information on the system 
performance is obtained, allowing prediction of the manufacturing yield 
of the system. In addition, the correlation between the loss and the 
tolerance parameters reveals the parameters that most affect the total 
system performance. 

During the work presented in this thesis, an opto-mechanical simulation tool for 
Monte Carlo tolerance analyses with ASAP was developed at VTT in order to 
enable more detailed optimisation with the manufacturing tolerances, as well as 
to predict the feasibility of optical coupling for mass production. 

The method and tool have been used by Keränen et al. (2004) for the analysis of 
butt-coupling between an edge-emitting multimode laser diode and an MM GI 
fibre. For the two characterised modules with fibres having NA larger than 0.20, 
the simulated coupling efficiencies agreed well with the measured ones. Another 
case, where the method was applied and the result compared to an implemented 
VCSEL-based transceiver, was published by Guo et al. (2005). 
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4. Optical coupling to waveguides on board 
� comparison (Case study I) 

In this chapter, a study of different optical coupling structures for on-board 
interconnects with embedded waveguides is presented. First, different coupling 
schemes are analysed and compared by optical modelling methods. Then, the 
implementation of a test assembly is described in order to experimentally study 
the fabrication challenges and the feasibility of the three different coupling 
structures. The characterisation results, mostly about the misalignment 
tolerances of the coupling structures, are presented and discussed at the end. 

Most of the work and results presented in this chapter have been published 
earlier (Karppinen et al. 2004a, 2004b, Alajoki 2004). 

4.1 Optical design and analysis 

The aim was to develop and compare optical coupling structures for board-level 
interconnects between IC packages or multi-chip modules, as illustrated in 
Figure 3. Typically, the most inaccurate alignment phase in the production of 
this kind of electronic sub-system is the BGA board assembly. On the contrary, 
the tolerances of the chip-mounting methods, i.e. the alignment between the 
VCSELs and PDs, is much smaller. In practice, less than ±5 µm is rather easily 
achievable with well designed alignment marks and structures. 

After a preliminary analysis of several different optical coupling schemes, three 
schemes were selected for more detailed analysis with optical simulations and 
tolerancing. The structures were designed and optimised in such a way that they 
were suitable for practical implementation in the planned test assembly. All 
simulations were made at the 850 nm wavelength, as were the experiments. 

4.1.1 Butt-coupling scheme 

The butt-coupling concept, with a potential implementation illustrated in 
Figure 17, was included in the analyses and the implemented test assembly for 
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comparison purposes. In butt-coupling, the nominal coupling losses can only be 
small if the devices can be placed close to the waveguide ends, the VCSEL 
output divergence is small compared to the NA of the waveguide, and the 
detector area is bigger than the cross-section of the waveguide. In addition, to 
minimize coupling loss, good quality waveguide end facets have to be made in 
the cavity formed on the optical layer PWB for the subassembly. Such cavities 
can be at least by laser ablation (Hendrickx et al. 2007). 

 

Figure 17. Illustration of the butt-coupling scheme realized with an optical sub-
assembly attached to the optically interconnected device. 

4.1.2 Coupling with a double microlens array and a mirror 

The second coupling concept studied uses two stacked microlens arrays. The 
optical design and packaging principle of a transmitter is shown in Figure 18. A 
similar structure is suitable for both ends of the data link (Figure 19). The idea is 
that the first lens collimates the VCSEL beam and the second one focuses the 
beam on the waveguide, thus the design enables lengthening the distance 
between the device and the waveguide. In addition, a 45° mirror surface is 
needed to deflect light from the VCSEL into the waveguide. Correspondingly, at 
the receiver end of the system, the output beam from the waveguide is first 
deflected 45° by the mirror, then collimated by the lens and finally focused by 
another lens towards the detector. This kind of design principle enables the 
optimal distance between the lenses to be approximately the same at both ends, 
which can be an advantage in manufacturing and assembly. 

In the simulation, the lens parameters used were: radius of curvature (ROC) 
266 µm, lens array pitch 250 µm, lens aperture diameter 250 µm, surface profile 
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spherical, and front focal length in air 515 µm with point source. In the 
simulations, the refractive index of 1.51 was used for the microlens arrays. Two 
such microlens arrays were stacked and placed so that 1:1 imaging of a VCSEL 
to a waveguide would be achieved. The distance between the stacked lens arrays 
was 0.6 mm. The double microlens array can be realized by processing 
microlens arrays on both sides of a substrate or by joining the bottom surfaces of 
two microlens array substrates. 

 

Figure 18. Schematics of the VCSEL-to-waveguide coupling using a double-
sided microlens array and a mirror. The drawing also presents a potential 
packaging scheme using an LTCC module substrate. 

 

Figure 19. Schematics of the simulated optical path based on double-sided 
microlens arrays and mirrors. A potential packaging scheme is also presented. 

4.1.3 Coupling with micro-ball-lenses and a mirror 

The third selected coupling scheme was based on micro-ball lenses attached to a 
mirror surface, as illustrated in Figure 20. Two ball lenses per each optical 
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channel are used to image the source on the input of a waveguide (1:1 imaging) 
when a micro-mirror tilts the beam through 90° and vice versa at the receiver 
end (Figure 21). The resulting component is placed under the VCSEL or PD 
array chip and the whole transmitter or receiver module is positioned on the 
waveguide array. In the designed system, a ball lens diameter of 250 µm was 
used. This was to match the pitch of the optics to the pitch of the VCSEL and 
PD arrays. In the simulations, the lenses were assumed to be made of BK7 
having an index of refraction of 1.51. It was also assumed that the lenses will be 
glued onto the mirror and that the adhesive, which is index matched to the BK7, 
will completely fill the space between the lenses and mirror. That is, refraction 
will only occur on one surface of the ball lens � i.e. on the two outer surfaces of 
the complete coupling component. 

 

Figure 20. Schematics of the VCSEL-to-waveguide coupling scheme based on 
ball lenses attached to a mirror. A potential packaging structure using an LTCC 
module substrate is also presented. 

 

Figure 21. Schematics of the simulated optical path based on ball lenses 
attached to a mirror. Also, the implemented packaging scheme is shown. 
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4.1.4 Comparison of coupling schemes 

First, a simplified path loss and Monte Carlo tolerance analysis was carried out 
for the three designed optical systems using the methods presented in 
Section 3.4. One thousand randomly generated tolerance sets (component 
misalignments) were generated to calculate the loss histograms for both the 
transmitter and the receiver ends. Further, the results were used to calculate the 
loss histograms of the complete link by convolution of both the transmitter and 
receiver end losses. However, no waveguide losses were included in the total 
losses. The simulations were performed using a Gaussian source, which is only 
an approximation of the VCSEL multimode output beam. The VCSEL emitting 
area diameter was defined to be 10 µm and the beam divergence (full width at 
1/e) was set at 14°. The active area diameter of the photodiode was 65 µm. The 
waveguide had NA of 0.18 and a square cross-section of 100 µm x 100 µm. 

Before comparison, both the microlens array and the ball lens-based systems 
were optimised by selecting the distances between the optical components in 
such a way that the VCSEL laser beam could be focused on the waveguide front 
facet and then the same configuration set for the receiver end. In the micro-ball 
system, the optimisation resulted in 200 µm separations between the lenses and 
the VCSEL, detector and waveguide ends. In the microlens array system, the 
separations became 200 µm between the lens systems and the waveguide ends, 
and 250 µm between the lens system and the VCSEL/detector. In the butt-
coupling system, the separations between the waveguide ends and the 
VCSEL/detector were set at 200 µm. The tolerance values were set to match the 
expected alignment accuracy of the components in the test assembly, which was 
to be implemented later on. 

The results of the tolerance analyses are presented in the graphs illustrated in 
Figure 22 for the three coupling schemes, and the results are summarized in 
Table 1. Table 1 also lists the tolerance values (maximum displacements) used in 
the modelling as well as the nominal losses of the three systems, i.e. the losses 
without any misalignments. The placement tolerances were assumed to follow 
the Gaussian distributions with 3σ values given in the table. 
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Figure 22. Coupling loss histograms of the transmitter and receiver ends 
(separately simulated in 1,000 cases at both ends) and of the combined system 
(calculated by a convolution of 1 million systems and scaled to 1 thousand): 
upper) butt-coupling; middle) coupling with double microlens array and mirror; 
lower) coupling with double micro-ball lenses and mirror. 
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Table 1. The statistical data from the Monte Carlo tolerance simulations 
(illustrated in Figure 22) of the three coupling schemes for both the transmitter 
and the receiver ends as well as the combined (convoluted) systems. Also, the 
maximum misalignments used in the simulation. 

 Butt-coupling Microlens arrays Micro-ball lenses 

XYZ-displacements ±20 µm ±20 µm ±20 µm 

XYZ-tilts ±4° ±2° ±2° 

XYZ-tilts of mirrors - ±1° ±1° 

Coupling In Out Both In Out Both In Out Both 

Nominal loss - - 4.5 - - 1.6 - - 5.0 

Max loss 2.98 7.68 10.66 ∞ 21.32 ∞ ∞ 15.11 ∞ 

Mean loss 0.39 4.89 5.27 1.55 3.25 4.81 0.74 5.60 6.34 

Min loss 0.06 4.44 4.49 0.34 1.23 1.58 0.40 4.39 4.79 

Mode loss (peak loc.) 0.09 4.69 4.95 0.36 1.67 4.20 0.46 4.69 5.23 

 

The simulation results show that the losses are considerably higher at the 
receiver than at the transmitter in all coupling schemes. This is mainly because 
of the relatively large waveguide cross-section (100 µm x 100 µm) compared to 
the 65-µm diameter of the circular active area of the detector. On the other hand, 
the low losses at the transmitter reflect the fact that VCSELs can be well imaged 
on the large waveguide facets. This suggests that, to optimise the systems, the 
losses at the receiver could be reduced by diminishing the waveguide cross-section 
area. This could be done up to a certain point without affecting the nominal losses 
at the transmitter. Nevertheless, the sensitivity to the misalignments would be 
simultaneously increased at the transmitter. 

The highest nominal coupling efficiency is obtained with micro lens arrays. 
Nevertheless, the shape of the histogram reveals that there are several cases with 
much lower coupling efficiency, both in in-coupling and out-coupling, i.e. the 
variation in total loss is high with the used tolerance parameters. The ball lens 
system is less sensitive to alignment tolerances than the microlens system but the 
nominal and mean losses are higher. Also, there are some ball-lens systems in 
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which the transmitter side has very low coupling efficiency (that is not 
perceivable in Figure 22). The butt-coupling system is rather insensitive to 
misalignments with these parameters. This is mainly due to the large waveguide 
cross-section. 

4.1.5 Simulation of ball-lens-based interconnect 

The micro-ball-lens-based optical channel was also analysed using a more 
realistic complete path model, which is illustrated in Figure 21. This meant that 
the rays were propagated from the VCSEL to PD through the waveguide and that 
the �volcano crater�-shaped multimode output beam was used for the VCSEL. The 
structure was similar to the one implemented in the test assembly. The same 
dimensional parameters were used as in Section 4.1.4. The waveguide had a 
square cross-section, two corners were sharp but two corners were slightly 
rounded to get a waveguide model closer to a fabricated one. Material attenuation 
of the waveguide was set to 0.05 dB/cm, and the waveguide end facets were defined 
to have some roughness (Gaussian distribution with 5 degree scatter angle). 

The simulated path loss along the nominal optical channel is shown in Figure 23 
for two different sizes of the waveguide, with 50 µm and 100 µm edges of the 
squared profile (with two rounded corners). The coupling loss is practically the 
same at the transmitter end in both cases, but at the receiver end the loss is much 
less with the waveguide having 50 µm sides than with the one having 100 µm 
sides. This is because the optics cannot image the whole output beam of the 
thicker waveguide towards the detector. However, what is not seen is that the 
system with the thicker waveguide is less sensitive to misalignments. Also, the 
low losses at the transmitter reflect the fact that VCSEL can be well imaged to 
the waveguide facet in a nominal position. 
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Figure 23. Simulated power path loss along the optical path of the ball-lens-
based link when no misalignments. 

The tolerance analysis of the full optical channel was made with the 50 µm-thick 
waveguide. The tolerance modelling parameters are listed in Table 2. The 
simulation was performed with two different sets of tolerance values, i.e. 
probability distributions of misalignment. The set A modelled the case called 
�passive alignment�, which is expected to be realizable using the proposed 
electronics assembly methods. The set B modelled the �active alignment� case 
that is realizable in the laboratory, where the demonstrator can be assembled 
using precision translation stages while monitoring coupled optical power. The 
results of the tolerance simulation are presented in Figure 24. They reveal that 
with the tighter tolerance set most systems have a total transmission loss 
between 5.0 dB and 5.5 dB, i.e. the assembly tolerances only have a minor effect 
on the optical power budget. With the looser set, 55% of the systems have 
transmission loss below 6 dB, but there are also several systems with much 
higher losses; 3.5% have a higher than 14 dB loss. This implies that, although 
the performance of the optical channel is predicted to be satisfactory, the 
manufacturing yield is not expected to be high. 
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Table 2. Alignment accuracy parameters used in the tolerance analysis of the 
optical channel based on ball lenses. 

Tolerance value (maximum misalignment)  

Value 
set 

 

Tolerance 
parameter 

Lenses & 
mirror 

(Tx&Rx) 
VCSEL Tx 

module 
Photo 
diode 

Rx 
module 

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

Tilt x,y ±0.5° ±1° ±1° ±1° ±1° 
A 

passive 
align Tilt z ±1° - ±0.5° - ±0.5° 

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

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

Tilt x ±0° ±0.5° ±1° ±0.5° ±1° 

Tilt y ±0° ±1° ±1° ±1° ±0.5° 

B 

active 
align 

Tilt z ±0° - ±1° - ±1° 
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Figure 24. Cumulated loss histograms resulting from the Monte Carlo tolerance 
simulations of a ball-lens-based optical path with two different parameter sets. 
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4.1.6 Simulation of double microlens array-based interconnect 

A ray-trace-based tolerance analysis with a multimode VCSEL beam was done 
for the microlens array system as well. The opto-mechanical system model was 
presented in Figure 19. The simulations also included propagation through a 
similar 50 µm waveguide as with the ball-lens system. First, the dimensions were 
optimised for the tolerance simulation. The selected dimensions were: VCSEL-to-1st 
lens 400 µm, 2nd lens-to-mirror 500 µm, mirror-to-waveguide 150 µm, 
waveguide-to- mirror 150 µm, mirror-to-3rd lens 400 µm, 4th lens-to-PD 500 µm. 

When defining the tolerance parameters, it was assumed that the VCSEL will be 
flip-chip bonded, the PD will be die-bonded and the double microlens array will 
be realised by joining the bottom surfaces of two microlens substrates. A 
potential implementation of the transmitter module structure considered when 
defining the tolerance parameters is illustrated in Figure 25. It was also assumed 
that, first, the lens array and the VCSEL/PD chip are positioned and aligned to 
the LTCC substrate, and then the two modules, the mirrors and the waveguide 
are aligned with each other. The result of the Monte Carlo tolerance analysis in 
Figure 26 shows two cumulated loss histograms simulated with the tolerance 
parameters presented in Table 3. The only difference between the two parameter 
sets was the alignment accuracy of the microlens array stack. (That is, �lens-to-
lens� stands for the alignment accuracy between the two merged lens arrays, and 
�stacked lens pairs� stands for the alignment accuracy of the double lens module 
in the optical system.) It can be seen that most of the links exhibit a rather low 
path loss; 50% of the systems have a loss below 3.5 dB or 5.5 dB, depending on 
the tolerance set. However, there are many links having unacceptable losses; for 
instance, 8% or 18% of the systems have a path loss higher than 14 dB � that is, 
most of the manufactured systems would perform well but the yield would not 
be very high. 
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Figure 25. Schematics of the coupling structure based on a double-sided microlens 
array and a mirror. 

Table 3. Alignment accuracy parameters used in the first tolerance analysis of 
the optical channel based on double microlens arrays. 

Tolerance value (maximum misalignment) 
Tolerance 
parameter VCSEL 

& PD 
Lens-to- 

lens 
Stacked lens 

arrays 
Tx & Rx 
modules Mirrors 

Shift x,y ±5 µm ±10 µm ±5/10 µm ±15 µm ±10 µm 
Shift z ±5 µm ±10 µm ±10 µm ±15 µm ±10 µm 
Tilt x,y ±1° ±0.1° ±0.5° ±1° ±0.5° 
Tilt z - - ±1° ±1° ±0.5° 
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Figure 26. Cumulated loss histograms of the Monte Carlo tolerance simulation 
of the microlens array-based demonstrator with two different parameter sets. 
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4.1.7 Alternative coupling schemes with double microlens array 

In addition, a comparison was made between the complete system simulated 
above and a system that is otherwise similar except that the two microlens arrays 
are attached on separated substrates and thus can have different alignment accuracies. 
Such a system is illustrated in Figure 27. It is called System 2, whereas the 
previous one is called System 1. In this case the packaging scheme could be such 
that the mirror and the other microlens array would be mounted on the board 
with the waveguide and the other microlens onto the transmitter/receiver 
module. Consequently, it was assumed that the alignment of the lower microlens 
array would be less accurate in respect of the VCSEL/PD and the other array, 
but more in respect of the mirror and the waveguide. 

 

Figure 27. Microlens-based coupling system in which the substrates of the lens 
arrays are separated. 

First, a preliminary optimisation of the system dimensions was done by studying 
the coupling losses as a function of the separations between the components, 
both at the transmitter and the receiver. The resulting loss graphs are presented 
in Figure 28 and Figure 29 for the system with stacked microlenses. The value 
labelling of the contours correspond to excess loss in decibels compared to loss 
in the nominal case. In the simulations, the distance between the centre of the 
mirror and the waveguide facet was fixed at 150 µm. The simulations were 
performed with two different values of lens ROC: 266 µm and 280 µm. The 
difference between the graphs was negligible and the results shown in the 
figures were obtained with 280 µm. 
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Figure 28. Sensitivity graph for preliminary optimisation of the component 
separations at the transmitter end in the system with stacked microlens arrays 
(ROC 280 µm). 

 

Figure 29. Sensitivity graph for preliminary optimisation of the component 
separations at the receiver end in the system with stacked microlens arrays 
(ROC 280 µm). 
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It should be noted that this kind of analysis and optimisation by sensitivity 
graphs can only be used as a preliminary study because it does not take the 
alignment tolerances of the components into account. Thus Figure 28 implies 
that the smallest loss would be achieved with the 2nd lens-to-mirror separation 
anywhere between 400�1000 µm (and even longer). However, one should note 
that if the angular misalignments were included, it is highly probable that the 
system with shorter separations is less sensitive to the misalignments. Consequently, 
when using this kind of graph we always chose the shortest separations, which 
gave the smallest loss, as the preliminary optimum. 

From the graphs, 400 µm was tentatively selected for all dimensions: VCSEL-
to-1st lens, 2nd lens-to-mirror, mirror-to-waveguide, waveguide-to-mirror, mirror-
to-3rd lens, 4th lens-to-PD. In the case of the separate microlens arrays, the 
separations between the microlens array substrates were first fixed at 100 µm. 
The simulations resulted in almost similar graphs to the other system; only the 
optimal lens-to-PD separation had slightly shifted, so the optimum was around 
100 µm larger. This is not surprising because the change in geometry is so small 
compared to the previous case and because in the transmitter the beam is 
approximately collimated between the microlens arrays around the optimal 
range. The small change required in the receiver side is because the waveguide 
output is a large area source (compared to VCSEL) and is not well collimated by 
the first lens. Consequently, with increased separation between the lenses, 
increased separation is needed after the second lens as well in order to focus the 
waveguide output on the PD. Anyway, the same preliminary dimensions were 
selected for the detailed tolerance analyses of both systems. 

Furthermore, a third system (System 3) was also studied. It was identical to the 
one with the separated microlens arrays, i.e. System 2, except that the refractive 
index of the lenses was 1.82 (instead of the RI 1.51 of the others). The system 
with high RI is analysed here and included in the comparison because such a 
coupling scheme was also implemented and will be presented later in Chapter 5. 

The sensitivity graphs for the preliminary optimisation of the separations 
between the lenses, mirrors and waveguide ends in the coupling system with 
large RI microlenses are shown in Figure 30, Figure 31 and Figure 32. It is clear 
that the optimal separations are smaller than in the previous cases. This is 
expected to be a significant advantage, at least because the excess losses due to 
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angular misalignments of the components will be reduced (when comparing 
systems with identical lens and PD diameters as well as with identical 
waveguides and devices pitches). 

 
Figure 30. Sensitivity graph for preliminary optimisation of the component 
separations at the transmitter end in the system based on separate double 
microlens arrays (having an RI of 1.82). 

 
Figure 31. Sensitivity graph for preliminary optimisation of the component 
separations at the receiver end in the system based on separate double 
microlens arrays (having an RI of 1.82). 
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Figure 32. Sensitivity graph for preliminary optimisation of the mirror-to-
waveguide separations at the transmitter and receiver ends in the system based 
on separate double microlens arrays (having an RI of 1.82). 

The final optimisation and the comparison between the three designs were 
carried out by Monte Carlo tolerance analyses of both designs with several 
slightly different dimensions. The used alignment tolerance parameters are listed 
in Table 4, and the different system designs are listed in Table 5. The VCSEL-
to-1st lens separation was 400 µm in all designs. The resulting loss histograms 
for the different systems are presented in Figure 33, Figure 34 and Figure 35. 
Each system was simulated with 300 different Monte Carlo tolerance sets. 

Table 4. Alignment accuracy parameters used in the tolerance analysis when 
comparing optical channels based on double microlens arrays. 

Tolerance value (maximum misalignment) 
Tolerance 
parameter Lens array VCSEL 

& PD 
Tx & Rx 
module Mirror Lens stack 

(only Sys 1) 

Shift x,y,z ±10 µm ±5 µm ±20 µm ±10 µm ±5 µm 

Tilt x,y ±0.1° ±1° ±1° ±0.5° ±0.5° 

Tilt z (± 0°) (± 0°) ±1° ±0.5° ±1° 
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Table 5. Parameter sets of different component separations used in the tolerance 
analysis when comparing optical channels based on double microlens arrays. 
All values are in micrometers. In systems Monte1, Monte2 and Monte3 the 
mirrors had indefinite sizes, whereas in all other systems (Monte4 ->) square 
mirrors with 100 µm sides were modelled. 

System Rlens lens 2 � 
mirror 

mirror � 
lens 3 

lens 4 
� PD 

mirror � 
wg 

wg � 
mirror 

Monte1_sys1&2 266 400 400 400 150 150 

Monte2_sys1&2 266 300 300 400 150 150 

Monte3_sys1&2 280 300 300 400 150 150 

Monte4_sys1&2 280 400 400 400 150 150 

Monte5_sys1&2 280 300 400 400 150 150 

Monte6_sys1&2 280 400 400 500 150 150 

Monte7_sys1&2 280 300 500 500 150 150 

Monte8_sys1&2 280 300 500 400 150 150 

Monte9_sys1 280 100 200 400 350 350 

Monte9_sys2 280 100 300 400 350 350 

Monte10_sys1 280 100 100 400 350 450 

Monte10_sys2 280 100 100 400 350 550 

Monte11_sys2 280 100 100 500 350 550 
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Figure 33. Cumulative path loss histograms from tolerance simulations of full 
optical path with coupling based on stacked microlens arrays. 

 

Figure 34. Cumulative path loss histograms from tolerance simulations of full 
optical path with coupling based on separate double microlens arrays (having 
an RI of 1.51). 
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Figure 35. Cumulative path loss histograms from tolerance simulations of full 
optical path with coupling based on separate double microlens arrays (having 
an RI of 1.82). 

In these simulations, System 1 has lowest minimum loss. However, the same 
system has also the widest histogram, i.e. its path loss is the most sensitive to 
misalignments; thus it is not a feasible choice. 

In addition, this comparison clearly reveals the benefit of using the separate 
microlenses in such a way that the other one is mounted on the board. Moreover, 
the difference to the other solution is clear, even though the alignment of the 
module was assumed to be rather accurate. 

In general, the high refractive index and rather small radius imply that when 
collimation of the VCSEL beam is aimed, the distance between VCSEL and lens 
becomes short, namely around 300 µm. This means that, at the lens plane, the 
diameter of the VCSEL beam will be much smaller than the diameter of the lens. 
Consequently, no aperture clipping of the VCSEL beam will occur and the 
alignment tolerances are relaxed. The latter happens because the collimated 
beam between the microlenses will also have a shorter diameter than the lenses; 
thus small transversal misalignments between the module and the PWB will 
have no effect at all. In addition, the rotational misalignments, i.e. tilts, have less 
effect with smaller distances. 
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4.2 Implementation of test assembly 

A test assembly was designed and implemented to experimentally study the 
different optical coupling concepts. Its purpose was to serve as a platform that 
enables testing of both the performance of different concepts as well as studying 
the implementation and fabrication issues, such as substrate manufacturing 
tolerances, the assembly methods and their accuracies, as well as electronics 
implementation for high bit-rate, high-density parallel interconnects. The three 
optical coupling concepts chosen for the demonstrator were butt-coupling, 
coupling with double micro-ball-lenses on a micro-mirror, and coupling with 
double-sided microlens arrays. The optimisation of the optics was described in 
Section 4.1. The properties of commercially available micro-optical components 
set some constraints on the implemented structures. Each of the coupling schemes 
was realised as a four-channel parallel optical link with 10 Gb/s/channel electronics. 

4.2.1 Overview of the system 

The test assembly was realised as a modular system, which included three 
complete separate parts with no physical contact: a multi-channel transmitter, an 
optical waveguide board, and a multi-channel receiver. The structure of the test 
assembly is illustrated in Figure 36. The transmitter was constructed from an 
electrical PWB with coaxial input connectors and an optoelectronic front-end 
module BGA-mounted on the PWB. Identically, the receiver was constructed 
from an electronic PWB with connectors and a BGA-mounted LTCC-based 
optoelectronic front-end. A PWB with optical waveguides could then be placed 
between the transmitter and receiver parts. The optoelectronic front-end modules 
also included the micro-optic for coupling to waveguides. The input and output 
coupling structures were located on areas of the LTCC substrates that do have 
the PWB below them, thus bringing the edge of the waveguide board underneath 
the LTCC substrate in close proximity to the coupling structures. 

The modular approach of realisation was adopted in order to obtain flexibility 
for characterization. Since the waveguide board is not attached to the transmitter 
or receiver, it is possible to change or move the board in order to couple an 
individual transmitter or receiver channel to different kinds of waveguides � that 
is, to characterise different combinations of transmitters, receivers and waveguides. 
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The mechanical structure also allows measuring the alignment tolerances with 
precise positioning using translation stages. 

optical receiverswaveguides

optical transmitters

 

Figure 36. Schematic illustration of the modular test assembly. 

4.2.2 Electronics design and implementation 

Each of the three optical coupling schemes was implemented as a 4-channel 
parallel link based on monolithic VCSEL and PD arrays. However, the 
electronics of the individual channels were implemented with separate 
components, i.e. by the use of single-channel laser drivers, trans-impedance 
amplifiers and limiting amplifiers. All coupling schemes have identical 
schematics design but with slight variations in layout due to the different kinds 
of optical construction. 

Bare die VCSEL arrays fabricated by Ulm Photonics Gmbh (ULM850-TT-
A01x12B) were selected. They can show 8 GHz modulation bandwidth at a 
nominal 3 mW output power at the 850 nm wavelength. The emitting area 
diameter is 10 µm and the beam divergence (full width at 1/e) around 25°. Each 
chip included 12 VCSELs, but only four of them were connected to driver 
circuits in the test assembly. (In addition, conductor traces and pads were also 
fabricated for some of the remaining VCSELs in the array to enable testing them 
with a DC drive current.) Bare die laser driver ICs having 10 Gb/s maximum 
data rate by Maxim Inc. (MAX 3930) were used. The driver uses CML level 
signalling on both clock and data inputs. It is actually designed for edge-emitting 
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laser diodes, but it was selected because suitable 10 Gb/s VCSEL drivers were 
not commercially available at that time. Since edge-emitting lasers typically 
have lower series resistance and higher operation currents than VCSELs, the 
minimum modulation current of the driver, 20 mA, would have been too high for 
the VCSEL. Consequently, a termination resistor was used as a current bypass to 
protect the VCSEL from excessive drive current. 

For the receiver, bare die InGaAs-based PIN diode arrays (PDCA04-65-0850-
WB) by Opto Speed AG (today Albis Optoelectronics AG) were chosen. They 
included 4 PINs each having a 65 µm active area diameter, 9 GHz bandwidth, 
260 fF capacitance, and 0.5 A/W responsivity at 850 nm. The chips were wedge 
bonded. The electronic circuit of each receiver channel was implemented with a 
TIA and limiting amplifier ICs, both by Maxim (MAX3970 and MAX3971). 

The devices were specified to enable around 9 GHz of receiver bandwidth, and 
the receiver noise floor was around �27 dBm as calculated according to the data 
sheets. Thus, at the VCSEL nominal output power and 10-12 bit-error-ratio, the 
data link provides around 18 dB optical loss margin. 

The top-layer layout design of the implemented test platform is depicted in 
Figure 37. The electronics were implemented on a single PWB, in which the left 
part was used for the transmitter assembly and the right part for the receivers. 
The receiver front-ends, i.e. LTCC-based modules, of all three optical coupling 
schemes can be mounted on the same PWB. However, there is only a place for 
one transmitter front-end on the board, so a separate board was assembled for 
the transmitter of each optical coupling scheme. (An LTCC substrate with all 
three transmitters would have become impractically large and would have 
caused reliability issues with the BGA joint.) 

The limiting amplifiers and supporting electronics for the VCSEL bias and 
modulation current control, as well as supply filtering, were constructed on the 
PWB. This also contained the coaxial card-edge connectors for the inputs and 
output data and clock signals, as well as the strip lines for differential 10 Gb/s 
electrical transmission from the connectors to the optoelectronic front-ends. 
Rogers 4350 high-speed laminate was selected as the PWB material in order to 
ensure good transmission of 10 Gb/s signals. The boards were manufactured by 
Aspocomp Oy. 
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Figure 37. Layout design of the test assembly. The transmitter part with an 
optoelectronic front-end for one optical coupling scheme is on the left, and the 
receiver part with all three coupling schemes is on the right. 

4.2.3 Fabrication of the test assembly 

The LTCC substrates for the optoelectronic front-end modules were fabricated 
using VTT�s pilot process line. The substrate material Dupont 951 was used (see 
Section 2.4.4), which provided good enough electrical performance. The 3D 
structures needed for all three optical coupling schemes could be implemented 
on two LTCC panels; one included substrates for all three different transmitters 
and the other included substrates for all three receivers. 

The electronics was assembled as follows. First, the VCSEL array was flip-chip 
mounted using thermo-compression bonding, because it requires the highest 
process temperature. Next, the PD array and the ICs were die bonded and wedge 
bonded on the LTCC, and the passive devices were soldered onto the LTCC 
substrates. The other components were surface-mounted and soldered onto the 
PWB. Finally, the LTCC front-end modules were BGA mounted on the PWB 
using high-temperature BGA balls and eutectic solder. The assembly of the 
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micro-optics will be presented in Sections 4.4.1 and 4.5.2. The implemented 
transmitter and receiver parts are shown in Figure 38. A separate PWB with 
optical waveguides on top was placed in between them in order to illustrate the 
interconnect system during characterisation. 

 

Figure 38. The 4x10 Gb/s transmitter (right) and 3x4x10 Gb/s receiver (left) 
parts of the test assembly. In addition, a separate PWB with optical waveguides 
on top is seen in between them. 

4.2.4 Optical waveguides 

The optical coupling with the different Tx and Rx components was experimentally 
studied by the use of polymer waveguides, which were fabricated on an FR4 
substrate by Teraherz Photonics Inc. (currently Exxelis Inc.). The waveguide and 
cladding materials were Truemode Backplane� acrylates by the same company. 
The refractive indexes of the core and cladding were 1.55 and 1.53 respectively, 
which corresponds to NA of 0.25. The waveguide cross-sections were approximately 
rectangular in shape. The dimensions were 40 µm vertical to substrate (height) 
and 75 µm parallel to surface (width). 

The attenuation of the waveguides was measured by the use of the well known 
�cut-back method�, which allows separating the waveguide attenuation from the 
other optical losses. In practice, the same waveguides were first measured at full 
length, then cut into shorter lengths and measured again, and so on. The 
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waveguide substrates were cut using a Disco dicing saw. This resulted in 
waveguide end facets having a surface roughness of around 170 nm, as 
measured with a non-contact optical profilometer. In the insertion loss 
measurement, an output beam from a 62.5/125 µm GI MM fibre was butt-
coupled into the waveguide. From the other end of the waveguide, the output 
power was gathered into a step-index (SI) fibre having a core diameter of 
200 µm. The output fibre was further connected to a Newport optical power 
meter model 2832-C to measure the optical power. The fibre ends were brought 
into close proximity to the waveguide facets and aligned for the lowest possible 
loss using a Newport auto-alignment station. The source wavelength was 
850 nm, and the launched optical power was measured by butt-coupling the 
launch and measurement fibres. 

The results of the cut-back measurements with three 83 µm-wide waveguides, 
which were in parallel on the same FR4 substrate, are presented in Figure 39. 
Straight lines were also fitted to the measured loss values, in order to determine 
the waveguide attenuation. The variation in the individual loss results was large 
compared to the waveguide loss difference due to the change in length. This was 
mainly because of the variation in the coupling efficiency due to the varying 
quality of the facet surfaces. From the zero-crossing points of the fitted curves, it 
can be seen that the coupling losses (in and out-coupling in total) were 
approximately 1 dB. The average of the three line fitting results indicate that the 
waveguide attenuation was 0.16 ± 0.02 dB/cm. 
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Figure 39. Optical losses of three waveguides measured with cut-back method. 
Straight lines fitted to the measured losses are also shown. 
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4.3 Characterisation of butt-coupling 

Next, the optical characterisation of the test platform was carried out, starting 
from the coupling efficiency and the required alignment accuracy of the butt-
coupling scheme. The transmitter of the implemented test assembly and the 
105 mm-long polymer waveguides, which were presented in the previous 
chapter, were used. The measurement set-up was similar to the one used in the 
characterisation of the waveguide attenuation in Section 4.2.4, except that the 
transmitter was attached to the other arm of the auto-alignment station (instead 
of the fibre source used before). The position of the waveguide substrate was 
fixed and the optical output from the other end of the waveguide was collected 
into a 200 µm-core fibre positioned using the active alignment method. 

The smallest coupling loss was almost 6 dB and was achieved when the 
waveguide was as close as possible to the transmitter. In this case, the separation 
between the VCSEL and the waveguide end was around 180 µm, defined by the 
thickness of the LTCC substrate. The attenuation of the 105 mm-long waveguide 
caused 1.6 dB of the loss. The measured coupling efficiencies versus the 
misalignment from the maximum efficiency position are presented in Figure 40 
and Figure 41. An almost linear decline in the coupling efficiency is observed 
with increasing transversal misalignment, as well as with increasing separation 
from the transmitter. The alignment tolerance when the optical power was 
allowed to drop 1 dB from the maximum value was around ±30 µm in the 
horizontal and ±25 µm in the vertical direction to the waveguide substrate. The 
difference between the two directions is mostly explained by the asymmetric 
shape of the waveguide. 
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Figure 40. Coupling efficiency from the butt-coupling transmitter to an 83 µm x 
40 µm waveguide as a function of transversal misalignment. 

0 %

10 %

20 %

30 %

0 50 100 150 200
Separation between transmitter and waveguide [µm]

C
ou

pl
in

g 
ef

fic
ie

nc
y

 

Figure 41. Coupling efficiency from the butt-coupling transmitter to an 83 µm x 
40 µm waveguide as a function of separation between them. 
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4.4 Experiments on ball-lens-based coupling optics 

In this section, the implementation and optical characterisation of the test 
assembly part with ball-lens-based optics is presented. The design of the 
coupling optics based on ball-lenses on a mirror surface was presented in 
Section 4.1.3. The ball-lenses were made of BK7 glass by A.W.I. Industries Inc. 
The ball diameter was 250 µm. First, the mirror was fabricated by grinding a 45° 
bevel on an edge of a 500-µm-thick glass substrate and subsequently evaporating 
an aluminium layer on the bevel to ensure a high reflection coefficient. 

4.4.1 Assembly 

The assembly of the micro-ball-lens transmitter started with the construction of 
the optical coupling component. Eight ball-lenses were mounted onto the bevel 
of the glass substrate so that they formed a 2 x 4 ball array and the surfaces of 
the neighbouring balls were in touch with each other. The balls were attached to 
the bevel with index-matched adhesive. A photo of the resulted ball-lens-based 
coupling component suitable for a 4-channel transmitter or receiver is shown in 
Figure 42. 

 

Figure 42. Micrograph of micro-ball-lenses glued onto an aluminium-coated 
bevel of a glass substrate. 

To mount the optical coupling component (i.e. glass substrate with ball-lenses) 
to the Tx module, it was clamped to the auto-alignment station with a vacuum 
gripper tool. The Tx module was attached to a fixed position. First, the lenses 
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were aligned visually to the through-holes on the Tx module substrate. Next, the 
position was optimised with the active alignment method of the auto-alignment 
station. This was carried out by monitoring the output power from the coupling 
optics with a receiving 62.5 µm fibre, which was mounted onto the other arm of 
the auto-alignment station. Finally, the position was fixed by gluing the glass 
substrate to the Tx substrate. Parts of the Tx module with coupling optics are 
illustrated in Figure 43. 

    

Figure 43. Micrographs of ball-lens-based coupling component mounted on the 
Tx module substrate having a VCSEL array on the other side; (left) viewed from 
the rear of the coupling component; (right) side view, where only one ball-lens 
can be seen. 

During the assembly of the coupling component to the transmitter, the needed 
alignment tolerances of the component were estimated by monitoring the 
coupling efficiency from the VCSEL to the 62.5 µm fibre through the coupling 
component. With a �1 dB loss margin to the position with the maximum coupled 
power, the tolerances were ±4 µm and ±8 µm in the horizontal and vertical 
directions to the Tx module substrate respectively, and the �3 dB loss margin 
tolerances were ±7 µm and ±10 µm respectively. 

4.4.2 Characterisation of the coupling component 

Before mounting the ball-lens-based coupling component onto the Tx module, 
the component was characterised by using it for coupling light from a 62.5 µm 
GI fibre (with 0.22 NA) to a similar fibre and measuring the coupled power. The 
auto-alignment station with the active alignment method was used to place the 
fibres and the coupling components into the optimal positions. The measured 
fibre-to-fibre coupling efficiencies are presented in Table 6 from four ball-lens 

lens 
BGA ball 

VCSEL 

mirror 
LTCC 
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pairs (i.e. coupling channels) of two different coupling components. For a 
reference, the measurement was also made in similar geometry but using a 
mirror without ball-lenses; the resulting fibre-to-fibre coupling efficiency was 
1.6%. Because the output aperture of the fibre is much larger than that of a 
VCSEL and the beam profiles are different (despite approximately the same 
divergences), no conclusion about the coupling efficiency in the intended 
application should be drawn from this experiment. Nevertheless, the experiment 
revealed a quality issue in the coupling components by showing a large variation 
in the fibre-to-fibre coupling efficiencies (from 11% to 22%) between the eight 
ball-lens pairs. A potential reason for the variation is that the spreading of the 
adhesive was not uniform under the lenses and between them; thus there may 
have been some air bubbles causing reflections. In addition, some minor 
variations in the positioning of the lenses were also seen. 

Table 6. Measured fibre-to-fibre coupling efficiencies using ball-lenses on a 
mirror as an optical coupling component. 

 Fibre-to-fibre coupling efficiency 

Ball-lens pair Component A Component B 

#1 15% 15% 

#2 11% 22% 

#3 19% 19% 

#4 11% 11% 

 

4.4.3 Characterisation of transmitter-to-waveguide coupling 

The coupling efficiency of the assembled ball-lens-based transmitter to a 
waveguide on PWB was characterised. A 105 mm-long Truemode waveguide 
having a nominal 67 µm x 40 µm cross-section was used. A similar measurement 
set-up was used as when characterising the butt-coupled transmitter in 
Section 4.3. 
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The measured coupling efficiencies as a function of misalignment in the 
transversal direction and along the optical axis are presented in Figure 44 and 
Figure 45 respectively. The lowest coupling losses were around 7 dB. The 
coupling tolerances for a �1 dB loss budget were ±35 µm when moving in 
parallel to the waveguide substrate, but only 10 µm or 15 µm when moving 
perpendicular to the substrate, depending on the direction of the misalignment. 
The strong asymmetry probably indicates some misalignment in the coupling 
component, i.e. attaching the balls to the mirror, or a different way of spreading 
the glue than planned. Along the optical axis (Figure 45), the 1 dB coupling 
tolerance was 50 µm when reducing the separation between Tx and the 
waveguide (i.e. moving Tx towards the waveguide) and 110 µm when increasing 
the separation. 
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Figure 44. Coupling efficiency of the ball-lens transmitter to a 67 µm x 40 µm 
waveguide as a function of transversal misalignment to the waveguide. 
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Figure 45. Coupling efficiency of the ball-lens transmitter to a 67 µm x 40 µm 
waveguide as a function of misalignment in the separation between the 
transmitter and the waveguide. 

4.5 Experiments on microlens-based coupling optics 

4.5.1 Microlens array 

An important component for parallel optical interconnects is the microlens array. 
No microlens array with suitable characteristics and specified to survive high 
temperature could be found for this study. Thus an experiment was carried out to 
see if the lens changes during reflow. The microlens arrays tested were made by 
Epigem Limited (UK) of UV-curable acrylate resin, which the supplier claimed 
exhibited good stability in high temperatures. The material has an upper 
continuous use temperature of 140 °C, and above this temperature the material 
softens and may lose some mass due to evaporation of low molecular weight 
components, but it will not melt (email conversation between Dr. Thomas G. 
Harvey / Epigem Ltd. and Kimmo Keränen / VTT on 12 March 2004). The lens 
arrays were patterned from acrylate photopolymer resin on 0.3-mm-thick glass 
substrates. The specification for the radius of curvature was 266 µm and 250 µm 
for the lens array pitch and aperture diameter. In the test, the lenses were heat 
treated in a convection oven using a typical high-temperature reflow profile with 
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a peak temperature of 260 °C. Visual inspection revealed no changes in the 
lenses. The shape of the lens� surfaces were measured with an optical profiler 
(Wyko NT 3300 by Veeco Instruments Inc.). A measured surface profile of a 
microlens on an array is presented in Figure 46. 

 

Figure 46. Surface profile of an acrylate microlens by Epigem measured using 
an optical profiler; data interpolated with a low pass filter. 

2D cross-sections of a measured surface profile before and after the heat 
treatment are shown in Figure 47. This also shows circular arcs, which manually 
fitted both measurement data. As can be seen, the heat-treated lens has a slightly 
larger radius than the one not treated, 300 µm versus 285 µm. However, such a 
small difference can also be due to measurement inaccuracy. Or, since the two 
profiles were not measured on the same lens, it is possible that the small 
difference is due to the variation in the microlens manufacturing process, i.e. it 
already existed before the reflow process. 
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Figure 47. Original and heat-treated (reflow) lens profiles and curves fitted to 
both data. (The scattering of the measurement results close to the edges of the 
lens is due to the fact that the optical profiler is not able to follow steep 
gradients, especially when the surface has low reflectivity, as in this case.) 

4.5.2 Assembly 

For the test assembly, the double-sided microlens array was realized by joining 
the bottom surfaces of two microlens substrates. Index-matched adhesive was 
used. As two microlens arrays by Epigem were joined, the distance between the 
lens arrays became 0.6 mm. The microlenses were purchased on large substrates 
including rows of 20 microlenses. After joining the two substrates they were 
diced into arrays of suitable size for the assembly. 

The microlens array stack was actively aligned to the VCSELs. The microlens 
stack was held with a vacuum gripper on the auto-alignment station and its 
position was optimised by monitoring the VCSEL-emitted power coupled 
through the microlens pair to a 62.5 µm fibre, which was attached to the other 
arm of the auto-alignment station. Finally, the stack was fixed onto the Tx 
module substrate using UV curable adhesive. A microlens array stack mounted 
on a transmitter is shown in Figure 48. Before gluing the microlens stack, the 
transversal alignment tolerances between it and the VCSEL chip were studied by 
measuring the coupling efficiency into the fibre while scanning both the 
microlens stack and the fibre in front of the transmitter. The resulting alignment 
tolerance graph is presented in Figure 49. A �1 dB excess loss is caused with only 
±4 µm or ±6 µm misalignment, depending on the direction of misalignment. 
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Figure 48. A double-sided microlens array on top of the LTCC substrate having 
a VCSEL array flip-chipped on the other side. The active areas of the VCSELs 
are seen through the lenses and LTCC via holes. 
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Figure 49. Coupling efficiency from the VCSEL transmitter into a 62.5 µm fibre 
through double-sided microlens array as a function of transversal misalignment 
between the transmitter and the microlens array. 

On the receiver side, small pieces of blank LTCC substrates were used as 
spacers to place the microlens array stack at the required distance above the 
wire-bonded photodiode array chip. The 400 µm-thick spacers were attached 
with adhesive on the module substrate. Then, the microlens array stack was 
clamped to the vacuum gripper of the auto-alignment station and placed above 
the spacers and the PD array. The microlenses were visually aligned to the active 
areas of the PDs and the position of the stack was fixed with UV-curable 
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adhesive. The distance between the microlens array and the photodiode surface 
became 250 µm. The double-sided microlens array assembled above the detector 
array is presented in Figure 50. 

 

Figure 50. Micrograph of a double-sided microlens array assembled above a 
photodiode array, which was first bonded onto the Rx module substrate. 

Before attaching the microlenses, the alignment tolerance between the 
microlenses and the detectors were characterized using a 62.5-µm fibre as a 
source. A smaller than �1 dB increase in loss was measured with the 
misalignments smaller than ±25 µm in all directions of misalignment. 

4.5.3 Characterisation of the transmitter 

The coupling efficiency from the double-sided-microlens transmitter to 
waveguides (by Terahertz Photonics) was characterized as a function of 
misalignment between the transmitter and the waveguide. First, the position of 
the transmitter in respect of the waveguide was optimised using a translation 
stage and monitoring the optical power coupled through the waveguide. The 
output power from the waveguide was measured by butt-coupling to a fibre with 
200 µm core diameter. Four waveguides with core widths varying in the range 
50�75 µm were used in the experiment. 

The resulting total coupling efficiencies as a function of transmitter 
misalignment perpendicular and parallel to the optical path, as well as along the 
optical path, are presented in Figure 51, Figure 52 and Figure 53 respectively. 
There is no clear trend between the waveguide core width and the absolute 
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efficiency (although one would perhaps expect the larger waveguide to result in 
higher maximum efficiency). This is probably because of the varying quality of 
the waveguide facets. On the other hand, the alignment tolerance curves can be 
explained by the cross-sectional shape of the waveguide. 

By subtracting the other losses in the experiment, the lowest coupling loss 
between the VCSEL and the waveguide was estimated to be around 7 dB. This is 
rather low compared to the simulation results, mainly for three reasons: 1) the 
separation between the VCSELs and the first microlenses was 550 µm, whereas 
in the optimisations the separation was 400 µm; 2) the divergence of the VCSEL 
beam was larger than the one used in the simulations; and 3) the shape of the 
microlenses differed slightly from the spherical surface near the edges of the 
lens, which was not taken into account in the simulations. 
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Figure 51. Coupling efficiency of the double-sided microlens-based transmitter 
to waveguides of different widths as a function of transmitter misalignment 
perpendicular to the waveguide substrate. 
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Figure 52. Coupling efficiency of the double-sided microlens-based transmitter 
to waveguides of different widths as a function of transmitter misalignment 
parallel to the waveguide substrate. 
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Figure 53. Coupling efficiency of the double-sided microlens-based transmitter 
to waveguides of different widths as a function of misalignment in the separation 
between the transmitter and the waveguide. 



 

99 

4.5.4 Characterisation of the coupling efficiency of the receiver 

The coupling efficiency from a 67 µm-wide waveguide to a microlens-based 
receiver was estimated by measuring the signal detect output voltage (RSSI) of 
the TIA and comparing it to the measured output power from the waveguide and 
the RSSI conversion ratio specified by the device manufacturer. The minimum 
attainable coupling loss was 2.5 ± 1.0 dB. Further, the misalignment dependency 
of the coupling efficiency was studied by moving the receiver in front of the 
waveguide while monitoring the RSSI voltage. The measured tolerances with 
misalignments transversal and parallel to the beam are presented in Figure 54 
and Figure 55 respectively. The transversal alignment tolerance with almost 
constant efficiency was measured to be ±20 µm. A �3 dB alignment tolerance is 
±30 µm in perpendicular directions and over 350 µm when reducing the 
separation between the waveguide end and the receiver and over 500 µm when 
increasing the separation. 
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Figure 54. Coupling efficiency from a 67-µm wide waveguide to a double-sided-
microlens-based receiver as a function of misalignment transversal to the 
optical axis. 
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Figure 55. Coupling loss from a 67-µm wide waveguide to a double-sided-
microlens-based receiver as a function of misalignment in the separation 
between the receiver and the waveguide. 

4.6 Comparison of coupling schemes 

Based on the comparative simulations, the highest nominal coupling efficiency 
is obtained with microlens arrays. Nevertheless, the shape of the tolerance 
histogram revealed there are several systems with much lower coupling 
efficiency, i.e. the variation of total loss was high with these tolerance 
parameters. The ball-lens system is less sensitive to alignment tolerances than 
the microlens system, which was also revealed by the experiments. The butt-
coupling system was also rather insensitive to misalignments in perpendicular 
directions. However, it is more sensitive than the others to misalignment along 
the optical axis. 

The measured smallest coupling losses and alignment tolerances of the transmitters 
based on the three different coupling schemes are summarized in Table 7. The 
results correspond to coupling into waveguides having 67 x 40 µm cross-
sections and 0.25 NA. As mentioned before, the performance of the microlens 
coupling suffered from the rather large separation between the lens and the 
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VCSEL. Unfortunately, it is not possible to make a feasible comparison between 
the presented simulation end experimental results because the calculation results 
are not directly comparable with the properties that were characterised and also 
because the simulation models did not exactly match with the implemented ones. 

Table 7. Measured coupling losses and alignment tolerances between the 
transmitter module and a 67 x 40-µm waveguide.  

�1 dB tolerances [µm] �3 dB tolerances [µm] 
Coupling 
scheme 

Min. 
loss Horizon-

tal 
Verti-

cal 
Optical 

axis 
Horizon-

tal 
Verti-

cal 
Optical 

axis 

Butt-
coupling 

3 dB ±30 ±25 +35 ±50 ±40 +120 

Microlens 
array 

7 dB ±20 ±15 �50� 
+100  

±30 ±20 �75� 
+120 

Micro 
ball-lens 

7 dB ±40 ±20 �50� 
+100 

±50 ±25 �5� 
+200 

 

An additional study was made to get a better idea of the spot size created by the 
two different coupling optics, i.e. their focusing capability. Their ability to 
couple between two 62.5 µm GI fibres was measured as a function of transversal 
misalignment. The receiving fibre was scanned in a plane perpendicular to the 
beam at a constant distance from the optics, where the maximum coupled power 
to the fibre was achieved. The micro ball-lens pair that had given the largest 
coupling efficiency, i.e. pair #2 of component B, was used. The measured power 
distribution is shown in Figure 56. For comparison, the result from a similar 
measurement performed with double microlens optics is presented. No mirror 
was present in the microlens-based optics in this experiment. It is clearly 
observed that the optics based on ball-lenses creates much a smaller spot size 
than the one based on microlenses. However, it is also important to note that the 
fibre output has a much larger aperture and different beam profile than that of a 
VCSEL. 
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Figure 56. Optical power coupled into a 62.5 µm fibre at focus distance from the 
transmitter as a function of the transversal misalignment of the fibre. Measurements 
made with both coupling optics based on a double ball-lens and a mirror and 
with optics based on a double microlens array. 
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5. Parallel high bit-rate interconnect 
integrated on board (Case study II) 

This chapter is about the implementation of a multi-channel optical interconnect 
demonstrator that was fully integrated on a PWB. The presentation includes the 
design and optimisation of the optical coupling structures, the design of the 
electronics and packaging, the selection, fabrication and characterisation of the 
components, and the module and board assembly. The link budget and tolerance 
analyses are also described. Most of the results presented here were recently 
published in Karppinen et al. (2006a, 2006b). 

5.1 Overview of the demonstrator 

The implemented demonstrator (Figure 57) is a 4-channel 10 Gb/s/channel 
optical link constructed on a standard FR4 PWB. The link consists of 4-channel 
transmitter (Tx) and receiver (Rx) modules built on LTCC substrates and the 
optical waveguides processed on the surface of the FR4 board. The length of the 
straight waveguides between the Tx and Rx modules is 85 mm. The Tx module 
is based on a VCSEL array chip and a 4-channel driver IC chip, whereas the Rx 
module is based on a 4-channel PIN detector chip and a 4-channel amplifier IC 
chip. The modules were BGA-mounted onto the PWB. Microlens arrays and 
micro-mirrors enable optical coupling from the Tx to the waveguide and from 
the waveguide to the Rx. 

The 10 Gb/s electrical inputs and outputs of the demonstrator are implemented 
via coaxial card edge connectors and short differential transmission lines to the 
Tx and Rx modules on the PWB. The somewhat unusual shape of the PWB was 
selected in order to satisfy three prerequisites: 1) the length of the interconnection, 
i.e. the waveguide, was to be maximised; 2) no dimension of the board was to 
exceed 12 cm to be able to fit it into a spinner for spin casting the optical layers; 
3) the distance between the coaxial connectors and the Tx/Rx module had to be 
minimised since 10 Gb/s electrical signal can only be carried a short distance 
with strip lines on the FR4 board due to the high-frequency dielectric losses. 
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Figure 57. Photo of the 4-channel optical interconnect demonstrator on an FR4 
PWB. The optical waveguide layer is on the board between the (blue) 
transmitter and receiver modules. 

The schematic structure of the transmitter and receiver modules and the optical 
coupling scheme are illustrated in Figure 58. An identical opto-mechanical 
design was used at both ends of the data link. Bare die devices were used and the 
through-holes, i.e. �optical vias�, on the LTCC substrate formed an essential part 
of the module structure and assembly. The coupling between the VCSEL/PD 
array and the waveguide array is based on two microlens arrays and a mirror. 
The other lens array was mounted on the LTCC, whereas the other one and the 
mirror were mounted on the PWB. With this design, an expanded and collimated 
beam was obtained between the two microlens arrays, i.e. between the module 
and the board, thus relieving sensitivity to misalignments in the BGA board 
assembly. 
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Figure 58. Schematic illustration of the Tx and Rx module packaging and optical 
coupling structures of the demonstrated interconnect. 

5.2 Design 

In this section, the selection of components, as well as the optimisation and 
analysis of the optical design, are presented. The electronics design is briefly 
described. 

5.2.1 Electronics and device selections 

The transmitter and receiver modules were built on LTCC multilayer ceramic 
substrates. The electronics of the transmitter is based on a 4-channel VCSEL 
driver IC and a monolithic VCSEL emitter array, whereas the receiver is based 
on a 4-channel receiver IC and a monolithic PIN-photodiode array. In addition to 
these, only a few discrete capacitors were needed to construct the Tx and Rx 
electronics. The bandwidth of the active devices enables a maximum of 
10 Gb/s/channel data transmission. The layout of the top side of the 
demonstrator board is depicted in Figure 59. The layouts of the Tx and Rx 
modules are also shown on the board layout as slightly enlarged. 
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The monolithic 4-channel VCSEL driver IC (part number PX6414) and receiver 
IC (part number PX6424) were commercially available devices by Primarion 
Inc. (which is now part of Zarlink Semiconductor Inc.). Both ICs were 
manufactured in a SiGe BiCMOS process. The 10 Gb/s differential data inputs 
operate on CML logic levels. The receiver IC includes both transimpedance and 
limiting amplifiers for each channel to provide direct CML level differential data 
outputs. The specified sensitivity of the receiver IC is 20 µApeak-peak for 10-12 
BER. The supply voltages of the Tx and Rx components are 3.3 V, and the 
current consumption is around 180 mA for Tx and around 240 mA for Rx, when 
all channels are enabled (Primarion 2002a, 2002b). The ICs include serial 
control interfaces, which allow the user to set laser bias and modulation currents 
separately for each of the four channels and, in the receiver, to adjust the signal 
detection levels of the channels. 

The 4-channel VCSEL array was a monolithic die (part number APA4101040000) 
made by Avalon Photonics Ltd. (which is now part of Bookham Ltd.). The main 
specifications are: threshold current 1 mA, output optical power 2.5 mW at 
8 mA drive current, differential resistance 50 Ω, modulation bandwidth, emitting 
wavelength 850 nm, 10 Gbps, and e-2-full-width beam divergence 28 degrees 
(Avalon Photonics 2003). 

The 4-channel photodiode array die (part number LX3045) was made by 
Microsemi Inc. It is a GaAs-based PIN photodiode with coplanar electronic 
contact layout to enable 8 Ghz bandwidth and 50 Ω characteristic impedance. 
The device capacitances are 0.3 pF, the diameters of the circular active areas are 
75 µm, and the responsivity is 0.6 A/W at 850 nm (Microsemi 2002). 
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Transmitter Receiver

Optical lines

 

Figure 59. Top-layer conductor layout of the demonstrator. The layouts of the 
Tx and Rx modules, i.e. the LTCC substrates, are enlarged here (1.5-fold) 
compared to the layout on the PWB. 

5.2.2 Optical coupling components and packaging design 

The optical coupling structure between the transmitter and receiver modules and 
the waveguides was based on double microlens arrays and micro-mirrors, as 
illustrated in Figure 58. The micro-mirror was a piece of 100-µm-thick glass 
sheet with one edge forming a 45° mirror facet and coated with aluminium for 
high reflectivity. Because suitable micro-mirrors were not commercially 
available, they were fabricated at VTT. The selected microlenses had a high 
refractive index of 1.82 (at 850 nm), focal length 340 µm, and the radius of 
curvature was 275 µm. They were fabricated from glass material on a 0.3 mm-
thick substrate made of the same glass. 
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The polymer optical waveguide layer was fabricated as a three-step lithographic 
pattern transfer process onto the PWB. Each of the three polymer layers was first 
spin-cast onto the PWB and then photopatterned with chrome mask. The layout 
of the waveguide layers is illustrated in Figure 60 and Figure 61. Alignment 
marks for the assembly of the microlens array and the module were included in 
the core layer mask. 

 

Figure 60. Layout of the optical layers on top of the PWB layout. Only part of 
layout area around the Tx module is shown. The under-cladding layer is drawn 
in yellow, core layer in light green, and top-cladding in blue. Brown represents 
the top layer conductors and green represents the solder mask openings. 
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Figure 61. A closer view of the layout of the optical layers on top of the PWB 
layout. The placing for the micro-mirror, the microlens array, and the two LTCC 
alignment holes are also illustrated. 

The optimised coupling structure and implemented packaging structure are 
presented in more detail in Figure 62. The coupling optics and the waveguide 
layer structures were identical at both the Tx end and the Rx end of the link. The 
mirror was mounted on the PWB in front of the four waveguide end facets. This 
was enabled by patterning a cavity onto the optical layers. The �lower� 
microlens array was then mounted above the micro-mirror using the supporting 
posts, which were also fabricated in the optical waveguide process on the PWB. 
The optical layer facets served as mechanical stoppers for the mirror component; 
on two sides its place was defined by the �lens supporting posts�, and the 
separation between the mirror and the waveguide end facets was defined by the 
edge of the under-cladding layer. 

The other microlens array was mounted into a cavity on the bottom of the LTCC 
substrate. The �optical via� holes were used as registration marks to enable 
alignment with the top-mounted VCSEL/PD array. 
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In conclusion, the lithographically patterned optical layers and the LTCC 
substrate were to enable fully passive alignment and assembly of the micro-
optical parts. All the optical components were fixed using UV-curable adhesives. 

5.2.3 Optimisation of coupling structure 

The ray-trace-based sensitive and tolerance analyses to study this kind of 
coupling scheme were presented in Section 4.1.7. The benefits were compared to 
a coupling structure with a stacked double microlens array, as well as to a 
similar coupling but with lower diffractive index microlenses. However, not all 
the parts were exactly the same in the previous analysis as in the demonstrator � 
for instance, the VCSEL and its beam divergence was different. 

Therefore, before manufacturing, an optimisation of the coupling structure was 
carried out by the use of a Monte Carlo tolerance analysis, which was based on 
ray-trace simulations of the complete optical path from the VCSEL to the PD. 
The estimated mounting tolerances of the components, i.e. input parameters, 
were the same as used earlier, i.e. they were listed in Table 4. In addition, 
another tolerance analysis was run with 1.5 times bigger mounting tolerances, 
i.e. all tolerance parameters were 1.5 times those in Table 4. The main figure of 
merit in optimising the system to be implemented was to have low sensitivity to 
misalignments in the predicted alignment tolerance range. However, the total 
loss should also be rather low when the components are in their nominal positions. 

The results obtained with the estimated alignment tolerances are shown in 
Figure 63, the results with looser tolerances are shown in Figure 64. It is clearly 
seen that some systems become much worse if the component alignment 
accuracy is 1.5 times looser than originally expected. On the other hand, some 
systems are not much affected by this kind of change in the alignment tolerances. 

From these simulations, a system that corresponds to parameter set Monte4 and 
Monte16 in the figures was implemented in the demonstrator. This selection was 
made, because, in addition to weak sensitivity for misalignments and a rather 
low minimum low, this system has identical dimensions both at the Tx and Rx 
end, which would simplify the implementation. The dimensions of the optimized 
structure are presented in Figure 62. 
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Figure 63. Cumulative path loss histograms from tolerance simulations for the 
optimisation of the demonstrator coupling structure. 

 

Figure 64. Cumulative path loss histograms from tolerance simulations for the 
optimisation of the demonstrator coupling structure, but using 1.5 times looser 
tolerance parameters. 
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5.2.4 Final tolerance analysis of the implemented structure 

A final tolerance analysis of the demonstrator was also performed using the 
realized placement tolerances. In this case, the system model also included the 
edge of the under-cladding layer, which blocks part of the optical beam between 
the waveguide end facet and the micro-mirror. The material attenuation of the 
waveguide was specified to be 0.55 dB/cm. The simulation included ten 
thousand Monte Carlo systems in order to get more accurate results than in the 
optimisation phase. The result of the final Monte Carlo tolerance analysis of the 
implemented demonstrator is presented in Figure 65. The simulation predicts 
that the total optical loss is less than 15 dB in 80% of the assembled 
demonstrators. However, there will be some cases with around 20 dB loss. 

0

20

40

60

80

100

8 10 12 14 16 18 20 22
Coupling loss [dB]

Pr
op

or
tio

n 
of

 M
. C

. s
ys

te
m

s 
[%

]

 

Figure 65. Cumulative distribution of Monte Carlo systems simulated with the 
parameters of the implemented demonstrator. 

According to the device specifications, the maximum feasible peak-to-peak 
modulation of the transmitter is around 2 mW, and the specified receiver 
sensitivity is 32 µW with 10-12 BER. This results in a 18 dB maximum power 
margin. Therefore, one can conclude that, according to the simulations and the 
specified performance of the devices, an assembled demonstrator will operate 
properly with a probability of circa 95%. 
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5.3 Manufacturing of components for demonstrator 

After optimisation of the demonstrator design, the components were fabricated 
as described in this section. The work included processing of LTCC module 
substrates, PWBs with waveguides, and the micro-mirrors. The other 
components, i.e. the electronic and optoelectronic devices, as well as the 
microlens arrays, were acquired as commercially available components. 

5.3.1 Module substrate manufacturing and characterisation 

The LTCC substrates of the transmitter and receiver modules were designed to 
have a dielectric tape and conductor layer structure as shown in Figure 66 and 
Table 8. The layer count and the thicknesses of the tape layers were selected so 
that the depths of the microlens cavity and through-holes, as well as the total 
substrate thickness, were optimised in the module structure (Figure 62). In 
addition, the aim of the substrate design was to achieve the best possible 
mechanical accuracy of the through-holes, of which some were used as both 
�optical vias� and alignment marks and some as alignment marks only. The 
alignment was chosen to be based on the through-holes because they could be 
processed during the same via punch run as the �optical via� holes, thus avoiding 
the misalignments that could be caused between different process steps, such as 
the alignment during the lamination of the substrate layers. 

Two panel versions having slightly different thicknesses of tape layer 1 (see 
Table 8) were processed. This was because the final BGA standoff height, which 
affects the separation between the two microlens arrays, was not precisely 
known at the time of the substrate manufacturing. So the different substrate 
thicknesses gave two options to adjust the lens separation. 
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Figure 66. Layer designation of the LTCC substrate of the transmitter and 
receiver modules. 

Table 8. Layer structure of the LTCC substrates. 

Layer Tape thickness 
original / after sintering 

Via diameter 
(punched) 

Conductor 
designation 

Conductor 
material 

5   L5a Au 
5 165 / 130 µm 110 / 150 µm L5 AgPd 
4 114 / 90 µm 150 µm L4 Ag 
3 114 / 90 µm 150 µm L3 Ag 

2++ 165 / 130 µm 150 µm   
2+ 165 / 130 µm 150 µm   

1 165 / 130 µm 1) 
254 / 205 µm 2) 

150 µm L1 Ag 

1   L1b AgPd 
1) substrate versions 3 & 5 
2) substrate versions 4 & 6 

DuPont 951 tape system was selected since it has proven to be suitable for 
implementing accurate structures for micro-optical alignment (see Section 2.4.4). 
The dimensions of the Tx and Rx module substrates were 10 mm x 10 mm. 
Thanks to the identical opto-mechanical designs of the Tx and Rx, both Tx and 
Rx substrates had the same kind of layer structure and could be fabricated in the 
same LTCC panel. The substrates were manufactured using VTT�s pilot process 
line with 11.8 mm x 11.8 mm panel size. Each fabricated LTCC panel included 
13 pieces of the transmitter substrates and 12 pieces of the receiver substrates. 
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All conductor layers were screen printed, and no post-fired process steps were 
needed. Two manufacturing circles were needed for adjusting the process 
parameters, such as lamination and sintering conditions, before the (challenging) 
mechanical tolerance specifications were satisfied across the whole panel. A 
total of four panels were fabricated, two of which had 165 µm-thick Tape layer 1 
and the other two with 254 µm-thick Tape layer 1 (as shown in Table 8). 
Photographs of the top and bottom of a fabricated panel are shown in Figure 67. 

   
Figure 67. LTCC panel of 13 Tx and 12 Rx module substrates: left) component 
side (top); right) BGA and microlens side (bottom). 

Figure 68 presents a closer look at the bottom of a module substrate. Part of the 
substrate is cropped out of the picture. Thus only part of the BGA pads can be 
seen. The registration mark for substrate manufacturing is seen in the upper-left 
corner. The rectangular cavity for the microlens array is in the centre of the 
picture, and in the centre of that cavity is an array of four �optical via� holes. 
They are surrounded by four other through-holes, which were used as alignment 
marks during the assembly of the microlens array. The other two through-holes, 
which are further from the cavity centre, were intended to be utilised in the 
alignment of the module to the alignment marks on the O/E-PWB during BGA 
assembly. Below the microlens cavity there is a 4 x 4 array of thermal vias, 
which were added to improve the heat dissipation from the driver/receiver IC. It 
was estimated that the cooling of the bare ICs is effective enough due to 
convection in the laboratory environment. However, if more effective cooling 
was needed, the pads of the thermal vias could be directly connected to a heat 
sink or via the PWB using BGA bumps. 
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Figure 68. Bottom of the LTCC module substrate (only part of it is shown). 

Part of the top of a Tx module substrate is seen in Figure 69. The array of the 
four �optical via� holes is seen in the centre (as white spots). They are 
surrounded by the flip-chip contacts for the VCSEL array. The similar through-
holes for alignment purposes are also observable. In addition, part of the 
placement area for the driver IC is seen here with some wire-bonding pads, as 
well as solder pads for the SMD passives. 

 

Figure 69. Component side of the Tx module substrate (only part of the module 
area is shown). 

The fabricated panels were characterised using a SmartScope measuring 
microscope, which typically has ±2 µm measurement accuracy. The flip-chip 
pads had line widths in the range 70�75 µm. The diameters of the �optical vias� 
and alignment through-holes varied between 90�95 µm. The diameters of the 
BGA pads were 270�280 µm and their pitch was 998 µm. 



 

118 

The alignment accuracy between the screen-printed flip-chip pads and the 
punched through-holes was also studied for all the module substrates in the four 
panels. Some offset misalignment may be caused as the pads are fabricated in 
different process steps, and it is critical to keep these errors small in order to avoid 
causing bad contacts or contacts with the neighbouring pads during the flip-chip 
bonding. This is because the VCSELs and PDs are aligned using the �optical via� 
holes as alignment marks (for the active areas) and, consequently, this also results 
in adequate alignment between the flip-chip bumps and pads. The measured 
placements are presented in Figure 70 and the results are in Table 9. The 
misalignments along the x-axis and y-axis varied between 0�18 µm across the 
panels, in most cases being only a few microns. This was considered small enough 
compared to the used stud bump diameter of around 75 µm and to the smallest 
separations between the flip-chip pads (smallest pitch was 125 µm). 

 

Figure 70. Measurement of the alignment offset of flip-chip pads in respect of 
the through-holes on the Rx substrates, and the nomination of symbols. A 
corresponding nomination was used with the Tx substrates. 

Table 9. The placements of the contact pads compared to the through-holes 
measured on all the Tx and Rx substrates of the four panels. 

 Y ∆X X1 Y1 X2 Y2 

Average [µm] 106.0 6.0 -1496.6 498.7 1495.8 499.3 

Std. deviation [µm] 12.8 4.1 1.8 2.0 2.6 1.9 
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The surfaces of the cavities, to be used for mounting the microlenses on the 
LTCC, were characterised. An example of a surface profile measured by the use 
of a non-contact optical profiler is presented in Figure 71. The line scans made 
(for instance, along the blue and red lines shown in the picture) showed that the 
unevenness of the microlens cavity bottom surface is in the order of 20�30 µm. 
From the line scans, the depth of the microlens cavity edges was estimated to be 
around 480�500 µm for substrate #4. The LTCC thickness variations are 
probably caused by the layout structure of the inner (i.e. buried) connector 
layers, as well as the cavities and vias. The bottom surface of the cavity is 
mostly rather smooth, but there also faster variations of the depth, especially 
around the edges of the smaller cavity for the �optical vias�, as illustrated by the 
left picture in Figure 71. This may cause small angular misalignment (tilt) of the 
assembled microlens array. These surface profile results were also verified by 
measuring with a stylus profiler, which gave some line scans of the surface. 

 

Figure 71. Surface profiles of the module substrate measured by an optical 
profiler: left) the surface of the whole module substrate (the red and blue lines 
indicate cross-sections that were studied by plotting line scans); right) a 
7 × 3 mm area of the microlens cavity bottom surface around the deeper cavity 
with �optical vias�. 

The thickness of the substrates and the depth of the microlens cavities were also 
investigated using a 3D coordinate measuring machine (Mitutoyo Strato 9166), 
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which has a measurement accuracy of ±1 µm. After determining the level of the 
LTCC top surface from four reference points, the depth of the cavity bottom was 
measured from four points. The resulting cavity depths were 502�534 µm and 
603�613 µm for substrates #4 and #6 respectively. The variation in the 
measurement results also indicates the unevenness of the surface. The substrate 
thicknesses were measured from two points. The results were 850 µm and 
852 µm for substrate #4, and 912 µm and 919 µm for substrate #6. The 
measurement of the cavity depth was needed in order to specify the standoff 
height of the modules and, thus, the target size of the BGA balls. 

5.3.2 Board with optical waveguide layers 

The PWBs for the demonstrator were manufactured in the production line of 
Aspocomp Group Oyj in Salo, Finland. E-glass reinforced epoxy (FR4) was 
selected as the substrate material. The 1.2 mm-thick 4-layer board had a solder 
mask layer (halogen-free PSR-4000 GEC50 by Tayio) on top of it. This solder 
mask defined the edges of the Ni/Au contact pads for the BGA assembly of the 
Tx and Rx modules. 

The polymer optical waveguide layers were fabricated on top of the solder mask 
of the FR4 PWBs using a three-step spin-coating and lithographic patterning 
process; first, the under-cladding layer was coated and patterned, followed by 
the processing of the waveguide core layer and the top-cladding layers 
respectively. Each of the three polymer layers was first spin-coated onto the 
PWB and then UV-exposed through a chrome mask and, finally, the layer was 
developed to remove the unexposed polymer. 

The waveguides used in the assembled demonstrator were fabricated from a 
commercially available photo-definable polymer system: epoxy-based 
Nano� SU-8-25 (by MicroChem Corp.) was used as the core material, and its 
index-matched epoxy (by Micro Resist Technology Gmbh) was used as 
cladding. SU-8 is negative-acting resist that has been developed with uniform 
thick layers with a low edge bead in a single coating step. The processing of the 
optical layers was carried out at the Helsinki University of Technology in a 
Class 100 clean room environment by the use of a standard IC mask aligner. 
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Detailed process parameters with further observations are described in 
(Immonen et al. 2005b). 

Of the four waveguides on the demonstrator, two had a nominal width of 50 µm 
and the other two had a nominal width of 75 µm. The nominal values here refer 
to the waveguide patterns of the lithography mask. The thickness of the 
waveguide core layer was measured at several points on two boards and the 
results varied from 44.5 µm to 46.8 µm. The waveguide array had the same 250-
µm pitch as the VCSEL and PD arrays. 

Within the optical build-up, a supporting structure was designed for the lenses to 
be assembled on the PWB. The supporting posts were fabricated in the optical 
waveguide process. The optical layer facet served as a mechanical stopper for 
the mirror component, which was placed between the lens supporting posts. 
Thus the lithographically processed structure enabled fully passive alignment 
and assembly of the micro-optical parts. A micrograph of the optical waveguides 
and passive alignment structures on the PWB is shown in Figure 72, imaged 
from the tilted angle and from above. The surface profile of the same area is 
presented in Figure 73, and a cross-section photograph of the waveguides is 
shown in Figure 74. 
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Figure 72. Optical build-up layer on FR4 PWB, the area under the Tx module 
(before assembly of micro-optics and BGA-mounted transmitter). Four parallel 
multimode channel waveguides and passive alignment structures and marks for 
micro-optics are seen. The structure in the lowest micrograph is without the top-
cladding layer. (Upper micrographs by Helsinki University of Technology.) 
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Figure 73. Surface profile of the optical build-up layer measured with an optical 
profiler. 

 

Figure 74. Cross-section of the optical build-up layer on FR4 PWB (micrograph 
by Helsinki University of Technology). 

The attenuation of the waveguides was characterised using the cut-back method 
at the 850 nm wavelength. The average attenuation was 0.55 dB/cm. The 
measured wavelength dependence of the attenuation is presented in Figure 75. 
The measured refractive index was nTE = 1.587 for the waveguide core material 
and nTE = 1.573 for the cladding composition respectively. Both were measured 
using the prism coupling method at 830 nm. These resulted in a waveguide NA 
of 0.21. 
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Figure 75. Measured spectral attenuation of SU8 waveguides. 

5.3.3 Micro-optical elements 

Micro-mirrors for turning the beam through 90° were fabricated (Figure 76) by 
grinding and polishing one edge of the approximately 100 µm-thick glass 
substrate in such a way that a 45° bevel was formed. Several substrates were 
grinded simultaneously by stacking them into a jig, which made it possible to 
mount them at a 45° angle to the abrasive wheel of the precision lapping and 
polishing machine (Logitech PM5 Auto-Lap). After polishing, the substrates 
were placed on adhesive tape and cut into pieces with a dicing saw. In addition, 
an aluminium coating layer was evaporated on the glass surfaces in order to 
obtain high reflectivity. A thin layer of chrome was first evaporated on the glass 
to improve the adhesion of the aluminium. 
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Figure 76. Fabrication process for micro-mirror components. 

The refractive microlens arrays used in the demonstrator were made by 
Advanced Micro-optic Systems GmbH (aµs). The linear arrays of the positive 
microlenses had been fabricated by contact photolithography and chemical 
etching of the glass substrates (type S-TIH53 by Ohara Inc.) having a high 
refractive index of 1.820 at 850 nm. The lens pitch is 250 µm, and the specified 
lens diameter 235 µm and focal length 340 µm. The specified lens ROC was 
275 µm. According to the surface profile measurement with the optical profiler 
(Figure 77), this appeared to be correct in the central region, but the edges of the 
lenses have a slightly smaller curvature corresponding to an ROC of 300 µm. 
Most of the acquired lens arrays were anti-reflection (AR) coated to provide 
very high transmission at around 850 nm. The thickness of the microlens 
substrate was 300 µm. Since the Tg of the glass is 624 °C, no deformation was 
expected during the reflow soldering process. The coefficient of thermal 
expansion (CTE) of the lens material was specified at 8.8 10-6/°C (in the range  
�30�+70 °C). Thus the CTE is rather close to the CTE of the LTCC substrate 
(5.8 10-6/°C for Dupont 951) but only half of CTE of the FR4 board (17 10-6/°C). 
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Figure 77. Measured surface profile of a microlens with two fitted curves. 

5.4 Assembly 

The assembly of the optical interconnect demonstrator is presented here. The 
assembly process was as follows: first, the electronic components were 
assembled on the LTCC panels in the order defined by the soldering 
temperatures. This was followed by the mounting of the micro-optical 
components onto the O/E-PWB and LTCC substrates. Finally, the Tx and Rx 
modules were BGA-mounted on the O/E-PWB. This kind of assembly flow is 
compatible with the industry standard assembly methods, except for the 
additional steps to mount the optical components. No active optical alignment 
method was used in any phase. The surface mounting of the microlens arrays 
and micro-mirrors was designed to be suitable for the use of a die bonder. The 
components were attached with UV-cured adhesive, which was chosen to be 
viscose enough not to spread to the optical surfaces. Nevertheless, the alignment 
of the microlens arrays was carried out using a pneumatic gripper tool controlled 
by an Automatic Alignment Station (Newport 8100), which provides high 
resolution displacement control and video microscopes for the alignment 
purpose. With this equipment it was also possible to study the alignment 
tolerances of the optical coupling. 

5.4.1 Assembly of Tx and Rx electronics 

The assembly of the electronic components on the Tx and Rx module substrates 
was carried out by industrial partners. The surface-mount and chip-on-boards 
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were made using production equipment by Elcoteq Elektronik GmbH. The 
components were assembled on the LTCC panels, i.e. before dicing into 
individual Tx and Rx substrates. The assembly was started by dispensing lead-
free SnAgCu bumps onto the BGA pads of the LTCC substrates. The target size 
of the BGA balls was 320 µm. This was specified by the standoff height of the 
modules, which was first calculated from the measured microlens cavity depth 
and the optimised optical design. 

Next, the VCSEL and PD array dies were bumped with Au stud bumps using 
25 µm-thick Au wire. The bumping was carried out by Fraunhofer-Institut für 
Zuverlässigkeit und Mikrointegration (IZM) of Germany. Figure 78 shows 
examples of the bumped devices. Then, the thermo-compression flip-chip 
bonding of the VCSELs and PDs was carried out by Finetech GmbH using a 
Fineplacer Lambda bonder, which can achieve better than ±1 µm alignment 
accuracy. The active areas of the devices were aligned to the �optical via� holes 
on the LTCC substrates by visual adjustment during the flip-chip bonding. A 
micrograph captured from the screen of the flip-bonder during the alignment 
phase is presented in Figure 79. Special beam-splitter-based optics allows seeing 
both the device and the substrate on top of each other simultaneously. 

     

Figure 78. Micrographs of the 4-channel PIN diode (left) and VCSEL (right) 
array dies equipped with Au stud bumps (photo by Fraunhofer IZM). 
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Figure 79. Alignment of the active areas of the detector array to the optical via 
holes, as seen with the Vision Alignment optics of the flip-chip bonder (photo by 
Finetech). 

Next, the driver and receiver ICs were die bonded onto the LTCC substrates 
using silver-filled epoxy, followed by thermo-sonic ball bonding with 25 µm-
thick Au wires. Finally, the passive components, i.e. capacitors, were mounted 
using SMD assembly and no-clean solder paste (GLT 6-Sn63Pb37), which 
avoided contamination of the optical surfaces of the VCSELs and PDs. 
Figure 80 presents photographs of a bonded IC and a VCSEL array from both 
sides of a Tx module substrate. 

 

Figure 80. (left) Flip-chipped-mounted VCSEL array and part of a wire-bonded 
driver IC on Tx module substrate; (right) Active areas of VCSELs seen through 
the �optical via� holes from the rear of the LTCC substrate. 
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When the microlens arrays were assembled on the LTCC substrates it was found 
that the flip-chipping process was not successful with good yield; the VCSELs 
and PDs were not always accurately aligned to the through-holes. Thus a few 
modules, including both transmitters and receivers, were examined with a 
SmartScope measuring microscope. The misalignment was around ±5�8 µm in 
both lateral directions in most of the modules, but misalignment values even as 
high as 20 µm were observed. Such a high misalignment would cause a 
significant drop in the optical coupling efficiency because the microlens array 
substrate will be aligned with the through-holes as well. Only the modules with 
good alignment accuracy were selected for the demonstrator assembly. 

In addition to the poor alignment of the flip-chipping, it was noted that the 
contact resistance between many of the VCSEL chips and the contact pads on 
the LTCC was relatively high and the mechanical strength of the joint was weak. 
Probably, the pressure or the temperature in the flip-chipping process had not 
been high enough and the contact between the solder bumps and the pads on the 
LTCC failed. The flip-chip pads on the LTCC seemed almost unaffected by the 
process in the samples in which the VCSEL chips broke off, indicating weak 
joints between the the bumps and the LTCC pads. 

5.4.2 Assembly of microlens array on LTCC 

After the assembly of the electronic devices, the microlens array components 
were mounted onto the cavities of the Tx and Rx module substrates (seen in 
Figure 68). The microlens array was aligned using the four additional through-
holes on the LTCC as alignment marks. A pneumatic gripper tool controlled by 
the Auto-Alignment Station was used to pick-and-place the component, as 
shown in Figure 81. The microlens substrate was fixed to the LTCC using UV-
curable adhesive. 
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Figure 81. Assembly of the microlens array onto the LTCC. 

Figure 82 shows a photo of a microlens array substrate on a Tx LTCC substrate 
after assembly. It also shows how the microlens array was visually aligned to the 
four through-holes, which were used as registration marks. In order to accurately 
see those through-holes with the assembly microscope camera, it was necessary to 
illuminate the LTCC substrate from the rear (i.e. from the side with the electrical 
components). For this reason, a special assembly jig made of glass was fabricated 
and placed on top of the reflecting surface. The through-holes were clearly visible 
when illuminated from the rear. The lateral (i.e. parallel to the substrate) alignment 
accuracy achievable with this method was estimated to be better than ±10 µm. 

 
Figure 82. Microlens array assembled on the LTCC substrate of a Tx module. 
The four active areas of the VCSEL array, which is flip-chip bonded onto the 
other side of LTCC substrate, shimmer through the microlenses and the �optical 
via� holes. 

vacuum gripper 

LTCC substrate 

VCSEL / PD 
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5.4.3 Assembly of micro-optics on O/E-PWB 

The micro-mirror and the microlens array were mounted on the FR4 board by 
the use of alignment structures lithographically patterned on the waveguide 
layers (as described in Section 5.2.2). Figure 84 shows a photo of a microlens 
array and a micro-mirror underneath it after assembly on the O/E-PWB. First, a 
micro-mirror was assembled onto the PWB in the cavity formed by the optical 
waveguide layers � that is, between the microlens mounting posts and the 
waveguides. The micro-mirror was assembled using a die bonder with a low-
pressure gripper needle and attached with UV-cured adhesive dispensed from a 
syringe. The distance of the mirror from the waveguide core ends was defined 
by the edge of the under-cladding layer. Thus, no visual alignment was needed. 

Next, the microlens array was mounted on the O/E-PWB above the micro-
mirror. Similar methods and tools were used as when mounting the microlens 
array on the LTCC substrates (in Section 5.4.2). The microlens substrate was 
again picked with the customised pneumatic gripper tool and brought into 
contact with the upper-cladding layer, as shown in Figure 83. The alignment 
marks (rods) that were patterned to the waveguide core layer defined the correct 
microlens position in the lateral directions. Finally, the microlens substrate was 
attached to the upper-cladding layer with UV-cured adhesive. 

microlens substrate

vacuum gripper

glue
microlens substrate

vacuum gripper

glue

 

Figure 83. Mounting of microlens array onto O/E-PWB with micro-mirror. 
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Figure 84. Assembled microlens array and micro-mirror on PWB with optical 
waveguide layers. The photo-patterned alignment marks (rods) for the microlens 
assembly are emphasised with red arrows. 

5.4.4 BGA assembly of Tx and Rx modules to O/E-PWB 

Finally, the Tx and Rx modules were BGA-mounted on the demonstrator O/E-
PWB equipped with optical coupling components. The modules were mounted 
using a flip-chip bonder equipped with a customised pneumatic gripper tool, 
which was first manufactured in order to get a firm hold of the LTCC module. 
The special tool was needed because it was not possible to touch the central area 
of the module due to the electrical components on it. The module was aligned 
with the O/EPWB using the two through-holes on the LTCC substrate (see 
Figure 68) and the two rods patterned to the waveguide core layer on the O/E-
PWB as alignment marks. These marks could be seen at the same time as the 
alignment optics of the flip-chip bonder. 

A common way to BGA-mount an LTCC module on PWB is reflow soldering in 
a convection furnace. However, the module may move in the reflow oven during 
the melting of the solder. Thus, a preliminary test series to study the post-reflow 
alignment accuracy was carried out with a set of test LTCC modules (without 
electronics) as well as with four slightly different ball and pad sizes. No-clean 
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Sn63Pb37 solder paste was deposited onto the BGA pads on the FR4 board before 
assembly. The measured lateral misalignments were in the range of 4�39 µm, 
with an average of 15 µm. 

In the case of the largest misalignment, the excess optical loss would become 
high. On the other hand, it was not possible to solder during the flip-chip bonder 
with the standard method because the substrate heat plate of the bonder was not 
able to heat up the large FR4 board. Therefore, the solder was melted by heating 
with a fan heater when the module was in the correct position in respect of the 
PWB at the flip-chip bonder. An Rx module assembled on the demonstrator 
O/E-PWB in this way is shown in Figure 85. For reliability, the dies, as well as 
the wire-bonds and flip-chip bonds, should be protected. When applying glob-
top material and underfill, care should be taken not block the optical path under 
the flip-chip mounted VCSEL/PD. Glop-top protection of the dies and bonds 
was also demonstrated by dispensing the adhesives in such a way that the 
spreading of the adhesives under the flip-chip mounted device was avoided. 

 

Figure 85. 4 x 10 Gb/s receiver module BGA-mounted on O/E-PWB. 

5.5 Characterisation 

Next, the characterisation results of the demonstrator and some of its parts are 
presented. The optical coupling efficiencies and alignment tolerances of the 
critical parts in the demonstrator were characterised. The high-speed 
transmission performance was studied by eye-diagram measurements. 
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5.5.1 Coupling loss due to the micro-mirror 

The optical insertion loss of the coupling structure consisting of the micro-mirror 
in front of the waveguide facets was characterised by the use of a sample and the 
arrangement illustrated in Figure 86. The sample was one half of the 
demonstrator board, which was prepared by sawing the board into two pieces 
and polishing the sawed waveguide facets. This enabled butt-coupling light into 
the waveguides from a fibre. Only a micro-mirror was assembled on the sample 
board. The optical power was launched from a 50/125 µm graded-index fibre 
(NA 0.22) into a selected waveguide. The light reflected upwards from the 
mirror was collected into a 200 µm-cored step-index fibre (NA 0.22) equipped 
with fibre-coupling optics. Excess loss caused by the micro-mirror coupling was 
estimated from the measured losses by subtracting the waveguide loss and the 
fibre-coupling losses. The latter had been obtained from the reference 
measurements from similar straight waveguides butt-coupled to fibres at both 
ends. The excess loss thus calculated includes losses due to the quality 
(roughness, angle) of the mirror, refraction and scattering from the under-
cladding surface, and the possibly poorer quality of the lithographically 
patterned waveguide facets compared to a sawed and polished facet. 

 

Waveguide core
Under-cladding

Upper-cladding

Micro-mirror 

PWB

Launching fibre 
(50/125 µm, NA 0.22) 

Receiving fibre (200/220 µm, NA 0.22)

Fibre coupler

 
Figure 86. Measurement setup to characterise coupling loss caused by the 
micro-mirror. 

The four waveguides on two sample boards were measured, totalling eight 
measurement results. The resulting excess losses were between 4.0�6.5 dB, 
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with an average of 5.1 dB. The variation is partly due to the varying quality of 
the sawed waveguide facet, which was used at the in-coupling. Part of the excess 
loss is caused by the edge of the under-cladding layer between the waveguide 
end facet and the micro-mirror. From the geometry of the structure, it is clear 
that the under-cladding edge refracts, scatters and reflects part of the optical 
beam in unwanted directions, thus significantly increasing the total excess loss. 
Furthermore, the excess loss is probably slightly different in the fully assembled 
demonstrator since the area and field-of-view of the fibre-coupling optics (NA of 
lens was 0.5 and focal length 5 mm) are different to the area and field-of-view of 
the microlens, which couples light onto the detector in the demonstrator. 

5.5.2 Coupling efficiency and mounting tolerance of Tx module 

The alignment accuracy requirements of the BGA-mounted Tx module were 
characterised. Figure 87 describes the measurement arrangements. A special DC 
version of the transmitter without the driver IC was assembled for this purpose. 
The DC version only had a VCSEL array die flip-chip mounted onto the LTCC 
substrate, electrical contacts for the VCSEL and a microlens array mounted in 
the cavity. Individual VCSEL channels could be controlled by external laser 
driver, i.e. a constant current source. 
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Figure 87. Alignment tolerance of the Tx module measurement setup. 
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The DC Tx module was attached to a vacuum gripper, and a single VCSEL 
channel was driven with a 5 mA constant current. The location of the module 
was scanned in the x, y and z directions while monitoring optical output power 
from the receiver end with a 200/220 µm fibre having NA 0.22 and equipped 
with a coupling lens. That is, the Rx module was replaced with the fibre, but the 
micro-mirror and a microlens array had been assembled on the PWB. Thus the 
power was transmitted through the whole 83 mm-long SU-8 waveguide, through 
three microlens arrays, and was reflected from two mirrors. 

Figure 88 presents the measured alignment tolerance in transversal misalignment 
when propagating through a 50 µm-wide waveguide. The characterized transversal 
tolerances with 1 dB loss margin are ±40 µm in both directions. On the other hand, 
the -3dB alignment tolerances are ±80 µm or ±90 µm, depending on the direction 
of misalignment. The smallest total insertion loss of the measurement was 17 dB. 
A small dip in the coupling efficiency was seen at the �nominal� position when 
moving the module parallel to the waveguide axis. This was probably caused by a 
combination of the edge of the lower-cladding layer and the �vulcano crated�-
shaped VCSEL beam; because of the edge, the whole beam cannot be coupled to 
the waveguide. Thus the lowest losses are achieved when the module is in 
positions where one or the other half of the �volcano crater�-shaped beam is 
coupled to the waveguide; the loss is slightly increased between those positions. 
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Figure 88. Coupling loss through the full link as a function of Tx module 
misalignment with a 50 µm-wide waveguide. (Fibre used as a receiver instead of 
an Rx module.) 
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Alignment tolerances were similarly characterised for the 75 µm-wide 
waveguides as well. The measured transversal misalignment dependence of the 
coupling loss is shown in Figure 89. The tolerances with a 1 dB loss margin are 
±40 µm and ±60 µm when moving the module perpendicular and parallel to the 
waveguides respectively. The measured total insertion loss was 15 dB. A similar 
dip in coupling efficiency is seen as with the narrower waveguide. This is also 
due to the aforementioned reason. 
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Figure 89. Coupling loss through the full link as a function of Tx module 
misalignment with a 75 µm-wide waveguide. (Fibre used as a receiver instead of 
an Rx module.) 

In addition, the sensitivity of the coupling efficiency was studied as a function 
separation between the module and PWB, i.e. the BGA stand-off height or the 
separation between microlens arrays. When increasing the separation, i.e. lifting 
the module upwards, the loss increased approximately linearly, but slowly; only 
a less than 1 dB increase in loss was measured with a 1000 µm excess 
separation, independent of the waveguide width. This implies that the beam was 
well collimated between the microlenses. 
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5.5.3 Summary of the link budget and mounting tolerances 

The results of the coupling loss characterisation presented in the previous 
sections are summarised in Table 10. The measured total insertion loss of the 
link was around 17 dB when a 200/220 µm-fibre used as a receiver instead of an 
Rx module. This includes both the losses of the coupling optics and the 4 dB 
loss due to the attenuation of the SU-8 waveguide. However, the coupling 
efficiency from the microlens (mounted on the Rx module) to the PD could not 
be characterised because the sensitivity of the Rx could not be determined. 

Table 10. Summary of the measured average losses in the demonstrator link with 
a 50 µm waveguide. Measured in the case where fibre is used as a receiver 
instead of an Rx module. 

Tx module (VCSEL-to-lens) ~2 dB 

Lens-to-mirror-to-waveguide coupling at Tx ~5 dB 

Attenuation of the SU-8 waveguide 5 dB 

Waveguide-to-mirror-to-lens coupling at Rx ~5 dB 

Total ~17 dB 

 

The alignment tolerances for the Tx module with a maximum of <1 dB excess 
loss are summarised in Table 11. These alignment tolerances for the BGA 
assembly should be rather easily achievable. For instance, ±20 µm or ±30 µm 
accuracy was assumed in the tolerance analyses. Although a loose alignment 
requirement is a �good� result in principle, its relevance is weakened due to the 
fact that, at the same, the coupling loss is rather large, even in the optimal 
position. 

Table 11. Summary of the measured �1 dB misalignment tolerances for the Tx 
module in the demonstrator. 

Waveguide width x [µm] z [µm] y [µm] 

50 µm ±40 µm ±40 µm > 1000 µm 

75 µm ±40 µm ±60 µm > 1000 µm 
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5.5.4 Data transmission performance 

The data transmission performance of the demonstrator was studied by 
measuring eye diagrams with an HP83480 Digital Communications Analyzer 
(DCA) equipped with a receiver unit having a 20 GHz electrical bandwidth. The 
pseudo-random bit sequences (PRBS) were taken from the Data Pattern 
Generator (by Anritsu). 

First, transmission over 10 cm-long SU-8 waveguides on an FR4 board was 
studied. A commercial 10 Gb/s 850-nm VCSEL transmitter (New Focus 1780) 
was used as a source. This has a 50/125-µm GI fibre output, which was butt-
coupled to the waveguide. The waveguide output beam was butt-coupled to a 
similar fibre and the other end of the fibre was connected to a commercial 
25 GHz detector module (New Focus 1481-S-50), which was electrically 
coupled to the DCA via a broadband (0.05�20 GHz) amplifier (New Focus 
1421). With the lengths of 2 m and 3 m respectively, the dispersion 
(2000 MHz/km) of the fibres had negligible effect on the waveforms. An eye 
diagram of a 10 Gb/s optical signal transmitted through the waveguide is shown 
in Figure 90. A clear and open eye demonstrated successful high-speed optical 
transmission on FR4 PWB using waveguides of similar kinds and lengths as in 
the demonstrator. 

 

Figure 90. 10 Gb/s eye diagram of transmission through a 10 cm-long SU-8-
cored optical polymer waveguide on an FR4 board. 
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The high-speed operation of the transmitter module was verified by measuring 
an eye diagram by coupling the output of one channel into a 50/125 µm GI fibre. 
The Tx was driven with the PRBS signal from the Pattern Generator. The 
resulting eye patterns at 10 Gb/s and at 4 Gb/s are shown in Figure 91 and 
Figure 92 respectively. The 10 Gb/s signal was measured with a combination of 
a New Focus receiver and a broadband amplifier together with DCA (as before) 
and the 4 Gb/s was measured by feeding the signal to an internal fibre-coupled 
receiver of the DCA. The internal receiver has an electrical bandwidth of 4 GHz. 
The 10-Gb/s eye is rather noisy because the fibre-coupled power was a bit too 
low for the DCA. The coupling loss is high because it was not possible to get the 
fibre end very close to the VCSEL mounted on the other side of the Tx substrate 
(with a cavity and �optical via� structure). On other hand, the 4-Gb/s signal 
shows a much lower noise level because the internal receiver of the DCA has 
much higher sensitivity than the New Focus receiver. 

 

Figure 91. Optical eye diagram measured with a 25 GHz receiver fibre-coupled 
from the optical output of the Tx module driven by 10 Gb/s PRBS signals. 
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Figure 92. Optical eye diagram measured with a 4 GHz receiver fibre-coupled 
from the optical output of the Tx module driven by 4 Gb/s PRBS signals. 

The high-speed operation of the receiver module was verified by measuring an 
eye diagram from the electrical output of the board at 10 Gb/s. In this case, a 
10 Gb/s optical output from the New Focus VCSEL transmitter was coupled 
through a 50/125 µm fibre to one of the photodiodes of the Rx. The experiment 
resulted in a well open eye diagram, as shown in Figure 93. The eye is somewhat 
noisy because the coupling efficiency from the fibre to the PD is low due to the 
module substrate structure in between (as in the case of the Tx characterisation 
above). 

 

Figure 93. Eye diagram measured from the electrical output of the receiver 
module with a 10 Gb/s PRBS signal fibre-coupled from the New Focus VCSEL 
transmitter. 
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A data transmission eye diagram of the full link was also studied. The 
transmitter module was driven with a 10 Gb/s PRBS signal from the data pattern 
generator. The optical output beam from a transmitter channel was coupled to a 
50/125 µm GI fibre, and the optical output beam from other end of the fibre was 
coupled to a photodiode of the receiver module. The measured eye diagram 
shown in Figure 94 is clearly open, although rather significant jitter is observed. 

 

Figure 94. Eye diagram measured from the electrical output of the receiver 
module with a 10 Gb/s optical input signal from the transmitter module coupled 
through a GI fibre. 
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6. Discussion and recommendations 

Let us first discuss the results with the integrated demonstrator. As described in 
Chapter 5, the total optical loss of the implemented link was estimated to be 
around 19 dB, whereas the calculated power budget of the Tx and Rx was 
around 17 dB at 10 Gb/s with BER of 10-12. Therefore, the demonstrator should 
be improved in order to make it fully functional. There are at least two potential 
ways to reduce the total loss. First, a minor layout change in the under-cladding 
layer might significantly reduce the coupling loss between the micro-mirror and 
the waveguide. As stated before, this loss (ca. 5 dB) was mostly caused by the 
edge of the under-cladding layer blocking part of the beam. Since the 
registration error between the optical layers was less than 20 µm, it would be 
possible to pattern the under-cladding edge closer to the waveguide facet, thus 
increasing the line of sight between the micro-mirror and waveguide facet. 

Another way of reducing optical losses would be to change to a lower loss 
waveguide material; for instance, a recently developed epoxy-based material 
pair, called Epocore and Epoclad, would give less than 0.15 dB/cm waveguide 
attenuation (Schröder et al. 2006), resulting in a 4 dB reduction in link loss, and 
the material would probably be suitable for a similar kind of O/E-PWB 
fabrication process to that used with SU8. In conclusion, it is probably possible 
to achieve a total link loss that would enable feasible transmission at 
10 Gb/s/channel. 

One can also propose other ways to improve the coupling efficiency, such as to 
pattern a tapered waveguide end that enlarges the width of the waveguide facet, 
as well as to pattern the waveguide in such a way that the facet becomes slightly 
curved, thus achieving some cylindrical lens effect. Such structures could be 
implemented by a minor change to the mask of the core layer. Nevertheless, 
there would be a trade-off with the tapering: the waveguide should not be 
enlarged too much to avoid coupling from the adjacent channels, i.e. to avoid 
optical crosstalk. Alternatively, one could also think about using a more 
sensitive receiver or higher transmitter power, but in order to reduce total power 
consumption, device costs and improve link margin, it is more favourable to 
reduce the losses. 
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In the optimisation simulations it was seen that there is some trade-off between 
the highest coupling efficiency and relaxed alignment tolerances. Therefore, in 
Chapter 4, the tolerance insensitivity of the studied optical designs could have 
been improved by optimizing the structure based on the loosest tolerances 
instead of the highest efficiency in the nominal positions. On the other hand, in 
the integrated demonstrator (Chapter 5) the design was optimised to the system 
with loosest alignment tolerances, still proving a rather high nominal efficiency. 

It is also important to realise that in this work, like in those by many other 
groups, several compromises had to be made when implementing the actual 
demonstrators and test devices. This is due to limited time and personnel 
resources, but, more importantly, due to the fact that it was necessary to rely on 
components that were available off-the-self or could be fabricated within the 
project. Since there were no commercial implementations of board-level 
interconnects, the purchased components used in the work were not originally 
designed and optimised for this kind of application. Therefore, it is very 
probable that better performance is achievable. For instance, if custom-
manufactured microlens arrays were used instead of off-the-self components, the 
components could have been equipped with alignment marks, probably allowing 
more accurate and easier assembly. 

Low-cost volume manufacturability is essential to make the interconnection 
technologies feasible for commercial use. Most of the presented components and 
assembly techniques are potentially suitable for volume production. Anyway, 
this is perhaps questionable in the case of the coupling scheme based on micro 
ball-lenses. A surface-mount assembly of the micro ball-lens component would 
probably be difficult since the component should be placed in a hole made on 
the PWB with good quality waveguide end facets. Moreover, due to several 
small components, the volume production of the component itself would 
probably be difficult. However, it is probably possible to design an alignment 
tool, such as a frame, for reproducible gluing of the ball-lenses onto the mirror 
facet. 

What can be said about the accuracy and error sources of the presented 
measurement results? The results of the coupling tolerance experiments probably 
slightly over-estimate the effects of individual misalignments because, when 
characterising a certain misalignment, there are probably also some other, 
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though small, misalignments that were caused during assembly. This may also 
be the reason for the small asymmetries seen in some of the characterisation 
results. 

The presented results do not allow drawing a conclusion about which of the 
studied coupling schemes is the most suitable. In the comparative study, the 
coupling scheme based on micro ball-lenses was less sensitive to misalignments 
than micro lenses, but the system is much more difficult to manufacture. The 
butt-coupling scheme is both simple and has loose alignment tolerances, but the 
transmitter must be brought close to the end of the waveguide. This might be 
problematic, because then a subassembly is probably needed. The absolute 
coupling efficiencies of all the implemented structures were rather small, which 
also reduces the possibility to draw a clear conclusion from the comparison. This 
also indicated that better efficiencies should be possible with slightly improved 
implementations, especially in the micro lens and micro ball-lens schemes. 
Anyway, the double micro lens scheme is advantageous compared to the others, 
especially thanks to the expanded beam that allows reduction of the critical 
alignment tolerances. Therefore, it was also used in the integrated demonstrator, 
which clearly proved its ability to enhance the optical coupling, extend the 
separation between components, and loosen the alignment accuracy requirement 
between the module and the board. 

Reliability and environmental issues were not much addressed here. These 
should, however, be considered when specifying the power margin against 
temperature variations, tolerances, device and material degradation, etc. 
Anyway, the thermal effect measurements with VCSELs revealed that, in 
practical applications, the optical power variations caused by the changing 
temperature probably have to be accommodated either by automatic power 
control or by measuring temperature of the VCSEL with a termistor and 
adjusting the driving currents with this information. These methods are 
commonly utilised in fibre-optic transceivers for the same reason. 

The demonstrated structures are not yet ready for commercialisation, and, based 
on the work presented on the topic so far (including this work), there does not 
yet seem to be a board-level interconnect technology that would be 
commercially feasible for large-volume implementation. It also seems that such 
technology would only be achieved through a co-operative effort by several 
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R&D groups (with complementary expertises) in order to simultaneously select 
and optimise all the sub-technologies needed from optoelectronics devices and 
micro-optical components in O/E-PWB fabrication, assembly and packaging 
techniques, design tools, etc. Such work would be easier to initiate and conduct 
if there was a consensus on a foreseen application expected to have high chances 
of becoming a commercial success. This foreseen breakthrough application 
would also define the target specifications for the work. Hopefully, this thesis 
will bring some information that will encourage initiating such efforts. 
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7. Summary and conclusions 

Technologies to implement waveguide-based high bit-rate parallel optical 
interconnects on printed wiring boards was presented and demonstrated in this 
thesis. The aim was to study and develop technologies that would be suitable for 
volume manufacturing with processes typically used in electronics production, 
namely surface-mount assembly and board manufacturing. More precisely, the 
presented technologies can be used in the implementation of a high-speed, point-
to-point interconnect between ceramic BGA-packaged ICs or multi-chip-
modules on PWB. Both the simulations and the characterisation results suggested 
that although the implementation of optical interconnects is challenging with 
today�s electronics manufacturing and assembly technologies, the alignment 
tolerance requirements can be fulfilled with high-end assembly techniques. 

No such integration schemes for optoelectronics transmitter and receiver 
components have been presented before. The implementation of multi-channel 
high bit-rate transmitters and receivers was based on the use of LTCC packaging 
substrate technology. LTCC substrates were utilised for the hybrid integration 
and assembly of photonics devices and micro-optical coupling elements so that 
the optical alignment was mostly achieved with structures inherent to the LTCC 
substrate - that is, material-homogeneous integration was used. The accuracy of 
the through-hole structures and small cavities on LTCC can be in the order of a 
few micrometers, thus enabling passive optical alignment of the MM 
waveguides. Furthermore, LTCC enabled dense integration of multi-channel 
optoelectronic circuits by the use of 10 Gb/s/channel ICs and photonics devices 
as bare dies. 

The designs of the coupling optics for the O/E-PWBs were carried out by the use 
of ray-trace modelling, including sensitivity and Monte Carlo tolerance analyses 
of the alignment accuracies. It was shown that an appropriate use of micro-
optical elements allows enhancing the coupling efficiency and loosening the 
component placement accuracy requirements. Also, a 3D opto-mechanical 
analysis of the whole interconnect path was demonstrated by Monte Carlo 
tolerance simulations, including the models of the in- and out-coupling optics 
structures and the waveguide. The design work demonstrated that the modelling 
methods are suitable optimisation tools for the studied optical systems. 



 

148 

A modular test platform of parallel data links on PWB was implemented in order 
to study the three different kinds of optical coupling schemes, namely couplings 
based on microlens arrays, micro ball-lenses and butt-coupling. The platform 
consisted of three separate units: transmitter, receiver and optical waveguide 
board. The 10 Gb/s/channel electronics and optics of the transmitters and 
receivers were integrated on LTCC substrates. The selected optical coupling 
schemes were optimised and their feasibility was studied by simulations based 
on ray-tracing. The optical systems were mainly optimized in terms of the 
highest nominal coupling efficiency, but also aiming at misalignment 
insensitivity. The nominal coupling efficiencies of both the micro ball-lens and 
microlens array systems were feasible, but the tolerance analyses suggested that 
the manufacturing yield would not be sufficient with passive alignments. The 
presented waveguide-coupling efficiency measurements revealed around 
±10 µm alignment tolerances for bare-chip assembly of the VCSELs and 
photodiodes, as well as around ±15�30 µm alignment tolerances for the 
proposed surface-mount assembly. 

Also, the integration of a waveguide-based parallel optical interconnect on an 
FR4-based PWB was demonstrated. The demonstrator consisted of 4-channel 
BGA-mounted transmitter and receiver components as well as four polymer MM 
waveguides on top of the PWB. The transmitters and receivers built on LTCC 
substrates included flip-chip-mounted VCSEL or photodiode arrays as well as 
4 x 10 Gb/s driver or receiver ICs. Two microlens arrays and a surface-mounted 
micro-mirror were utilised at both the transmitter end and the receiver end to 
couple between the optoelectronic device and the waveguide array. A mass-
producible method was presented for the fabrication of the micro-mirrors, 
whereas commercially available optoelectronic components and microlenses 
were used. The optical alignment was based on the marks and structures 
fabricated in both the LTCC and optical waveguide processes. 

Relaxed surface-mounting placement tolerances were demonstrated with the 
double microlens array concept. The characterised alignment accuracy 
requirements of the BGA-mounted components, in transversal misalignment 
with 1 dB loss margin, were around ±40�60 µm, depending on the direction of 
the misalignment and the width of the waveguide. As expected, the alignment of 
the microlenses in respect of the VCSEL/PD devices or waveguide cores must 
be more accurate, in the order of ±10 µm, which was achievable with the used 



 

149 

mounting methods and the implemented alignment marks and structures. The 
measured optical coupling loss at the transmitter end was around 7 dB. A 
significant part of the coupling loss was caused by the edges of the under-
cladding layer blocking part of the optical beam between the waveguide end 
facets and the micro-mirrors. At a speed of 10 Gb/s, the transmitter and receiver 
modules showed open eye diagrams. 

The presented work is an addition to the research work being carried out on the 
embedded board-level optical interconnects by many other groups, and will 
perhaps someday lead to commercial utilisation of the technology. 
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