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Abstrad

Requirements of eleetronic systems are increasing, as the applications far these

systems become more complex and require more bandwidth. Optical

interconnection can help satisfy these system requirements. In order for an optical

interconnect to be successful, system design must satisfy new demands on the

packaging of the optically intercannected devices, different from those encountered

in packaging electranic interconnects.

This thesis addresses the issues faced in designing the packaging far a two­

dimensional array of surface active optoeleetronic devices, within the framework of

a free-space optically intercannected backplane. Twa demonstrator systems'

packaging are presented, as weIl as a general discussion of the issues and

constraints involved in the design, assembly and testing of this packaging. These

issues include connectivity, bandwidth, thermal management, optomechanical

interfacing and space constraints.

The particular optoelectronic devices examined are Quantum Confmed Stark Effect

CQCSE) modulators and detectors. The impact of temperature sensitivity on these

particular devices is examined, and a technique for optimizing their performance at

a specifie temperature is presented. As a thermal diagnostic aid, as weIl as a thermal

management tool, the design and characterization of an array of temperature

sensors integrated into an optoelectronic device array is presented.
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Résumé

En raison de la croissance de leur complexité et de leur besoins en largeur de

bande, les exigences des systèmes électroniques deviennent de plus en plus

sévères. Les interconnexions optiques promettent de répondre à ces besoins. Afm

de réaliser une interconnexion optique, la conception du système doit répondre

alL~ nouvelles contraintes de packaging de dispositifs reliés par l'optique qui sont

différentes de celles pour le packaging purement électronique.

Cette thèse aborde les défis à relever au cours de la conception de packaging pour

des matrices deux dimensionnelles de composantes optoélectroniques à surface

active dans le cadre d'un backplane interconnecté à optique libre. Le packaging

pour deux systèmes de démonstration est présenté. Il en suit une discussion sur les

considérations et contraintes associées à la conception, au montage et à la

vérification de ce packaging. Les considérations comprennent la connectivité,

largeur de bande, gestion thermique, interface optomécanique et contraintes de

volume.

Les dispositifs optoélectroniques étudiés sont des détecteurs et modulateurs à effet

quantique confmé Stark. L'effet sur la performance du système de la sensibilité aux

changements de température de ces dispositifs est étudié. Une technique pour

optimiser leur performance à une température donnée est aussi mise de l'avant. La

conception et Pétude des caractéristiques d'une matrice de senseurs de température

intégrée dans une matrice de dispositifs optoélectroniques pour fins de diagnostic

thermique est présentée.
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Chapter 1: Introduction

1.1 Motivation

Requirements of electronic systems are increasingt as the applications for these

systems become more complex and require more bandwidth. Electronic systems are

now being used in more ways than ever before, and a premium is now placed on

the networks that must interconneet these systems. Telecommunications networks

must service the bandwidth and connectivity requirements of these electronic

systems, evolving ta satisfy the increasing needs of a information driven society.

The new performance parameters have changed the purview of the system designer

sa that the connectivity and speed between discrete components and subsystems is

becoming a critical area of research, in addition ta the performance of these

individual components and subsystems. The interconnectivity between these

elements is provided by their packaging, and a general packaging hierarchy

distinguishes the interconnection levels. The physicallayer of a system is composed
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of a hierarchy of connectivities: die ta die, module ta module, board ta board and

fmally subsystem to subsystem. In addition ta the interconnections, the physical

packaging layer must implement the electrical support and the mechanical

structure, including thermal management and the mechanical base upon which a

system is built.

As the architectural requirements of the interconnection in a system are expanded,

the physical size must remain the same in arder to maintain severa! performance

metrics, including speed, latency, reliability, and others. Preservation of compact

size ensures new system requirements, as the interconnection density grows higher

and more electronics are packed even denser, running at higher speeds and

dissipating more power. These requirements will enforce constraints at the

backplane level of interconnection (board-to-board) [1], where the highest

interconnection density of a system is acheived. The current technological solution,

the electronic backplane, is failing to keep pace ~\'ith the increasing demands

placed upon it by increasingly high performance parallei computing and switching

systems.

For these reasons, it is apparent that data communication through a photonic

interconnect layer can he advantageous, by increasing the overall speed and

connectivity of a backplane [2, 3]. For long, medium and short haul

telecommunications networks, the jump to photonic interconneets has already heen

made, and installed fiber optic networks are in use. This jump bas yielded

tremondous gains in the field of optoelectronic packaging, where the tight

-2-
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integration of optoeleetronic, eleetronic and aptical elements is performed, yielding

integrated, commercial packaging solutions that are reliable [1]. These packaging

solutions are maturing for optoelectronic/fibre or optoelectronic/lightguide

integration.

1.1.1 Towards a photonic backplane

At the backplane level, or very short distance communication, photonic

interconnects are an emerging technalogy, and research is starting ta demonstrate

the potential of this technology towards commercial development. Although guided

wave structures can provide nearly lossless transmission for large distances, their

applicability to backplanes is limited. These applications are limited by the inherent

constraint of fibre and cladding size, limiting the total number of interconnections,

and because of their point-to-point nature.

For an optical backplane, another approach has great patentia!: optically

interconnected two-dimensional arrays of optaelectronic devices. The imperus for

this development is the patential for bandwith, and particularly, for the large

number of channels that the volumetric interconnect chat a Free-Space Optically

Interconnected (FSOI) Backplane can provide. Current hybrid optoelectronic

devices have demonstrated these large number of optical data links operating at

high speed [4]. With the availability of devices capable of supporting a volumetric

backplane, the effective integration of such devices into an aperational interconneet

becomes the challenge [5].

-3-
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Development of the optoelectronic devices that could support a photonic

interconnect fabric continues to produce more advanced devices supporting more

optical and electrical inputs and outputs, and their speed continues to increase.

Hybrid integration of two-dimensional anays of Quantum Confmed Stark Effect

modulators and detectors onto CMOS circuitry is a reality, and reliable VCSEL and

detector arrays integrated on ClVIOS circuitry is in progress, with promising

applications forthcoming.

The last hurdle in this development cycle is the effective integration of such a

device into a system. Such integration will require the successful satisfaction of

three fundamental requirements: optomechanical înterfacing ta the photonic

interconnection fabric, electronic interfacing to the photonic interconnect fabric,

and optical înterconnect design. This work will present one aspect of the

interfacing, the eleetronic and to a smaller extent the optomechanical interfacing

required for the construction of an optical backplane.

1.1.2 Optoelectronic packaging

Current electronic packaging bas advanced to the point where large chips can be

interconnected in a hybrid manner, wbere the delineation between board and chip­

level integration and interconnection is blurred. [n such a packaging system, chips

may be wirebonded or conneeted using tape bonding [0 either a module (such as

an Multi-Chip-Module), a board (using chip-on-board packaging) or a chip carrier

(such as a Ball-Grid-Array, Flatpack, Leaded or Leadless Chîp Carrier). The clear

-4-
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hierarchy of packaging electronic devices has been broken by necessity, as the

overhead of the hierarchy proved limiting to either bandwidth or connectivity.

Borrowing from the field of electronic packaging, optoelectronic packaging has

advanced steadily [6]. In this field, a smaller subset of practitioners wark on the

specifie problem of packaging two-dimensional arrays of surface-active devices, to

interface them to free-space optical interconneets :lnd switehing fabries. Suceessful

examples of integration for two-dimensional device arrays are starting to make the

conceptual benefits of free-space optical intereannect into real demonstratars.

Starting with standard aff-the-shelf eleetronic packaging used as a basis for

optoelectronic packaging, the demands of faster, more dense interconneets have

braught more advanced electranic packaging, and packaging unique ta

aptoelectronics, ta the field.

1.1.3 Packagi.ng ofoptoelectronics in optical backplanes

This thesis deals with the constraints, challenges and design methodology for

packaging two-dimensional anays of optoelectronic devices. Although the

demonstrators presented in this thesis use Quantum Confmed Stark Effect <QCSE)

madulators and deteetors, the approaches used can he applied to emitter based

optical interconnections, and many of the goals are shared between the available

optoelectronic technologies. These shared goals include high optical and eleetrical

connectivity, thermal stability, and good optomechanical interfacing techniques.

-5-
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1.2 Thesis organisation

This thesis will start with a general statement of the considerations and issues that

are vital to the problem of packaging a two-dimensional optoelectronic device

array, and discuss the specifie application of these issues to the devices under

consideration, MQW diodes forming Quantum Confmed Stark Effect CQCSE)

modulators and P-I-N detectors. Along with the general solutions that have been

applied and are currently being applied by researchers in this field, chapter 2

discusses a specifie procedure for the optimization of temperature performance for

QCSE modulators and deteetors. Chapter 3 refines these techniques by application,

using a specifie demonstrator system ta reveal the research and progress in this

area. This system was completed in 1996. Chapter 4 is the discussion and

application of even more restrictive constroints [0 a more advanced packaging

system that has been completed in 1997. The system demanstrator that this

packaging system is integrated into will nat be complete until early 1998. Chapter;

deals with the design and characterization of an array of temperature sensors

integrated onto the optoelectranic device whose packaging is discussed in

chapter 4. Chapter 6 summarizes the designs, constraints and approaches to the

packaging systems for two-dimensional arrays of optoelectronic devices and

discusses their applicability in the future.

-6-
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1.3 Contributions

The system demonstrators in this thesis were realized by the combined efforts of a

team, the Photonic Systems Group at McGill University. This section tries to quantify

the relative contributions of the participants, as weil as giving credit where it is due.

In the temperature optimization technique presented in section 2.4.3, the

(representative) data presented is the exclusive work of Michael Venditti, who set

up the power/photocurrentlvoltage/temperature (PIVT) charaeterization system,

developed the computer software necessary ta do the scans the author required,

and performed the measurements on the optoeleetronic devices.

For the system demonstrator packaging presented in chapter 3, the design,

assembly and testing of the electrical and thermal aspects, as well as

optomechanical characterization, were performed by the author. This included

printed circuit design, chip attach assembly, gold-plating of heat spreader,

wirebonding, thermal characterization, assembly of package and connector

selection. AlI boards used ta test the bandwidth (i.e., connected ta the

daughterboard) and electrical connectivity were designed by the author with the

help of Michael Venditti. The assembly and wirebonding rig was designed by the

author, David Rolston and Guillaume Boisset. The mechanics of the three point

attach and optical constraints were supplied by Guillaume Boisset. The

optoelecrronic device was designed by David Rolston.

For the system demonstrator packaging presented in chapter 4, the packaging

"teamn consisted of the author and Michael Ayliffe. Most of this work is thraugh our

-7-
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combined design, characterization and testing efforts. Exceptionally, the flexible

printed circuit was designed by the author, as weIl as the printed circuit test board.

Michael Ayliffe's future writing will concentrate on the optomechanical interfacing

and characterization of the package module, a subject which is notably and

unavoidably absent from chis work. The assembly and testing of chis package

module to date were performed by the author, Pritha Khurana and Michael Ayliffe.

The design, layout, and testing for the temperature sensors were performed by the

author and Michael Ayliffe.
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Chapter 2: QCSE device packaging

2.1 Introduction

Providing an integrated packaging solution for a two-dimensional array of surface­

active optical devices presents a series of constraints that complicate the

employment of standard electronic packaging in systems applications. Through the

construction of demonstrator systems, the Photonic Systems Group at McGill

University (PSG McGill) has designed, fabricated, and implemented array packaging

which uniquely addresses the critical issues associated with successfully integrating

two-dimensional optoelectronic device arrays inco systems. These system design

considerations are: eleetrical bandwidth, electrical connectivity, thermal

management, and optomechanical interfacing.

An overview of the packaging techniques that have been applied ta system

demonstrators by PSG McGill is presented in Table 2.1. In this chapter, an overview

of the constraints inherent to this type of system are presented. In subsequent,
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Table 2.1: PSG McGill Packaging

• •

.....

.....

Packaging
Optoeleetronic Chipl/O Thermal

Year device
Aggregate TE resistance Power

[ret.]
technology Electrlcal Optica1 opticalDW Cooler aje

QFP [1] 1994 FET-QCSE 40 32 2.5 GB/s 30°C/W -0.5 w

PGA [2] 1995 VCSEUMSM 68 32 300 MB/s t/ 55°C/W -0.8W

COB 1 [3] 1995 CMOS-QCSE 22 16 8 MBls -50°C/W -0.15 W

COB II [4) 1996 CMOS-QCSE 44 64 16 MB/s t/ 7°C/W 0.5W

COB III 1997 BiCMOS-QCSE 189 1024 81.9 GB/s t/ -3°C/W -5W

~
~
~
~

~
~

~
~

~
Q.
~.....
~
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chapters, chis overview is refmed by a discussion of the packaging techniques that

were used in two separate systems (in table 2.1, COB II and m) that were

implemented by the Photonic Systems Group. This packaging was designed,

modelled, fabricated and demonstrated for board-to-board and backplane optical

interconnect applications.

2.1.1 Optoelectronic devices

When an optical communication system uses Quantum Confmed Stark Effect

(QCSE) modulators in reflection mode for transmitting and QCSE detectors for

receiving light signaIs, a unique set of design constraints are imposed on the

packaging for chat system. In such a system, optical power supply Oight) sources

are incident on the surface active array. The surface active array introduces a

modulation on the power supply beams by altering the absorption of light in the

QCSE modulator via an electrical signal applied by transmitter circuitry. This

refleeted optical signal is directed onto the subsequent array of deteetors, which are

P-I-N (P-doped regio~ lntrinsic region, N-doped region) diodes. The detector

translates the received optical signal inta a photocurrent, which is amplified and

thresholded back to digital (voltage) logic levels by receiver circuitry.

In both of the systems whose packaging is presented in the following chapters, dual

rail optical signaIs were used ta represent a single bit of data. With a representative

reflectivity difference between high and low states of less than 50% 5], it is

desirable ta send complementary data, 50 chat the difference between (wo reflected

signais can be thresholded by receiver logie. Thus, for these systems, twa power

-12-
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supply beams are reflected by (Wo modulators coupled by their driver logic to

produce complementary outputs, and the resulting two optical signais are incident

on two detectors where the difference between the resulting photocurrents can be

tumed into a digital logic level. This arrangement is shawn in figure 2.1.

Fil\Jl"C 2.1: Dual rail optica1 interconnect

electrfcal
input

, optical interconnect

electrical
output

•
modulators

2.1.2 Optical backplane

detectors

•

For an optical interconnect, an array of these QCSE devices cao be hybridly

integrated onto the surface of a standard CMOS or BiCMOS chip, using a flip-

chîpping technique that conneets the Silicon substrate of the CMOS or BiCMOS

device to the Gallium Arsenide substrate of the QCSE devices, at specifie bump-

bonding points.

The hybrid device thus integrated can be used as an optical communication node,

thereby exploiting the two-dimensional, volumetrie nature of the signaIs as depieted

in figure 2.2. This figure ignores the details of the optical interconnection scheme

used, but shows a representative application of such an interconnect: to conneet

printed circuit boards. The details of this optical interconnect and its implications on

-13-
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Figure 2.2: Optical backplane

the constraints of the packaging system are discussed in section 2.3. The remaining

constraints on the packaging falI from the device's thermal dependence, in section

2.4 and the specifies of the electrical connectivity and signal integrity, in the

following section (2.2).

2.2 Electrical constraints

For the system demonstrators in development by the Photonic Systems Group of

McGill University, optical nodes in the backplane support the aggregrate bandwidth

of the entire backplane, and the individual optoelectronic device arrays are required

-14-
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to injeet or extract data from this backplane, in what has been referred to as a

ftrehose architecture [6]. This architecture is illustrated in figure 2.3.

Figure 2.3: Firehose architecture

ElectrlcallnjectlonJextractlon at nodes
Medium bandwidth

•

•

High bandwidth --.....

With the ftrehose architecture, each optoeleetronic device is required to support

only a medium electronic bandwidth but the entire, high optical bandwidth. This

medium eleetronic bandwidth can still be substantial, and consists, in the Photonic

Systems Group incarnation of the optical backplane, of many electrical inputs and

outputs, running at speeds of up ta 100 Mbitls. Electrical signal integrity is a serious

concem at this speed, and the packaging system must directly address this issue,

with impedance control, high-speed, dense conneetarizatian, and adequate

terminatian of electrical signais.

A standard rule-of-thumb that is used ta separate low-speed from high-speed

packaging problems in the eleetranics world is the /16 rule [7]. This rule indicates

the demarcation between the transmission line domain and lumped model damain.

For example, a 100 MHz digital signal with arise time or faIl time of 1000 ps (1/10

-15-
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the cycle width) travelling along a polyimide board with a delay per unit length of

180 ps/in (7 psimm) has a rising edge length of:

l = TR = 1000 ps = 143 mm

D (~)
(2.1)

•

•

where D is the delay per unit length, and TR is the rise rime. For this example, the

demarcation between lumped and transmission rine models is at 24 mm (li6). Any

trace longer than 24 mm should be treated as if it were a transmission line. For most

of the examples presented here, the circuits are significandy longer than the validity

that a lumped model permits, requiring a transmission line treatment. In this

treatment, termination is necessary ta prevent reflections. In the packaging systems

presented, the inputs to the aptaelectronic device are CMOS inputs, presenting a

high impedance to the transmission line, necessitating a termination to prevent an

amplitude doubling reflection. Various termination schemes are used, but dominant

categories are active Schottky (diode) termination and passive (resistor or resistor

and capacitor) termination. Bath are present in the Phase m system presented in

chapter 4.

2.3 Optical and optomechanical constraints

For a packaging system involving an optoelectronic device ta he successful, it must

interface the optoeleetronic device effectively to the optical interconnect. The

optical interconneet design, and restrictions on focallengili, will generally keep the

optoeleetronic device in close proximity to optics, forcing tight constraints for
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volumes and footprints in the packaging system. The interface itself is clearly also

an issue, with the ability to align the optoeleetronic device to the optical

interconnect a primary concem.

The specific constraints that optomechanical and optical issues ferro will be

introduced in each specifie section as they apply to a system demonstrator in

chapters 3 and 4.

2.4 Thermal issues

This section deals with the thermal issues inherent in a system that uses QCSE

modulators and detectors. These devices are temperature sensitive, and a Jack of

control over each device's temperature could affect system performance. A stepwise

optimization procedure to optimize the performance of modulaters and detectors is

introduced in section 2.4.3.

2.4.3 Temperature optimization ofdcvice performance

,,,troductlml

For a photonic interconneet that utilizes QCSE modulators and detectors in the

optical data link, specifie optimizations can be performed with regard ta the

temperature sensitivity. The following section will deal with the temperature

dependencies of these devices and suggest an optimizatian technique.

To introduce the aptimizatian procedure, representative graphs measured from real

QCSE modulators and deteetors are used. For the data used, the deteetors and

madulators are identical devices. In a system, these deviees would he operated
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under different electrical and optical conditions to control their mode of operation.

The optimization technique presented here does not preclude the use of separately

designed and fabricated devices for modulators and detectors [5].

The modulators and detectors were bath Multiple Quantum WeIl CMQW) diodes

created in Gallium Arsenide by researchers at Nortel Technology Cwafer growth)

and École Polytechnique de Montréal Cprocessing), and measured using an opticaV

electrical setup with wavelength, voltage and temperature sweeping capabilities. At

each voltage, temperature and wavelength, the output photocurrent of the diode

could be measured.

The setup consisted of a monochromator (Orlellnstntments MS 257), a DSP lock-in

amplifier (Stanford Researcb Systems SR830), temperature controller (ILX LDC­

3722B), voltage source CKeitbley 230), optical chopper and microprobes. This setup

allowed very small photocurrents to he sampled by probing the active device with

microprobes. The photocurrents are isolated from background noise using the

optical chopper and lock-in amplifier.

The GaAs devices are tested prior to their hybrid integration onto a CMOS or

BiCMOS chip. To do thïs, the devices are temporarily mounted in a Pin-Grid-Array

(PGA) chip carrier cavity alongside a chip thermistor (Betatberm l0K3CG2). To

control the temperature, a Peltier device CMar/ow Industries MII060n is operated in

reverse mode to raise the temperature of the cavity, under the control of the

temperature controller. The PGA is mounted on a custom-designed mounting

printed circuit, and the monochromator delivers a given wavelength 50 that the
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resulting photocurrent can be measured. The measurement system is under the

control of a single Macintosh computer running (National Instro.ments) LabView

software.

The wavelength dependency of the quantum efficiency, 11, of a detector is an

important metric, and the temperature shift of this efficiency versus wavelength is

an oft-quoted number; approximately 0.3 nm/°C [5]. In a communications system,

specifie optimization is needed in order to maximize performance for modulators

and detectors at a given wavelength, the system's wavelength, around which aIl the

optical elements are designed. The behaviour of the exciton curve for such a device

at wavelengths other than tbe system wave/engtb may not be relevant, in this case.

For detectors, the absorption should be maxirnized for this wavelength, at the

operating temperature, for a given bias voltage. For modulators driven by circuit

logic, the reflectivity difference should be maximized at this wavelength, at the

operating temperature, using (Wa parameters: the bias and the available lagic

swing.

These dependencies can he summarized as:

absorption::;: l-Rdetecto,1..À, T, Vb~ (2.2)

where R is the reflectivity,À is the wavelength, T is the temperature, Vbias is the

reverse bias voltage.

•
reflectivity difference ::;: âRmodulato,!..À, T, Vmas. 11V>

t
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where À is the wavelength, T is the temperature, Vbias is the reverse prebias voltage

and 4 V is the available logic swing.

In a system, the wavelength is flXed (À = constant), and frequently the available

logic swing is flXed (AV = constant). If the absorption and the reflectivîty difference

are independently optimized (maximized) ta fmd the ideal Vbtas for each, at any

given temperature, the dependencies become:

l-Rdetecto,{.n

ARmodulato,!.n

(2.4)

(2.5)

In the following graphs illustrating this optimization, AV was set to the logic swing

of our system, 5 V, À was set to the operating wavelength of our system, 852.0 nm.

The resulting graphs are shown in figures 2.4 and 2.5. For these values, the

•

•

Figure 2.4:
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8

volts

•

reflectance of the back mirror of the QCSE device (gold) is assumed to be 91.2%, so

that the difference berween input and reflected optical power can be used to

develop a reflectance for the device.

Using an existing metric [5], equations 2.4 and 2.5 can be combined by

multiplication, with the critical assumption that modulator and detector must

operate at the same temperature. This assumption is reasonable given a standard

configuration where modulators and deteetors are coplanar in an optical

-21-



•
Cbapter 2: QCSE device packaging

communication device on the same underlying electronics. The resulting equation

is:

combined efflciency =11.aeV =(l-Rdetecto,(.n) • ÂRmodulato/..n (2.1)

If both the modulators and deteetors performance are maximized at each

temperature by pickîng the optimum prebias and bias voltage, the resulting graph is

shawn in figure 2.6. The peak of the 118 defmes the optimal aperating temperature

Figure 2.6: Combined effidency versus temperature (maximized)
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of a system which uses these modulators and detectors, where a read beam is

incident on a modulator, reflected, and the resulting modulated beam is incident on

a detector. This graph indicates the temperature dependency of performance for
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this optical data link. Additionally, the optimized values for the voltage for prebias

for modulators and bias for deteetors at any given temperature can be found on the

scale on the right side of this graph.

optimization procedure

The steps used ta produce the graph shown in figure 2.6 can he summarized as

follows:

1. At the operating wavelength of the system, using the optical devices, measure

the photocurrent produced by a quantum weIl diode (to be used as either a

modulator or detector) across a range of voltages and temperatures. The range

of voltages should include bath the prebias value for the modulator, VpreEn'asJ

and Vprebias+â V; the maximum voltage that the system is expeeted to use. For

separately fabrieated modulators and deteetors, (WO measurements must be

taken

2. From this data, it is possible to derive the graphs of: a) absorption versus voltage

and temperature and b) reflectivity difference versus voltage and temperature.

The reflectivity difference graph assumes a system logie swing, â v:

3. Maximizing both absorption and reflectivity difference for a given temperature

and multiplying these results yields the graph of combined efficiency versus

temperature.

From this optimization procedure, it is possible to deterrnine the optimal operating

temperature of the device, and the resulting Vmas and Vprebias at this temperature

for detectors and modulators, respectively. Using thermal management techniques
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with a feedback loop for temperature control it is possible to set the device

temperature accurately, as will be shown in the following chapters.

If it is desirable to operate the devices at a temperature other chan this optimal

temperature, then the resulting Vbias and Vprebias for anocher temperature can be

determined fram the aptimization procedure. This is useful if, for example, thermal

stabilization is possible using available packaging techniques but thermal control to

an optimal temperature is not possible.

2.4.4 Thermal management

Once it has been established what the desired operating conditions of the device

are, packaging must enforce these conditions. Accurate thermal modelling using

fmite element analysis (FEA) and computational fluid dynamics (CFD) software can

help predict the thermal properties of a proposed package, and determine what

elements this thermal management must incorparate.

Thermoelectric caolers (figure 2.7) using the Peltier effect have been used in the

Fiprc 2.7: Thermoelectric coolcr

• optaelectronics industry ta control bath CCD and laser diode temperatures [far
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example, 6], and more recently these temperature control elements have been used

by researchers for two-dimensional arrays of surface-active clevices [9]. A

thermoelectric cooler uses thermocouples to set up a heat pump between its two

surfaces [10], creating a hot and cold side. In general, this is used to cool a device in

therma1ly conductive contact with the cold side that would, under natural

convection, operate at a higher temperature. With current flowing in the reverse

direction, the symmetric thermoelectric cooler pumps heat towards the device. With

feedhack from temperature sensors, this bidirectional nature can be used to

accurately control the device temperature. Many commercial instruments are

available to complete the controlloop. These instruments use a single temperature

sensor input with an internai control loop ta set the output current magnitude and

direction for a thermoelectric cooler [11]. The lOT 5910 temperature controller from

!LX is a representative instrument that can accept temperature sensor input from a

thermistor, a current output temperature sensor (the AD590) or a voltage output

temperature sensor (the LM335).

For packaging systems that will be presented in subsequent chapters, this

temperature controller (or a similar device) was used in a control loop with a

thermoelectric cooler. In chapter 3, the CMOS-QCSE packaging used a sensor input

from a thermistor chip mounted on a surface in immediate contact with the device

side of the thermoelectric cooler. In chapter 4, BiCMOS-QCSE packaging used a

simulated LM335 input that was generated by a computer scanning and then

averaging an array of temperature sensors integrated into the electronics on the top

sicle of the surface-active device array.
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A serious concern in the design of such a temperature management system is the

uniformity of device temperatures across a large array. It can be expected that

convective and conductive heat transfert dependent on package design, as well as

nonuniform electrïcal heat dissipation will introduce nonuniformities in temperature

on the device surface. It is not feasible ta individually control the device

temperatures in an array in the same active manner that a thermoelectrïc cao1er can

control the entire die temperature. Without control of the individual device

temperatures, a nonoptimized package design will generate varying (nonoptimal)

performance of devices across the surface, dependent on location.

Using thermal analysis software coupled with experimentation, it is possible ta

design the package structure 50 that these nonuniformities are made small and

perhaps negligible. Such a method has been used in the past for electronic devices

by James Sweet [12], where an array of temperature sensors was designed onto a

test chip and incorporated into a mockup of the packaging system, 50 that thermal

nonuniformities could be predicted and the thermal model in FEA software

validated.

For optoelectronic devicest Nagesh Basavanhally has used FEA software ta model a

device array and ta prediet package design thermal performance with respect to

temperature nonuniformities (9). With software, the machining of the package

design was optimized ta minimize these nonuniformities.

For the system presented in chapter 3, no regard was paid ta nonuniformities

caused by package design. The package was simply athermalized, with a heat
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spreader (pedestal) larger than the die assumed to produce temperature unformity

over the 2 x 2 mm die. This design assumption was not verifiable using laboratory

equipment that was available.

This assumption was removed in the system presented in chapter 4. This packaging

system used a combination of CFO thermal analysis and an array of ternperature

sensors to verify the minimization of package temperature nonuniformities. In this

system, an athermalized pedestal was machined in the mount, connected to the rest

of the maunt ooly by narrow, thermally resistive joints. This pedestal shared its

dimensions with those of the die (8 x 8 mm). The success of this technique, using

software to predict thermal performance, allowing this prediction to be corrected by

thermal sensors, and then redesigning the package to compensate, compels the

author to propose that it be continued in future systems, as an iterative technique ta

optimize package design.

2.5 Manufacturing and reliabUity

A packaging approach must satisfy additional constraints in order to make the

transition between a realizable package and a reliable, manufacturable package.

This thesis deals exclusively with the task and theory of realizing a packaging

approach. The issues of reliability and manufacturability, although important, are

not addressed here.
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2.6 Conclusions

The design issues inherent to a system using Quantum Confmed Stark Effect

modulators and detectors for communication in an optical backplane have been

presented, indicating the specifie design issues of thermal management, eleetrical

connectivity and the particular optomechanical constraints of an intereonnect

architecture. Specifie application of a temperature optimization technique has been

developped, allowing the optimum temperature of a QCSE deviee ta be

determined. Subsequent chapters will demanstrate and address these design

constraints for demonstratar systems.
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3.1 Introduction

This chapter describes the design issues and constraints that formed the basis of a

four board optical intercannect implemented by the Photoruc Systems Group at

McGill University. The packaging for this system had ta cake inta account variaus

constraints arising from the use of a two-dimensional array of surface-active

devices: the QCSE modulators and detectors. The optoelectronic chip that was

packaged in this system was a CMOS-QCSE device that required a GaAs substrate

cantaining the QCSE devices, which was flip-chipped onto a CMOS die resulting in

a hybridized chip of dimensions, 2 mm x 2 mm.

3.2 Chip-on-board packaging

When the use of an explicit chip-carrier becames impossible due ta system

canstraints, an alternate appraach may he anempted. If a system has thermal
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requirements, va counts and volume constraints that prohibit the use of standard

packages, the optoeleetronic device array may be mounted direetly on the board,

employing the alternative approach of chip-on-board (COB) or MCM-L mounting

[1}. To accomplish this packaging task for a CMOS-QCSE optoelectronic device

array, the following packaging hierarchy and constraints were proposed:

1. The 2-D optoelectronic device array should reside on a small printed circuit

daughterboard (mount) that must satisfy optical design constraints. These con­

straints limits the maximum board area to be used by the packaging to 65.00 by

46.05 mm. The flfSt optical surface needs to be 800 J.lffi from the die surface. Via

thermal management, the chip's surface should be maintained at a constant tem­

perature to optimize the responsivity of the aptoelectranics.

2. This daughterboard should he connected ta the next level of hierarchy by a

high-speed connection that provides at Least 40 1/0 pins at 100 Mb/s and can

mechanically isolate the daughterboard from other electrical components.

3. A motherboard should hold the processing electronics for the optoelectronic

device array, as weIl as connectivity to the outside world and any application­

specifie electronics.

The fabricated daughterboard for COB II is shawn in figure 3.2 An illustration of

this packaging is shown in figure 3.3. The dimensions of the board are 63.88 mm x

41.80 mm. Including a thermoelectric cooler and heatsink, the thickness of the

packaging is 40 mm. These dimensions satisfy the optica1 design canstraints

imposed by the system. This board follows an impedance controlled 4-1ayer FR-4
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Figure 3.1: Packaging solutions

•

a) COB.

b) COB U

c) COB m

microstrip design with a characteristic impedance of S03A (figure 3.4). The

impedance is set by fLXing the dielectric thickness, b, (0.006/1), trace width, w,

(0.008") and trace thickness, tt (0.0015"):

•
Zo = 87 In( S.98h ) (from [2D

JER+ 1.41 O.8w + t
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Figure 3.2: Completed daugbterboartl chip-on-boarcl packaglog

Figure 3.4: Microstrlp stackup

•
dielectric (FR-4)
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Figure 3.3: Daugbterboard packaging assembly

printed circuit board

optoelectronic device array

- microstrip connector

Inner layers in the daughterboard are power planes, while outer layers are reserved

for signallines.

The total board thickness is 0.092" t allowing for a more rigid board than the

standard 0.062" t which was desirable for optical stability in alignment. The CMOS­

QCSE optoeleetronic device array was wirebonded to 44 bond fmgers on the

immersion-gold-plated daughterboard.
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Positional tolerances were mandated by optical design, necessitating a custom

assembly procedure using a custom alignment, wire-bonding and gluing rig. This

rig is shawn in figure 3.5. Application of this procedure to multiple daughterboards

Figure 3.5: Custom aUgnment, wIre-bondinl and g1uin1 ril

alignment, wirebonding
& gluing rig

rads

TEFLONTM spacer

optoelectronic device array

using the fig consistendy acheived a lateraI alignment tolerance of less than 150 ~m

(in chîp's plane) ta a 50 pm measurement resolution. The lateraI alignment

tolerance data are shawn in figure 3.6 for the six fabricated circuit boards, where an

HP ScanJet I1c scanner with a input resolution of 600 dots/per/inch was used to

measure the alignment precision relative ta the printed circuit board. Using

microscope depth travel, with a repeatability of 10 pm on the chip corners, the
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Lateral misalignment for six assembled daughterboards

250 r-----------"""""""'-----------,
200

150 J----.,..---~-~---_4_--------;.---------1

50

E
..3: 0
>

..50

..100

-150

."' -_.~._~.~~:._~~~'~~---:.-~~--~_.._.- - _._._ --

•
----~----------I------~---_ .._--- ~-.-~-

1 • elecB1

• optB2
• optB3
Xi optB4

• dummyB1
• optB5

50 100 150 200 250•

•

..200

..250 '---------...,;,....---'--------------'
..250 ·200 ..150 -100 ..50 0

X(~m)

packaging approach generated a die tilt of less than 2.5° (board plane to chip

surface plane), these data are shawn in figure 3.7.

This daughterboard supports a single high-speed microstrip connectar far

connection to the motherboard via a flexible, impedance-contralled (50 3A) ribbon.

In this waYt optical alignment of the photonic interconnect fabric is decaupled from

the support electranics, while a reasonably high connectivity (40 pins) is

maintained between matherboard and daughterboard at a bandwidth of 1 GHz per

connection [3]. The measured -3dB frequency of the entire link between

matherboard and daughterboard, including the ribbon cable, was 461 MHz (figure
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2.5-r----------------------------

our system was not package bandwidth limited.

3.8). This data was measured using a network analyser. This value indicates that
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•
In COB 1 (Fig. 3.1a), the chip was directIy mounted on the daughterboard. To

manage the higher heat dissipation of the CMOS-QCSE die in COB II, the

optoelectronic device array is mounted on a gold-plated, ground-connected heat

spreader that moves heat via conduction from the chip to a thermoelectric cooler

mounted on the back of the board (figure 3.1b and figure 3.9). The designed peak

responsivity of the CMOS-QCSE modulators occurs at 25°C with the available bias

voltages (no temperature dependent optimization was performed), and the

thermoeleetric cooler was able to maintain the die's center at chis temperature to

•
within O.2SoC with the die dissipating up to o.SW. This measurement does not take
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Network analyser results for package bandwidth

. s.·

-- ..~~ '---' :.., ~~- -

inta accaunt die temperature nonunifarmity as these data were not available for the

CMOS-QCSE die.

Using a dedicated thermal characterization daughterboard, the thermal resistance of

the packaging was accurately measured. The thermal resistance from junction to

case, aje, is defmed as:

(3.1)

•
Where 7j and Tc are the temperatures of the junction (chip surface) and case (for

this package, the back of the heat spreader), respectively, and Pin is the power
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Pigure 3.9: Thermal management

smart pixel array

\ heat spreader

- thermoelectric cooler

heat sink

being dissipated on the chip surface. For the measurement of thermal resistance, a

thermistor was mounted on the back of the heat spreader and on the top of an

eleetrical-only version of the CMOS-QCSE die. The CMOS inputs were left to float

thereby forcing a high power dissipation in the die. With this setup, the thermal

resistance of the package was measured to be 7 ± 2 °C/W.

The thermal modeI assumed a conduetïon-dominated thermal resistance, with the

resistance of a conductive path being defmed as:

•

1R =-
kA
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with A being the cross-sectional area (m2) , / the length of the path (m), and k the

thermal conductivity of the material (m • oc / W). The predicted values using this

fust arder model are tabulated below:

Table 3.1: Modelled thermal resJstances

Component Thermal resJstance

Silicon die 0.8°C/W

Epoxy 2.0 ° C/W [4]

Heat spreader 0.2°C/W

Using these values, the thermal resistance was 3°C / W, which agrees quite closely

with the measured value.

It is clear, even in the coarse view offered by this simple model, chat the thermal

resistance of the epaxy used ta glue the chip to the heat spreader daminates the

thermal resistance of this packaging approach.

3.3 Conclusions

The packaging approach presented here can be expanded and modified for future,

increasingly demanding applications.

Results presented here indicate that the packaging techniques used for the CMOS­

QCSE packaging (COB l & II) can be scaled ta future systems emplaying larger and

faster 2-D optoelectranic device arrays that will ruo hotter. Using hybridized QCSE

on CMOS or BiCMOS technology, this future package could support a 1 cm x 1 cm
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chip dissipating 5 W. This scaleability of approach will be demonstrated in the

analysis of the Phase III packaging, which is in the following chapter.
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4.1 Introduction

The Photonic Systems Group Phase III BiCMOS-QCSE chip is the core device for a

future optical backplane, the Phase III demonstrator. It is a large, 8 x 8 mm chip

with a 16 x 16 array of optoeleetronic transceivers. On this surface-active chip there

is 1024 QCSE devices, arranged into an 8x8 array of optical clusters. This chip must

be integrated into a 4 stage free-space optical interconnect. The following section

deals with the design, implementation and characterization of the packaging that

was designed for this device, with the expectation that this packaging will he

integrated into the completed system.



• Figure 4.1: Optical interconnect design
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•
4.2 Optical interconnect

The optical interconneet for the Phase m demonstrator was designed by Brian

Robertson. A schematic of the interconnect is shown in figure 4.1. A detailed

description of this interconnect and the design constraints and trade-offs that led ta

its development cao be round in [1]. The optical system consists of mini-lenses that

provide relay and interconnect functionalities. The optical data links (OOLs) that

this design provides are arranged iota clusters [2], because of the resulting increase

•
in alignment tolerances and to increase the overall dimensions of the system.
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•
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4.3 Optoelectrooic device description

The Phase III chip Cfigure 4.2) is an 8x8 mm, 0.8 J.lffi BiCMOS device. It incorporates

aImost 0.5 million transistors. The optically active section of the chip is 6.4 mm x 6.4

mm Cafter it has been flip-chipped with the QCSE devices). The optically active

section is divided inta an 8x8 array of clusters, each containing 16 QCSE modulators
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and 16 detectors. A single cluster is shawn in figure 4.3. The Phase III chip has 189

Figure 4.3: Single cluster

bond pads, consisting of 32 inputs, 32 outputs, 2 docks and control and power

pads.

4.4 Physical design constraints

The optical interconneet for chis system is extremely compact, and this compaetness

leads ta a space constraint for the optoelectronic packaging. The total available

footprint (area in chip's plane) was 4 cm x 4 cm. There was no inherent volumetrie

eonstraint.

Examining standard consumer electronic carriers and packaging techniques, it

beeame apparent chat none of these were adequate for chis packaging task. The

carrier and conneetorization chat allowed for mechanical deeoupling of the support

eleetronics would have to he housed within the 4 cm by 4 cm area. This area was

not sufficient to support a standard 25 mil pitch (625 llm) high-density connector,
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with the required 139 Unes of off-chip connectivity. An altemate approach, moving

the connector away from the packaging, proved to be very effective in side­

stepping the problem of connector size.

4.5 Electrical design constraints

Ta conneet the Phase III chip to suppart and application electronics, it was

apparent that the electronic packaging and connection technique would have to

have the following specifications:

1. 139 signal connections ta motherboard

2. mechanical tlexibility to allow the packaging ta be mechanically isolated from

the motherboards, while still remaining electrical contiguous with them

3. termination for 32 high-speed inputs and 32 high-speed outputs (100 MHz) and

far the two clocks (320 MHz)

4. impedance control far high-speed inputs and outputs and for the [Wa clacks

S. low crasstalk between adjacent signallines

6. power supply decoupling to reduce naise

[n the packaging description, it will be shawn haw the design of a package module

directiy addresses each of these specifications.

4.6 Thermal design constraints

The Phase nI chip is a large chip with a total expected power cansumption af 5 w.

Based on preliminary design and lacer charaeterization data for the QCSE devices, it
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was apparent that this chip needed to operate at a temperature near saoc to acheive

optimal performance. This data was later confrrmed by temperature dependent

optimization t and the combined efficiency (as presented in the chapter 2) of the

modulators and detectors was found to peak at 48°C. With an expected power of

S W, cooling the chip to 48°C requires active temperature control and stabilization

techniques.

4.7 General package module description

The designed packaging module is shown in figure 4.4. The packaging satisfies the

•
Figure 4.4: Photograph of package module

• design constraints imposed by the system using a number of novel approaches, as
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illustrated in Table 4.1. An exploded view of the packaging, showing the various

Table 4.1: Satisfaction of constraints with package module

Specification Application

5 W power dissipation Thermoelectric cooler Requires approximately
and temperature sensors 5 W cooling to dissipate
provide ternperature con- 5 W of power. Thus, heat
trol sink must dissipate 10 W

4 x 4 cm footprint Dimensions of package module: 4 cm x 4 cm x 6 cm

139 signal connections to Flexible printed circuit with 8 mil line pitch connects
rnotherboard package module to motherboard, using high-density

connector at motherboard end. Bond pads are wireb-
onded directly to flexible PCB

Mechanical flexibility Flexible printed circuit is 6 mil thick, and is extremely
flexible

Impedance control 50 3A impedance controlled connector and microstrip
stack-up for flexible printed circuit

Termination for high- High speed inputs are terminated using active Schot-
speed inputs and outputs tky diode termination, adjacent to chip. Clocks are
and clocks terminated with 1/4 W resistors. Outputs are termi-

nated on motherboard.

Low crosstalk <0.1 V for adjacent lines

Power supply decoupling Surface-mount capacitors are located adjacent to chip
in package

components, is shawn in figure 4.5.

4.7.1 Chip attach

The Phase m chip is attached directIy to a custom, sculpted mount (figure 4.6)

using Epoxy Tecbnology H20E thermally and electrically conductive silver-filled

epoxy. Previous measurements (necessary for the die tilt measurements of chapter

3) have determined chat the average thickness of chis epoxy after setting for
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• Figure 4.5: Exploded view of packaging
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•
multiple chip-attaches is approximately 50 J,lm. The epoxy is highly thermally and

eleetrically conductive [3]. The rated thermal resistance for this glue thickness is less

than 1 °C/W for the bond area of 8 mm x 8 mm (315 mil x 315 mil). The mount is

aIso used as a ground connection for the rear sicle of the chip, so the high eleetrïcal

concluetivity of the H20E adhesive was also desireable. The calculated eleetrïcal

resistance of the die attach is based on the H20E maximum electrical volume

•
resistivity of 0.004 3A-cm, yielding a maximum total resistance of:
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Mount

Thus, using H20E represents a good, solid connection to the ground plane•
-3 -4

R = r x l =4 x 10 x 50 x 10 = 3lJ.1n
A 0.8 xO.8

(4.1)

•

supported by the moune.

The chip was placed under a microscrope, and air gaps surrounding the chip were

used as alignment features.

4.7.2 Off-chip <=onnectivity

A custom-designed, two-Iayer flexible printed circuit is glued onto the mount using

high temperature thermal set lamination techniques, providing a hard backing for

the printed circuit. The chip is wirebonded directIy to the gold-on-nickel plated

printed circuit, using an aluminum wedge ultrasonic wirebonder. The remaining,

highly flexible portion of the flexible PCB provides the required eleetrical

connectivity ta a dense, 190 position connector (from AMP) with an integral ground
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plane and 50 3A impedance control. The flexible printed circuit is designed to allow

for the required bends and space constraints imposed by the presence of four 100 x

160 mm (3 U x 160 mm) motherboards., in a 3 U VME chassis. The complete

packaging system required for a 4 oode optical interconneet is shown in figure 4.9,

including application cards.

Flexible prtnted drcutt

The flexible printed circuit was designed in the Mentor Graphies CAO enviranmeot,

and manufactured by Dynaflex of San Jose, CA. The resulting (flattened) flexible

printed circuit is shown in figures 4.7 and 4.8. The overall dimensions of the flexible

Close-up of tlexible printed circuit, chip region

(4) holes for
mounting rods•

Figure 4.7:

(2)0.25 W
termination
resistors for
dodelines

(2) decoupUng
capadtors

(2) location pin
boles for

lamination

(2) active
---i termination

for electrica1
inputs
(SChottky
diodes)

(1) badaJpchip
thermistor

•
circuit are 260 x 120 mm, when flattened. In che fmal packaging configuration, the

flexible circuit is designed to have either (wo or three bends, depending on its
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Figure 4.8: Flexible printed circuit (approximately 2/3 aetual sae)

•

•

Close-up in
8gure4.7

--~ 190 pin connector pads

dashed Unes
indicate bend
locations
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Figure 4.9: Packaging for four motherboard interconnect

relative position in the system. This is shown in figure 4.9, where the packaging

module for nodes 2 and 4 have three bends in the flexible PCB, and the nodes 1
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and 3 have twa bends in the flexible PCB. This altenating bending was mandated

by the optical system, where each packaging module must be rotated 90° cloekwise

relative ta its predecessor, in arder to satisfy the optical interconnect's design (chis is

shawn in figure 4.10). Ta economize on the overall cast of the packaging system, it

was decided that a single flexible printed circuit would have to satisfy both of the

configurations, necessitating an altemating number of bends.

The flexible circuit is 150 pm in thickness (6 mil) and has two (copper) layers.

Where the coverlayer does not caver the circuit, it has been plated with nickel and

chen a protective layer of gold, to allow exposed pads to be wirebonded using an

aluminum wedge ultrasonic wirebonder. The top copper layer has high speed

traces and the back copper layer is a ground plane to allow for the microstrip board

stackup shawn in figure 4.11. Using the electromagnetie field solver built into the

CAO tools package (Mentor Graphies), the calculated irnpedance of the microstrip,

given nominal material thicknesses and dielectrIc constants, is 50 ~. These values

are shown in Table 4.2. Using the same field solver, the estimated coupled crosstalk

between adjacent lines is 0.1 V, over the 280 mm maximum parallel distance that

two signaIs will couple.

Experimental verification of these electrica1 field analyses can be found in section

4.8.

TemrI"atüm

The design constraints imposed by the system and chip design dictated the

termination of the signal and clock lines. The clock lines are required ta operate at
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Figure 4.10: Optical bitmapping ofpackaging Oooking onto devices)

............ ~.~.,. ~~. Chip #1

Chip #2

Chip #4

k······ .." .•
~ . . .
1

~' ..
1 ~""""';;/"'\I
~.. " z..a1><lil>4

1) The letter 'pt formed with lenslets indfcates the cluster-to­
duster optical mapping.

2) The letter T formecl with QCSE deviees indicate the deviee-to­
device opdcal mapping.

a 5 V lagic swing at a frequency of 320 MHz. The input pads on the chip are

standard high impedance CMOS pads, necessitating external resistor termination.

The [Wo docks. designated by chip design as Clock and ReceiverClock are
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Figure 4.11: Microstrip stadmp for Impedance control in tlexible PCB

coverlayer

Table 4.2: Microstrlp staclmp and trace parameters

Value

Parameter Symbol Standard
S.I. units

units

Stackup parameters Dielectric thickness h 50 J.lffi 2 mil
for microstrip

Coverlayer thickness 50 J.lffi 2 milimpedance control -
Signal trace thickness t 17.8 J.lffi 1 ozlft2

Signal trace width W 100 J.lm 4 mil

Dielectric relative ER 3.2 3.2
permittivity

Combined relative ER 4.7 4.7
permittivity of cover-
layer and dielectric
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Table 4.2: Microstrip stackup and trace parametcrs

Value

Parameter Symbol Standard
S.I. units

units

Trace parameters (Minimum) Trace - 200 pm 8 mil
and bond pad
pitch

Maximum trace - 285.9 mm 11.25 in
length

terminated with a resistor of the characteristic impedance of the flexible printed

circuit. The experimental measurement of this characteristic impedance is presenred

in section 4.8.5.

Power considerations in the rerminating resistors prohibited terminating the

resistors to ground, as the clock drivers would have ta source and the resistors

would have to sink the calculated:

(AV)2 52
PpEAK = =- =0.5W

R 50
(4.1)

The required resistors would have been prohibitively large to place in close

proximity ta the load (Phase m chip), as required by good signal integrity design.

Instead, the design opted to terrninate these clock lines with resistors terminated to

an additional power trace, a 2.5 V signal. With this arrangement, the peak and

average power were the same:

•
(AV)2 2.52

PpEAK = =- =O.125W
R 50
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This termination allowed the use of 0.25 W (to overrate the 0.125 W load) surface­

mount 1210 package resistors, available in many different resistances. The

resistance placement is indicated in figure 4.7.

For the high-speed inputs to the Phase III chip, a termination method was need to

allow them to operate at the expected chip performance bit rate of 100 MHz.

Resistive termination was prohibitively large in footprint, as was passive fùtering

using resistors and capacitors in series. Instead, active termination using Schottky

diode terminators (the PACDN005 from California Micro Deviees) was used. This

method allows for characteristic impedance independence, as the diode terminators

are designed ta prevent only excursions from the supply rails (in chis case, OVand

5 V) and the resulting reflection. Simulation of these lines using HSPICE (with and

without active diode termination) is shown in figure 4.12. The models used for this

simulation were provided by the manufacturer (CMD) and by our chip foundry

representative (Canadian Microeleetronics Corporation).

Decoupllng capadtors

Two decoupling capacitors are located immediately adjacent to the chip on the

flexible printed circuit, as shawn in figure 4.7. These decaupling capacitors

decouple the chip supply ta the ground plane.

Thermistor cbip

For calibration of the on-chip temperature sensors and as a backup in case of

temperature sensar fallure, a single pad used ta glue a wirebandable chip

thermistor (BetaTberm lOIGCG2) is located as shown in figure 4.7.
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Figure 4.12: HSPICE simulation ofsquare wave signal at load
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Alignmentfeatures

Additional alignment features, used for kinematic mounting of packaging into the

optica1 backplane, are incorporated into the flexible PCB design and chip design.

•
These features include 1206 package surface-mount LEDs (Light Emitting Diodes),

their current-limiting 1206 package surface mount resistors, and pads for off-board
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wiring. These features and their application and characterization will nat be

discussed here, althaugh future publications will examine these features in detail.

Dptomecbantcal tnterfact"g

In the design of the system, the flfst optical surface, a lenslet array, is to be

prepackaged in tight 6 degree of freedanl alignment to the chip surface. In arder ta

do this~ 3 wells are located on the mount surface. A custom-machined spacer, with

the lenslet preglued to it, is located using quadrant detectors on the Phase III chip

surface, ta a precise location above it. In this configuration, three small «1 mm)

pins reside within the wells on the mount surface. At this point, the spacer housing

the lenslet can be glued to the package module by filling the weIl with glue,

thereby fIXing the pin into the weiL This is shawn in figure 4.13.

Figure 4.13: Lenslet to chip mounting

•

lenslet array
spac" 1

pins--

wells
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For this interfacing, it is clear that the chip to mount miasalignment must lie withîn

several hard tolerance limits sa that the pins do not locate outside of the wells.

These limits forced the chip attach alignment ta be within 100 llm in lateraI

alignment, and limited the maximum die tilt to 10
• The height of the chip attach was

not critical nor limiting, as the pins permit a large vertical play.

This completed package module is aligned to the rest of the optical system using a

kinematic mount, whose design and charaeterization will not be presented here.

4.7.3 Thermal management

The chip is attached ta the thermally conductive mount using conductive epoxy

adhesive (Epoxy Tecbnology H20E). A thermoelectric (TE) cooler (Marlow

Industries 1023TI is attached ta the mount by sandwiching it between the mount

and a custom-machined heat sink, using two screws to apply pressure to the TE

cooler. Thermal grease is used to fill surface morphological gaps and pockets,

making a solid thermal junctions between TE cooler and heat sink, and TE cao1er

and mount. Air gaps machined into the mount increase the resistance to thermal

transfer between the chip area (pedestal) and the surrounding mount area, and aIso

help to lirnit the allowed paths for thermal conduction. The complete thermal

construction is illustrated in figure 4.14. A side view of the package module is

shown in figure 4.15.

Ta complete the thermal management, an array of temperature sensors was

incorporated onto the surface of the Phase m chip. This array's response allows the

temperature of the chip to he controlled and aIso allows for temperature
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Figure 4.14: Thermal management in package module

pedestal--­
__s.---TE cooler

heat sink - ----

nonuniformities to be characterized. A complete description of the temperature

sensor design and performance cao he found in chapter 5.

4.8 Characterization of packaging

To test the packaging design, a custom board was designed and built, allowing

sensor values ta be sampled, as weIl as to allow high speed testing of a

representative number of eleetrical I/ü lines. This board is shawn in figure 4.16.

This board aIso permitted control of the chip temperature using a thermoeleetric

cooler integrated into the package module, as illustrated in figure 4.14.
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Figure 4.15: Package module, side view

To test the characteristics of the packaging system, one complete package module

was assembled. This chip module incorporated an eleetrical-only version of the

Phase III chip, which was attached and wirebonded inta the maunt. The measured

laterai misalignment of the chip in this configuration was less 50 pm, when placed

under a microscrope and aligned to the air gaps in the mount.

The flexible printed circuit W~ prelaminated to the aluminum mount using a

thermal set adhesive in a lamination press. Thermal grease was applied to fill

interstitial gaps in the thermal junctions between heat sink, thermoeleetric cooler
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Figure 4.16: Pacbging test and sensor sampHng board

and mount. The connector and termination components were mounted using

surface mount soldering techniques enta the flexible printed circuit. The calibration

thermistor was attached and wirebonded ta the flexible printed circuit using

standard chip attach techniques. A front view of this completed package module is

shawn in figure 4.17 and the entire module is shown in figure 4.18.

4.8.4 Thermal characterization

The temperature sensors on the die surface are functionaI, and provide accurate

active feedhack to a temperature controller. This temperature controller (an lOT

5910), given high precision temperature sensor input, can stabilize the chip

temperature ta O.Ol°C (4]. The limit of the resolution of the temperature sensors is

0.02°C (5] given the current computer sampling and calibration technology, but chis
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figure is more than required ta ensure that the temperature lies within a biasing

window as shawn in section 2.4.3. The thermaelectric cooler is supplied with

current thraugh the flexible printed circuit The leads for the thermoelectric cooler

are soldered into the flexible printed circuit. Wide traces and multiple cannectar

positions take the large current required for thermoelectric cooling to the connected

board(s).

Flaure 4.17: Completecl package module (front view)
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Figure 4.18: Package module

4.8.5 E1ectrica1 characterization

The test board allows high-speed connection via SMA-type connectors to a

representative number of inputs on the packaging. Using a network analyser, the

performance of these specific traces could be measured. A description of these
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traces is shown in Table 4.3. Each of these traces was designed ta have a

Table 4.3: Test traces for electrical parameters

Trace (name) Termination Description

ELECINFAR Schottky active diode An high-speed input trace chat
termination must travel a long distance

between connector and chip
pads.

ELECINNEAR Schottky active diode An high-speed input trace chat
termination must travel a short distance

between connector and chip
pads

ELECINNOTERM None An average, unterminated trace
(used for control)

CLOCK 50 3,4 to 2.5 V Very high-speed clock

RECCLK 50 3,4 to 2.S V Very high-speed clock

characteristic impeelance of 50 3A••

Individual trace performance is to he measured using the time domain refleetometer

features of the network analyser, and an analysis of the charaeteristic impedance of

the traces was obtained using the Smith chatt features of this same instrument.

These results are presented below.

The average characteristic impedance of these traces was 50 3A. The peak deviation

from 50 ~. was observed in the clock traces, with a 20% error distributed over the

entire length (from 41 3A. ta 60 ~.) The resistance of the traces, measured from test

board connector through to the end of the trace on the packaging, was less than

5 3,4 in all cases.
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The delay of the traces, measured from the test board, was approximately 2 ns.

With calibration of the network analyser velocity factor for the exact length of each

trace, the relative permittivity of the stackup, combining both coverlayer and

dielectric permittivities, was 4.7. This relationship is derived from:

c
V=-

~
(4.1)

where v is the velocity in the medium, C is the speed of light in a vacuum, and ER

is the relative permittivity of the medium, such that:

Solving for a representative trace, given its exact length (available in the Mentor•
The permeability is assumed flXed at:

Il = Ilo

(4.2)

(4.3)

Graphics CAO environment):

(4.4)

•

where / is the length of the trace, t is the transit time obtained by measurement with

theIDR.

To test the transmission of the elocks inta the termination, an HP80000 stimulus

machine generated a 3.1 V swing signal about 2.5 V (from 0.95 V to 4.05 V). Active

probes, (Picoprobes, FET probes from GGB) were used to sampie the resulting

waveform al the termination on the flexible printed circuit. The input waveform had

a 200 ps rise and fall time, at an operating dock frequency of 320 MHz (square
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wave at 640 MBitls). This result is shawn in figure 4.19. This waveform has a 53%

figure 4.19: Transmitted dock signal at 320 MHz
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•

a faIl time of 1.5 ns, making it nearly sinusoidal.

The IDR results for all the representative signaIs are presented in figures 4.20

through 4.24. In each case, the flfSt peak represents the lumped 190 pin connector

along with the extremely close SMA connector, and the second peak represents the

termination. The vertical scale is 100 mUoits/div, where 1 Unit represents a

reflection over incident factor of 1.0. These values indicate the absolute value of p,

the reflection coefficient, where a value of 1 would indicate 1000/0 reflection (for an

unterminated transmission line), and 0 indicates no reflection. In each of the IDR

graphs, the peak value at the line termination i5 marked.
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Figure 4.20: ELECINFAR TDR
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Figure 4.22: ELECINNOTEBM TDR
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Figure 4.24: RECCLK TDR

CH1 S11 lin MAG 100 mU/ REF 0 U ~ e2.37~ mU

These results indicate good signal integrity over the flexible printed circuit and

CH1 START 0 Il

•

Co~

t

RECCLI< 4.é 85 na

MARI (ER 1
4. 28~ ns

2915. 46 mm

f\
V \ ~

'- / ~--.... ......
STOP 6 nll

•

connectorization, with the results satisfying the system design constraints in speed

and termination.

4.8.6 Thermal characterization

The thermoeleetric cooler was activated, and was able to control the die surface to

O.Ol°C with a temperature nonuniformity of less than O.l°C, when controlled

through the computer and a thermoelectric temperature controller.

4.9 Conclusions

The pac/zaging module for this demonstrator was designed, assembled and tested.

It satisfies the eleetrical, thermal and optomechanical packaging requirements. The
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system is not package bandwidth limited, and is able to effectively dissipate the

expected chip power without sacrificing QCSE performance.
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5.1 Introduction

For several classes of optoelectronic devices, including QCSE MQW diodes, the

performance of emitter, modulator or detector elements is dependent on accurate

control of the device temperatures. New optoelectronic packaging techniques are

addressing this particular aspect of the performance, but diagnostic tools are

needed to characterize temperature sensitivity, uniformity, and ta actually control

the device temperatures.

In chis section, an array of temperature sensors integrated into a two-dimensional

BiCMOS-QCSE optoelectronic device array, the Phase m chip, is presented, as well

as results indicating its performance.
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5.2 Temperature sensor description

In section 2.4t the temperature dependence of QCSE moduIators and P-I-N

detectors was introduced and optimization and control applications were presented.

From this discussion t it is clear chat direct measurement of the modulator and

detector temperatures would be a valuabIe diagnostic tool, especially in cases

where interconnect applications are being considered. The following section

describes the design and testing of a temperature sensor array directly integrated

into the Phase III chip. Using a cIustered optical window design [1], the BiCMOS-

QCSE chip has an 8 x 8 array of clusters. A temperature sensor has been located

under each of these QCSE clusters as shown in figure 5.1, allowing a direct

•
Figure 5.1:
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•
measurement of the surface temperature of the BiCMOS device at that point.
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Due to bond pad limitations, the entire array is accessed via five bond pads and the

chip ground, in a scanning architecture. Each temperature sensar is tumed on in

tum, and its output connected ta a common bond pad, while aU other temperature

sensors are disabled. Scanning is accomplished in a columnwise fashian by a 6 bit

counter and quad 3-ta-8 bit demultiplexers, under the control of a Clock and Reset

signal, which advance ta the next temperature sensor and restart the the scan at the

first temperature sensac, respectively.

5.2.1 Design

The temperature sensac circuitry is shawn in figure 5.2. The (bootstrap) current

•
Figure 5.2:
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•
sources for the circuit are shawn in figure 5.3. The sensar uses three diade-

connected npn transistors ta fonn the temperature sensing element. Using a

differential amplifier, the difference between this voltage and an extemally applied
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Vadjust is tumed into a pair of currents which are multiplied by current mirrors (by a

factor of 4). The difference between these multiplied currents appears at the

temperature sensor output that is common to aIl the sensors. Bath the row and

column address Unes of a given sensor must be active (high) for the bootstrap

current source and the output to be active.

AlI the temperature sensor circuitry except for the column and rowaddress lines is

independent and localized to the temperature sensor, confming local temperature

effects to the circuitry of one sensor. The sensor circuitry is covered on the topmost

merai layer in the chip design, thereby protecting the sensor from light intrusion

and therefore sensitivity. The complete temperature sensor layout is shown in figure

5.4. The overall dimensions of the temperature sensor, in 0.8 }lm Nortel BiCMOS

technology, are 186.4 x 42.3 pm, in total representing less chan 3 % Cl.7 mm2) of the

-78-



• Figure 5.4: Temperature sensor layout

Cbapter 5: Temperature sensors

•

•

total chip area, including the required bond pads, scanning architecture and

routing.

The design allowed for a 3 V swing on the output before saturation, when the

output temperature sensor CUITent is dropped over a 40 k~ resistor. The extemally

applied Vadjust allows the temperature sensor range of sensitivity ta be modified.

The graphs of simulated and experimental results for values of VadftlSt ranging from

2.2 ta 2.8 volts in 0.1 V increments for the array are shown in figure 5.5. These

graphs indicate that the sensor performance agrees very closely with the results

predieted by the SPICE simulation of the circuit.

5.3 Experimental setup and temperature caHbration

For the experimental measurements shown in figure 5.5, a prototype wiring board

was built, with a precision voltage reference (Linear LTI021) supplying the +5 V

power supply and unity-gain op-amps (National Semiconductor LM6134) buffering

the inputs and outputs to the chipt which was mounted in a 68-pin PGA cavity,

along with a calibration thermistor. A potentiometer was used for the 40.0 k~
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Figure 5.5: Simulated and experimental results for temperature sensors
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output, ta change the current output into a voltage. The resulting output voltage

from the array was sarnpled by a Macintosh computer equipped with a va board

(National lnstntments Lab-NB) and in-house custom software. The software
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provided both the Clock and Reset signals and synchronized the sampling process.

The software aiso provided a graphicai user interface (GUI) for the array's

temperature dispIay, testing and calibration. A screen shot of this software in

operation is shawn in figure 5.6.

Figure 5.6: Screen shot ofsensor software

•

•

For calibration, each temperature sensor's voltage output was acquired at a given

temperature, as measured by a precision chip thermistor (Betatherm lOKA3). The

thermistor was located within the same cavity as the BiCMOS chip, for the purposes

of calibration. The software subsequently converts each temperature sensor's output

voltage into a temperature, using linear interpolation between calibration data
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points. This calibration and measurement process allows for variations in the

manufacturing process across the die, although no significant variations in the

output voltages «0.002 V) were observed. The use of a precison voltage reference

to supply the chip and op-amp power generated <0.02 oC repeatability for a

temperature measurement (for repeated power cycling).

For the system integration, the average value of the array is canverted inta a

simulated LM335 temperature sensor output by the computer software. This voltage

value is provided ta a temperature controller where a thermoelectric coolers output

current can be controlled.

5.4 Conclusions

This application shows that it is possible to incorporate a temperature sensor array

within the structure of an advanced optoelectronic device array, without interfering

with the chip's primary function as a communication array for an interconnect. This

diagnostic tool has been validated by experirnental verification of a temperature

sensor array integrated into the functioning optoeleetronic device anay.
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work

6.1 Two dimensional optoelectronic device array packaging

In chapters 1 and 2, the background of and constraints for an optically

interconnected backplane were presented, as well as the design methodology that

can be used to satisfy these constraints. 5pedfic past approaches are discussed, as

weIl as promising future approaches that have not yet been undertaken in their

entirety. A new optimization procedure is developped for a specifie class of

optoeleetronie devices, QCSE modulators and deteetors, that can he used to

optimize the performance of an optical interconneet, when coupled with thermal

control and stabilization techniques. The specifie issues inherent to the eleetrical

connectivities of an FSO1 backplane are highlighted, where eleetrical connectivity

and bandwidth forro the dominant areas of concem.
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In chapters 3 and 4, system demonstrator packaging was presented that specifically

addresses these constraints and demonstrates the use of the approaches. In chapter

3, a 1996 packaging system far a optical backplane demonstrator is presented that

integrates chip-on-baard packaging techniques with optomechanical interfacing, for

a 4 board interconnect. The packaging techniques used are expanded and farther

restricted in chapter 4, where a larger optoelectronic device with more difficult

optical and eleetronic constraints is integrated inta a smaller packaging system. A

recurring theme in these two chapters is the task of satisfying constraints. It is clear

that these (wo packaging systems satisfied the system integration constraints specific

to system development, in terrns of space, thermal management, bandwidth, optical

interfacing and connectivity. In no case was the packaging limiting to the speed or

operation of the backplane, ensuring that a design bottleneck was not introduced in

the packaging of the optoeleetronic device. Making these guarantees in terms of

system integration required the careful consideration of the design issues and an

application, in each case, of a new or novel technology to the packaging. In both

demonstrator systems, the packaging used bOlTowed from previous electronic and

optaelectronic packaging techniques and expanded them or modified them ta meet

the specifie constraints of the system.

6.2 Future and ongoing work

The optomeehanical aspects of a packaging system are crucial to its success and

feasibility when applied to an optical backplane demonstrator. Ooly token regard is

paid here to this aspect of the packaging, and only where a discussion of the
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optomechanics was vital to the explanation of the electronic or mechanical

packaging constraints. The bulk of this work focussed on the eleetronic, mechanical

and optical constraints, but future work by researchers within the Photonic Systems

Group should demonstrate the optomechanical viability of the packaging presented

here.

Current optoeleetronic devices have not yet stretched the packaging techniques

presented here to their liroit, but much work is needed to ensure that this will not

happen. Chips will require additional optical and electrical requirements ta "filln

their available speed, and further packaging work is needed ta make this happen.

Without an eye on the future of optoelectronic devices, as weil as an eye on current

electronic packaging techniques, it is apparent that a future optoelectronic device

could easily exceed the bandwidth requirements of the demonstrators presented

here, as weIl as the ability of the packaging ta satisfy these needs. An important part

of ensuring the viability of optical backplanes is the ability ta say, at every point in

the design process, that the packaging system is not a limiting factor, a constraint

unto itself, or a bottleneck.
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