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Abstract

This dissertation investigates the design of optical receivers and transmitters for VLSI

chips. The receivers discussed here ron ata moderate speed (loo's Mb/s) and they need to

be relatively sensitive. However, unlike a traditional fiber communication receiver, a low

power and area consumption are very important design considerations. The challenge in

designing these receivers cornes from satisfying simultaneously all the above requirements.

The design of VLSI optical transmitters based on reflection-mode modulators is also

discussed. 1bree optoelectronic technologies, name1y FET-SEED, MQW diodes flip­

chipped onto CMOS~ and epitaxy-on-electronic designs were used to design arrays of

transceivers.

CUITent-Mode and buffering techniques are intr'oduced into the design of VLSI­

optoelectronic receivers. These techniques enable the integration with the receiver of larger

and hence more alignable deteetors. The design of a rnisalignment tolerant array of

receivers is proposed and discussed. A time-differential receiver is introduced. It provides

the good dynamic range of a dual-rail encoded receiver, but with only half the number of

beams. In addition transmitters are optimized to drive large alignable modulators (reflection

devices). For this purpose, BiCMOS drivers are also considered and discussed. Low­

power adiabatic modulator drivers are proposed.

The designs discussed are multi-purpose and generic to all optical interconnect systems.

However, the discussion is perfonned in the context of the design of a high-capacity free­

space optical backplane. An overview of three demonstrator backplanes is given. To guide

the design of optical interconnect systems such as a backplane, a model is proposed. It

takes into account the important design parameters of the transmitter and receiver. The

system model relates the bit error rate (BER) with the optical power of the interconnection

(its sensitivity) at any given bit rate for a given design. The model also predicts the power

consumption of the interconnecL
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Résumé

Cette dissertation fait r étude de la conception des récepteurs et des transmetteurs optiques

pour des circuits à très haute densité d'intégration. Les récepteurs sont conçus pour des

vitesses de transmission modérées (centaines de Mb/s) et pour être relativement

photosensibles. La conception de ces récepteurs procède d'une manière très differente de

celle des systèmes de communication de longue distance basées sur la fibre optique.

Contrairement aux récepteurs pour les systèmes de télécommunication, il est très important

de réduire la consommation en puissance et la surface qu'occupe les récepteurs abordés

dans cette dissertation. Cette thèse discute aussi de la conception de transmetteurs construits

à partir de modulateurs MQW en mode de réflection. Trois technologies opto-électroniques

sont utilisées pour l'implementation des circuits de réception et de transmission: la

technologie FET-SEED, la technologie diode MQW 'flip-chipper' sur CMOS (MQW

diodes onto CMOS), et l'épitaxie-sur-électronique (epi-on-electronics).

Une technique 'current-mode' est utilisée pour concevoir des récepteurs dont la

performance est indépendante de l'aire du photodéteeteur. Ceci pennet une augmentation de

la tolérance d'alignement faisceau-détecteur. Une technique pour améliorer la tolérance

d'alignement d'une matrice bi-dimensionelle est presentée. Un récepteur 'time-differential'

est proposé pour augmenter la dynamique du signal utile sans requérir a un deuxième

faisceau comme c'est le cas d'un récepteur 'dual-rail'. La conception de transmetteurs

utilisant des modulateurs avec une grande surface active est réalisé avec une méthode

d'optimization et la technologie BiCMOS. La grande surface active du modulateur facilite

l'alignement du faisceau qui est refléchi par le modulateur. Une nouvelle méthode de

commutation adiabatique est utilisée pour la conception des transmetteurs afin de réduire

leur consommation en puissance à un niveau très faible.

La méthode de conception est générale mais elle est ici appliquée à des récepteurs et des

transmetteurs pour des systèmes de fond de panier qui utilisent des matrices bi­

dimensionelles de récepteurs et de transmetteurs. La thèse discute de la conception et la

réalisation de trois fonds de panier. Pour assister la conception de ces systèmes

d'interconnection optique, un modèle est construit pour prédire la probabilité d'erreur et la

consommation en puissance de l'interconnection.
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Chapter 1: Introduction

There is an increasing demand for asynchronous transfer mode (AThf) , parallel

processing~ video and real-time image processing~ and other bandwidth hungry

applications [1.1]. The computing and switching hardware handling those applications are

now facing serious Perfonnance limitations. Although the processor sPeed has been

increasing steadily over the past few years, the ability to communicate between processor

nodes has not, and a communication bottleneck is being observed at various points in the

interconnection hierarchy of the system. The bottleneck arises because of the physical

limitations of electrical packaging and interconnections which limits the bandwidth and

connectivity of systems. The introduction of optics in digital processing systems not only

provides a solution to the limitations of electrical packaging and interconnections, but also

enables new high-Performance architectures that optimally exploit the optical bandwidth

and the fan-out, and the third interconnection dimension of free-space [1.2, 1.3]. A

complete analysis and comparison between optical and electrical interconnect technologies

can be found in [1.4, 1.5]. From the system point ofview, the bottleneck is nowhere more

apparent than at the backplane level [1.6, 1.7]. The optical solution allows a higher degree

of scalability, and aggregate throughputs unachievable hy electrical backplanes. To fully

exploit the optical connectivity, two-dimensional, free-space [1.8] optical interconnects

have been proposed for the implementation of these connection-intensive digital systems.

Figure 1.1 shows the aggregate bandwidth requirements of future high­

performance digital systems, and the potential of electrical and optical technology. Already

traditional long-haul telecommunication systems have exploited the large temporal

bandwidth (y-axis of Figure 1.1) and 'transparency~ of tiber optics [1.9]. Within

computing systems~ however, the designer wants to capitalize on the large connectivity and

spatial bandwidth (x-axis of Figure 1.1) of free-space optics [1.8]. Consequently a large

number of receivers and transmitters (hundreds) are needed unlike long-haul telecom

systems which only need one of each. Due to the large number, their implementation

would be impossible with discrete components and a hybrid package is often the approach

for telecom receivers and transmitters. An optoelectronic technology which integrates the

optical and the electronic devices together is needed. Many integrated optoelectronic

technologies have been proposed and developed over the past 18 years with the first

reported demonstration of such technology made in 1979 [1.10]. The yield and
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manufacturability has generally been poor. ft is only recently that the appearance of

technologies "good enough" for system use has been witnessed. Today optoelectronic

technologies with very large scale integration (VLSI) are available to the system designer.

Optical interconnections are normal to the VLSI chip, and directly terminated onto it. lbese

VLSI optoelectronic chips are essential for the implementation of 2-D optical

interconnections.
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Figure 1.1: Future bandwidth requirements of digital systems

This chapter [Ifst motivates the use of optics inside digital computing and switching

systems. Then, it motivates the research into optical transceivers for such systems and set

the stage for the work presented in this dissertation: the design of 2-D arrays of optical

transceivers for short-haul digital processing systems. The rmal two sections outline the

content and the author' s contributions. A large body of work has been performed on optical

transceivers for long-haul communication systems (see for example [1.11]). The

transceivers discussed in this dissertation are, however, very different because they are

subjected ta very different system requirements. The work presented in this dissertation is

multi-disciplinary in nature and involves three distinct disciplines, namely optoelectronic

technologies, circuit design, and systems. The emphasis is put on transceiver design for

systems with large 2-D spatial bandwidth. The key contributions of this thesis reside in
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the novel design approaches for VLSI optoelectronic receivers for systems such as a

backplane.

1.1 Why optical interconnections?

As suggested in the introductory remarks, the physical advantages of optics will

contribute along with an efficient architecture to the realization of systems that have

performance unequaled by all-electrical ones. Optical interconnections offer severa!

advantages over electrical interconnections [lA, 1.5]. These advantages include:

• Higher aggregate bandwidth. The inherent parallelism of optics enables a larger

connectivity than for electrical lines. This is so for two main reasons: 1) the planar

geometry prevalent in electronic fabrication restricts the number of pin-outs and 2) the

density is limited by the EM crosstalk and ïnterference. For example CUITent backplane

technology cannot support much more than 2500 pin-outs per board. On the other

band, 2-D optoelectronic used in conjunction with free-space optics have the potential

of several 10oo's of pin-outs perpendicular to the board. The Re charging time of

electrical lines increases witb its length, and limits its bandwidth. Whereas in optical

interconnects, the bandwidth is only limited by the receiver and transmitter circuits. The

bandwidth is thus independent of the interconnect length. The net result is a much

larger aggregate throughput when optical technologies are used.

• Lower power consumption. It has been shown that there is a break even length

beyond which an optical interconnection would consume less power than an electrical

one [1.4, 1.5,1.12, 1.13]. This occurs when the power consumption used to switch

the electrical line becomes larger than the power consumption of the optical overhead

(i.e. inefficiency of the electrical-to-optical and optical-to-electrical conversion). The

power to switch an electrical line is proportional to the length of the interconnect

whereas for an optical interconnect this power is basically constant over the

interconnect length since opticai losses are negligible compared to the overhead for the

length of interest. Furthermore the optical interconnect doesn't need impedanee

matching. In electrical lines impedance matching is required to eliminate reflections at

high-speed. Termination of eleetricallines consume a very large amount of power. For

example a BTL backplane connection consumes in excess of 200mW of power per line

at a rate of 150Mb/s. AImost the totality of this dissipation oceurs in its 50 ohm
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termination. Optical interconnects on the other hand are directly terminated on-chip

[1.12, 1.16].

Less skew. Manufacturing process variations result in sizeable variation in the RC

time constant of electricallines. This Ieads to unpredictable delays and skew [1.14].

Optical interconnects are less susceptible because there is no line charging and the RC

time constants of an optical receiver and transmitter are short.

Low cost. Free-Space optical interconnects is potentially low cast since no medium is

required. The cast per line cao he very small because 1000s of links cao he aligned at

the same time by a single alignment procedure. This is its attraction over fiber links.

N boards

Optical
layer

Electrical
I/O

fraction of
a terabit

•

Terabit capacity opticallayer

Figure 1.2: Firehose architecture

The large aggregate bandwidth provided by optics has stimulated research in

computing and switching architectures [1.15]. Several architectures have been proposed to

exploit fully the large optical bandwidth. The challenge is to make use of the large optical

bandwidth provided by the VLSI optoelectronic chip without being limited by the small

electrical pin-out of the chip [1.16]. An interesting class of architectures that addresses this

issue is the frrehose [1.16] of which a backplane is one example. A backplane is

schematically depicted in Figure 1.2. A number of taps or boards inject and retrieve data at

a fraction of the total capacity at the optical layer. Typically a PCB has a throughput of 1-
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10Gb/s [1.17]. Each board contributes to filling the optical bandwidth. The boards are

about 30cm apart which is comparable to the break even Iength mentioned above. Optics

can provide a 10 boards backplane with the required 100Gb/s throughput. An active

backplane architecture was proposed [1.18] to regulate the traffic from the boards in such a

way that the optical bandwidth is used optimally. Another application of optical

interconnections can be found in the switching fabric [1.8] which uses 2-D fiber bundles at

both input and output. Optics can aIso he used when intensive sorting and exchanging of

data is required [1.19]. In aIl these three systems, the opticai bandwidth between the

processing chips is orders of magnitude above the eiectricai bandwidth of the chip.

The implementation of the optical solution must he considered carefully in order to

fully take advantage of optics. Optoelectronic and transceiver design are key to enable

optically interconnected electronic systems. Optoelectronic technologies and transceiver

design techniques are now reviewed.

1.2 VLSI Optoelectronic Technologies

The implementation of 2-D interconnects requires an optoelectronic technology with

the following characteristics:

• A high optical-to-eiectrical and eiectrical-to-optical conversion efficiency

• VLSI electronic intimately integrated with the optical devices (detectors, and emitters or

modulators)

• High device yield and uniformity

• High reliability

• Moderate sPeed (loo's of Mb/s)

Yield, uniformity and reliability similar to that obtained in current integrated circuits (res)

are desirable. Integration avoids the need for a hybrid package that results in the

implementation of the optical solution consuming a large eiectrical power. Hybrid

packaging is often used for long-haul telecommunication transceivers. However the power

consumption in those systems is not as big of a concem as in the digital processing systems

treated here. Furthermore receivers and transmitters are often interlaced on the VLSI chip
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plane so that an integrated technology is required. A large number of integrated

optoelectronic technologies have been proposed and demonstrated [1.20].

Integrated optoelectronic technology appears in two fonns: monolithic and hybrid

integration. In a monolithic technology, both optical and electronic devices are grown

"simultaneously" and share a common semiconductor substrate. Whilst in a hybrid

technology, the devices are grown separately on separate substrates. The devices are

brought into intimate contact afterwards with a technique such as self-aligned flip-chip

solder bonding. Flip-chip solder bonding was developed in the early 1960s by mM [1.21].

It is used because 1) a large number of bonds can he formed simultaneously, 2) the

resistance, capacitance and inductance are one or two orders of magnitude lower than

wirebonds used in a hybrid package, and 3) it allows pin-outs in the center of the chip

rather than be confmed to its perimeter. The fIfst demonstration of flip-chip solder bonding

of optoelectronic devices was in 1989 [1.22]. Large arrays of GaAs Multiple Quantum

WeIl (MQW) diodes flip-chip ante CMOS have been demonstrated [1.23, 1.24]. The

electro-absorption devices are PIN diodes with a multiple quantum weIl (MQW) stack

grown in the intrinsic region. The device can he used as a detector or as a modulator.

Modulators use the Quantum Confmed Stark Effeet to shift the exciton peak of the MQW

structure, and consequently alter the absorption of the device at a flXed wavelength. An

example ofbackside illumination photodiodes flip-chip 00 a substrate is found in [1.25].

Another technology which exploits commercial foundry electronics can he found in the epi­

on-electronic technology proposed by Fonstad' s group at MIT. In this technology,

optoelectronic devices are grown onto commercial GaAs electronics [1.26]. The use of this

technology for a system is explored in Chapter 3. Finally a purely mooolithic technology is

found in the FET-SEED [1.27]. This technology provides intimate integration of

modulators and photodetectors with LSI GaAs electronics. The poor integration density,

non-uniformity and low yield of this technology makes it less attractive for system use. The

details of this material are explored in Chapter 2.

Vertical-Cavity Surface-Emitting Lasers (VCSEL) are attractive, and show great

promise for the future. Due to its geometry it naturally provides the 2-D arrays needed for

free-space interconnects such as the backplane. It has a small footprint and emits a low­

divergence circular beam. Large arrays of VCSELs with operating current low enough to

allow simultaneous operation of all the lasers in the array appeared only recently. An 8X8

array with a threshold of hnA has been reported [1.28]. Researchers are currently working
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on reducing the threshold of VCSELs. High reflectivity distributed Bragg reflector (DBR)

mirrors can he fahricated. The resistance of the DBR has been reduced and current

confmement methods have been proposed to increase the efficiency of the device and

reduce its threshold. The monolithic integration of VCSELs with electronics is currently

under development [1.29, 1.30]. VCSELs can also he integrated with electronics using

flip-chip bonding. Direct on-chip integration of VCSELs is still a technology that is not

readily available ta the system designer. Hybrid packaging of VCSELs with electronics and

detectors provides a temporary solution. An example of hybridization is found in the

MSMNCSEL demonstrator described in Chapter 6. Another example of hybridization is

found in [1.31]. The transceivers implemented with this technique consume a large power

and the system is not scalable to large parallelism.

Currently the best temporary solution of a technology that integrates optoelectronic

devices directly on-chip is found in the hybrid CMOS technology described above. The use

of MQW technology is appropriate whenever the number of transmitters required in a

system is around 1000, and the bit rate is below IGb/s [1.32]. The MQW device has a

saturation intensity which limits the output power of a transmitter based on this technology.

The insertion loss is also high (typically 3dB). Their use often requires sensitive receivers.

Modulators need an extra alignment of the read beam onto the device. Consequently, this

makes modulator-based system optomechanics more involved and system alignment more

difficult [1.16]. On the other hand, arrays of VCSELs with a low threshold and high output

power (10mW) would permit the implementation of high-throughput systems more easily

and more cost effectively than a modulator-based technology. A complete comparison

between the two has been reported [1.33].

1.3 A New Class of Optical Receivers

The amplification of optical signals and the driving of emitters or modulators need

to be considered carefully. The receivers and drivers are the interface between the analog

(power amplitude) optical signal and the on-chip VLSI digital electronics. Their efficiency

drives the break-even distance for which optical interconnections are advantageous over an

electronic implementation. A large transceiver power consumption contributes to

lengthening the break.-even distance. This can he significant when compared to the short

length of the interconnects that are typically required in computing systems. The
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performance of the transceivers determines whether or not a given system architecture can

be implemented using a specific optoelectronic technology.

As noted in the introductory remarks, the different system constraints make the

design of the long-haul and the short-hau! optical receivers very different from each other

[1.9, 1.34]. Research into the design of VLSI optoelectronics is relatively new. It has

emerged from a class of digital processing systems that exploit optical interconnects e.g. in

optical backplanes or a switching fabric. In long-baul systems, optical attenuation makes

the signal to he detected very weak. Thus sensitivity in traditionallong-haul receivers has

been the main design goal. Furthermore a large dynamic range (20-30dB) is required to

handle the wide variation in signallevels. Automatic gain control (AGC) circuitry is needed

to achieve the required dynamic range. Tne sensitivity and dynamic range requirements

result in high electrical power consumption (which is a few Watts in those systems) and

area (1000s mm2
). In VLSI optoelectronic receivers tItis is unacceptable. A VLSI

optoelectronic receiver is typically part of a large 2-D array with interlaced processing

electronics. It is important to rninimize the power and area consumption. The challenge in

the design of these receivers cornes from satisfying the following requirements

simultaneously:

• Compact (e.g. 0.0025 mm2 or 50~50J.UIl).To make the receiver compact, no AGC

circuitry is used. Consequently the dynamic range is small «a few dB). Larger

dynamic range cao he provided by a differential approach (see section 4.7).

• Low power consumption (<5mW). Power consumption in the analog front-end of the

receiver dominates over that consummed by the thresbolder and the digital part of the

receiver.

• Reasonable sensitivity (-20dBm). The receiver sensitivity is noise-limited in long-haul

fiber optic receivers. Whereas in the VLSI optoelectronic receiver it is limited by gain.

The amount of gain that these receivers provide is linùted because of the power

consumption and area constraints. Furthermore the sensitivity is often sacrificed in

order to tolerate process and extemal parameter variations, and digital switching noise

that arises in large arrays [1.35].

• Moderate bandwidth (he able to run at 100's Mb/s). No bandwidth is allocated to data

encoding and the receiver is De coupled.

• Digital output. The analog and the digital part are intimately integrated together.
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The transceivers can encode and decode a single bearn (single-rail) or a pair of

differential beams (dual-rail). The dual-rail configuration was adopted because of the law

contrast ratio of modulators (1: 10 at best [1.36]) for the voltage swings that are normally

available on integrated circuits. Dual-rail interconnects are less sensitive to fluctuations in

the received optical power than single-rail. Thus, dynamic range can be improved to sorne

extent without any AGe circuitry. The drawback of the dual-rail interconnect is that two

beams are needed instead of one. This cao complicate the alignment of the system and

increases the optical power required by the interconnects. This dissertation will present a

novel receiving scheme that improves the dynamic range of VLSI receivers without this

drawback (see Chapter 4).

1.4 Contents

Chapter 1 gives a brief introduction to the content of this thesis.

Chapter 2 present a model and a simulator for the FET-SEED technology. With these

tools, a transceiver array is designed and characterized for an optical backplane.

Chapter 3 explore the epi-electronic technology for backplane use. It presents the design

dYnamic receivers and a LED driver.

Chapter 4 shows how alignment tolerance of the interconnect cao he increased with

proper circuit design techniques. CUITent-mode and buffer design of VLSI optoelectronic

receivers are proposed, and demonstrated. This chapter aIso examines technique to improve

the dynamic range of VLSI receivers. Furthermore low-power modulator drivers using

adiabatic switching are proposed.

Chapter 5 presents an optical interconnect model that relate the BER with the sensitivity

and the bit rate for a given design.

Chapter 6 outlines the backplane systems that have been constructed.

Chapter 7 summarizes the thesis and makes concluding remarks.
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1.5 Contributions

The material presented in chapter 2 and 6 is derived from a publication of the author

of this dissertation [1.37], and on publications that he co-authored [1.38, 1.39, 1.40,

1.41]. AlI the material in Chapter 3 and 5 are based on original but unpublished work

performed by the author. Most of the material in chapter 4 was presented by the author for

the fus! time at major technical conferences, except for the work on adiabatic modulator

drivers (section 4.8.4) which is original unpublished work. Except for the concept of the

alignment tolerant array (section 4.6) and the time-differential receiver (section 4.7) which

were Frank Tooley's ideas, the work in Chapter 4 emanated from the author's original

ideas. The cUITent-mode sense amplifier based receiver was invented independently by the

author and by T.K Woodward from Lucent Techonology, Bell laboratories. Two full

journal papers are under preparation. One reports the VLSI optoelectronic receiver design

using a cUITent-mode approach, and the other reports the modeI of a 2-D interconnect. Tllis

thesis makes the following contributions:

• Introduce a current-mode approach for designing VLSI optoelectronic receivers (U.S.

patent disclosure fIled). Two examples of this approach, namely the cUITent-conveyor

based receiver and the cUITent-mode-sense-based receiver are proposed, and designed

(Chapter 4).

• Introduce analog buffering techniques for designing VLSI optoelectronic receivers

(Chapter 4).

• Propose adiabatic modulator drivers for zero energy switching (Chapter 4).

• Propose and design of low-power dynamic GaAs receivers (Chapter 3).

• Establish a system-level model that relates BER with incident optical power and bit rate

for a given receiver desi8Il (Chapter 5).

• Develop CAO tools and modeling for a novel FET-SEED technology (Chapter 2).

• Make contributions as a team member to three successful backplane demonstrators

(chapter 6) .
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Chapter 2: FET-SEED Modeling, Design
and Characterization

The work presented in this chapter was completed under the supervision of

Professors D.V. Plant and H.S. Hinton in the faIl of 1993 and during 1994. This chapter is

derived from two publications [2.1, 2.2] of the author. In this chapter the design,

modelling and characterization of FET-SEED transceiv~r arrays are discussed. The FET­

SEED technology monolithically integrates in a custom batch fabrication process [2.3]

GaAs based field-effect transistors with PIN detectors and normal-incidence modulators

which use the quantum conrmed Stark effect in a multiple-quantum-well (MQW). A single

optical device namely a p-i(MQW)-n diode, can be used as a detector or a modulator.

A cross sectional view is shown in Figure 2.1. The p+-Iayer is contacted and tied to

the source of the GaAs FET on the right of Figure 2.1. This layer helps to shield the FET

against backgating [2.4, 2.5]. However it increases the parasitic capacitance of the diode.

In general it is difficult, if not impossible, to optinùze ail the devices on a monolithic

platform. In addition ta the MQW diodes and depletion FET, the FET-SEED process offers

Schottky diodes to the designer. Enhancement FET can be produced by applying a bias to

the p layer to shift the threshold to a positive voltage. A forward biased MQW diode can he

used as a LED. However, none of these devices are optimized.

Figure 2.1: FET-SEED Technology

In the following section a model for the FET-SEED technology is proposed. In

section 2.2 a high-speed optoelectronic test bed is discussed. The test bed is used ta
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characterize transceivers. In section 2.3 the cbaracterization of the FET-SEED transceivers

are presented.

2.1 FET-SEED Modeling

The GaAs FET is modeled with a PSPICE based Raytheon or Statz model [2.6.

2.7]. A discussion of various rvŒSFET models can he found elsewhere [2.6, 2.8, 2.9].

The values of the model parameters are extracted. Ideally wafer uniformity and the ron-to­

ron uniformity need to be characterized in arder ta provide the FET-SEED circuit designer

with a robust mode!. Typically, the threshold voltages vary radially on the surface of

wafer. They are around -O.8V, while in the center of the wafer they increase ta around ­

1.IV [2.3]. The ·variation slope is typically IOmV/mm ofwafer edge and can be as large as

100rnV/mm [2.3]. This radial variation is due to the variations in thickness of the nominal

90DA AlGaAs spacer layer that exists between the n-doped GaAs channel and gate, and it is

a result of the poor quality achieved in the NlBE growth process [2.3]. An HP 4145B

semiconductor parameter analyzer is used to measure the I-V curves of a few FET samples.

The values of the Statz model parameters are extracted from those measurements [2.1], and

are shown in Table 2.1.

MESFET Parameter Values:
LEVEL=2 (to select the Raytheon model)
vro (pinch-off voltage) =-1.4 V

ALPHA (saturation voltage parameter) = 1.67 y-I

BETA (transconductance coefficient) = 8.6E-5 AfV2

LM.1BDA (channel-Iength modulation) =0.03 y-I

B (doping tail extending parameter) = 0.73 y-l
TAU (conduction current delay time) = 0 sec
RG (gate ohmic resistance) = 0 il
RD (drain ohmic resistance) =1500 il
RS (source ohmic resistance) = 1500 il
IS (gate junction saturation current) = 1.0E-14 A
N (gate pn emission coefficient) =2.2
VBI (gate junction effective built-in potential) = 0.8 V
M (gate junction grading coefficient) =0.5
CGD (zero-bias gate-drain junction capacitance) =0.IE-15 F
CGS (zero-bias gate-sourcejunction capacitance) =1.0E-15 F
Fe (forward-bias depletion capacitance coefficient) = 0.5
CDS (drain-source capacitance) = OAE-15
EG (bandgap voltage (barrier height») = 0.69 eV

Table 2.1: Parameter values for the PSPlCE based Raytheon model
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Figure 2.2 shows a fit of the model generated I-V curves and those obtained

experimentally. Typical measured OC currents of the transistors at V gs = 0 V were 75.5

mA/mm at Vlis =2.0 V, and the measured transconductance at Vgs =0 was 93.5 mS/mm.

The measured threshold voltages were - 1.2 V, and the drain-source breakdown voltages

were greater than 8 volts. The ~FET current gain bandwidth, ft ' was calculated using

gm where gm is the model predicted FET transconductance, and Cgs and Cgd are
21r(Cgs + Cgd )

the modeled gate-source and gate-drain capacitances respectively at the operating point of

the MESFET. Using values ofCgs = 9.51 fF and Cgd = 1.1 tF [2.10], we calculated an ft of

13.5 GHz, which is in good agreement with an experimentally measured f
l

of 10 GHz

[2.4].

1084 6
Vds (Yaks)

2

0 experiment

1.5 model

........
<
E 1-....,;
v.l
~-

0.5

Figure 2.2: 10J.Ul1 FET I-V characteristics

(-1Y::;\'gs:5+O.6V by O.2V steps)

•

The diode I-Y modeling (Schottky diodes and PIN junction diodes) was done using

the standard PSPlCETM based model for diodes. The measured 1-V characteristics are

shawn respectively in Figure 2.3a and b. The extracted values of the PSPlCETM parameters

[2.1,2.7] are shown in Table 2.2 and in Table 2.3. The provide- a good fit for the range of

interest. However, discrepancies are observed for very low currents and voltages. The PIN

diode optical characteristics are also of interest. The device is modelled with a current

source that depends linearly on the optical power, and with a capacitance to simulate its AC

characteristics. The L-Y characteristic is described using a simple look-up table [2.11], and

the capacitance is assumed ta be 0.115fF/JlID2 [2.12]. Figure 2.4 shows a plot of the

typical diode responsivity and reflectivity versus voltage at 850 nm.. Individual modulators
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exhibited a reflectivity change of 45% to 15% with -7.5 volts of applied bias, and

modulator pairs in the transmitter circuit exhibited a 2 (60%) to 1 (30%) reflectivity contrast

ratio. The detectors had a responsivity of -0.5 AIW over a large range of applied voltage.

1.2 1.4 1.6

0.01

la'"

! 10-6

[(Til I....--'--"'_..r...---'-................__--'-_.....

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4
V (vdt)

1(}9 1....- ---'_""'----"-_01---1-.............._

o 0.2 0.4 0.6 0.8
V(vot)

(a) (b)

Figure 2.3: Ca) Schottky Diode (b) PIN Diode I-V characteristics
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Figure 2.4: Optical Characteristics of p-i(MQW)-n Diodes at 850nm
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In addition to FETs and diodes, we aIso modeled the trace lines and the bond pads.

The trace lines were modeled as RLC distributed networks with characteristic impedance

~, resistance ~, inductance Lo' and capacitance Co per unit length. The values of these

parameters were calculated assuming a conventional microstrip geometry for metal

interconnects[2.5]. For the FET-SEED technology, the metaI interconnects are 300nm tbick

gold with P = 2.2Xl0-16 Q-cm. The receiver signal interconnects are 4 Jl.ID wide and the
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transmitter signai interconnects are 5J.lII1 wide. The parameter values of the RLC distnbuted

model were calculated ta he~ =0.0183 Qlcm, and Co =0.549 pF/cm Lo = 14.3 nH/cm.

For the 75 J.UIl x 75 fl.IIl bond pads, the loading capacitance was calculated ta be 13.8 fF.

The validity of this model is confIrmed by experiments described in the next sections.

Schottky dIode parameters:
IS (saturation cUITent) = 1.16E-16 A
N (emission coefficient) = 1.26
ISR (recombination current pararneter) =0 A
NR (emission coefficient for ISR) =2
IKF (high-injection 'knee' cUITent) =infinite A
av (reverse breakdown 'knee' voltage) = infmite V
IBV (reverse breakdown 'knee' current) = lE-lO A
NBV (reverse breakdown ideality factor) = 1
IBVL (low-Ievel reverse breakdown 'knee' current) = 0 A
NBVL (low-Ievel reverse breakdown ideality factor) =1
RS (parasitic resistance) =3693 il
TI (transit time) =0 sec.
CIO (zero-bias pn capacitance) = 0 F
VI (built-in potential) = O.75V
M (grading coefficient) =0.333
FC (forward-bias depletion capacitance coefficient)= 0.5
EG (bandgap voltage (barrier height»= 1.4 eV
XTI( 15 temperature exponent) = 2
RL (Leakage resistance)=infmite il

Table 2.2: VaIues of the parameters for the Schottky diode

MOW pin diode pararneters:
IS (saturation current) = lE-13 A
N (emission coefficient) = 3.2
ISR (recombination current parameter) =0 A
NR (emission coefficient for ISR) = 2
IKF (high-injection 'knee' current) =infmite A
BV (reverse breakdown 'knee' voltage) =infinite V
IBV (reverse breakdown 'knee' current) = 0 A
NBV (reverse breakdown ideality factor) =1
IBVL (low-Ievel reverse breakdown 'knee' cUITent) = 0 A
NBVL (low-Ievel reverse breakdown ideality factor) =1
RS (parasitic resistance) = 4061 ohm
CIO (zero-bias pn capacitance) =0.IE-15 F
VJ (built-in potential) = 0.8V
M (grading coefficient) = 0.5
FC (forward-bias depletion capacitance coefficient)= 0.5
EG (bandgap voltage (barrier height»= 0.69 eV
XTI( IS tem rature ex onent) = 2

Table 2.3: Values of the parameters for the PIN diode
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2.2 FET-SEED Transceiver Array Design

Anays of individually addressable FET-SEED dual-rail transmitters and receivers

are fabricated using the batch fabrication process made available through the ARPA ­

Consortium for Optical and Optoelectronic Technologies for Computing (CO-OP) and

AT&T [2.13]. The purpose ofthis design is two-fold: 1) to facilitate the development of a

FET-SEED model, and 2) to design transceivers for a backplane system. Using the FET­

SEED technology, a 4 x 4 array of electrically addressabley amplified differential

modulators, and a 4 x 4 array of diode clamped, optical receivers with off-ehip drivers are

designed [2.14]. Figure 2.5 shows the 2mmX2mm chip. The transrnitter array is located in

the upper left corner, and the receiver array is located in the lower right corner. In both

arrays the p-i(MQW)-n diodes have a 25 x 25 J.UI1 active area The two diodes constituting a

dual-raillink are separated by 50 f.lIIl, and each dual-raillink is pitched at 200J..lIIl.

Figure 2.5: FET-SEED chip
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The transmitter circuit operates by electrically modulating the voltage drop across the series

MQW diode pair, subsequently modulating the reflectivity of the diodes [2.15]. Both the

load and switching MESFET transistors were 25fJ.ID wide. The receiver circuit operates by

demodulating dual rail optical signais which are detected using a series connected detector­

diode pair to forro a diode-clamped receiver [2.16, 2.17]. The input node (gate of the input

DFET) is charged and discharged as a function of the state of the incident optical power.

The series diodes push and pull the photocurrent in and out of the input node. A pair of

clamping diodes (biased at +/-Vcl) limits the voltage at the input. The demodulated optical

signal drives a 3-stage amplifier circuit. The fmt two stages forro a series pair of inverters

with a total of four load and active transistors, each transistor being 6 J.UIl wide. The third

stage (shaded) is a 375 Jlffi. power FET designed to drive 100 ohm transmission lines. The

receiver and the transmitter circuit and layout are shown in Figure 2.6.

Transmitter

Out

Out

Receiver

In

-In

Figure 2.6: Single Receiver and Transmitter
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The diode-clamped receiver is similar to a high-impedance front-end [2.18]. To

achieve a high-speed, high-impedance front-end normally necessitates equalization [2.18].

For the diode-clamped receiver, diodes are used to clamp the voltage at the input. This

allows high-speed operation of a high-impedance front-end by limiting the integration of

charge on the input node. Furthermore by properly biasing the clamping diodes the input

node voltage swing cao be adjusted to the most sensitive point of the amplifier. The bias of
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the amplifier can aIso he adjusted for that purpose. The amplifier in this design uses BFL

[2.5]. The drawback of this receiver includes the area consumed by the clamping diodes,

additional bias lines, and a moderately high electrical power consumption (2.8mW).

In addition to the 4 x 4 arrays, individual FETs, PIN junction diodes, and Schottky

diodes are included on the die for OC probing purposes. The I-V curves of these discrete

devices is measured and the data was used to develop the device models described in the

section 2.1.

2.3 High-Speed Optoelectronic Tester

This section presents a generic VLSI optoelectronic receiver tester. It provides a

high-speed opticaI input to the receiver under test, and extracts a high-speed electricaI

output. The tester can supply both a single-ended and differential opticaI input to the

receiver under test. A OC beam of light and a modulated one are focused onto the device

plane. When testing differential input receivers, the modulated beam power level swings

about the unmodulated one. This technique for testing dual-rail receiver is simple and does

not necessitate the use of an additional modulator and their synchronization.

~bcr

D}..:.UT..~:;
·,L .';t;

~. ;j

x-y-;r;
positionnt!r

r=2S mm

LED

Figure 2.7: Optoelectronic Tester
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The optoelectronic tester is shown in Figure 2.7. A Schwartz SEO tunable

Ti:sapphire laser pumped with a Coherent argon laser is used as the source. The

wavelength is tuned ta the operation wavelength of the MQW diodes which is 850 nm.

The laser output is split into two paths as shawn in Figure 2.7. One path is modulated by a

UTP Mach-Zehnder amplitude modulator [2.19]. In the other path, Risley steerers (two

glass wedges) are used ta position one beam with respect to the other. Bath beams are

focused on the device plane of a 4f system with a 25 and 50mm lens. This choice of lens

yields the desired spot size on the device plane. The 4f relay theoretically provides a spot

dïameter, 2 COo of 10.2 Jl.m. However due to optical aberrations and misalignment the

measured diameter is approximately 20JllI1. However this spot diameter still results in more

than 99% of power coupling into the detector. The spot size is measured with a Merchantek

PC-Beamscope Profiler with a series 3 probe style head. Table 2.4 shows the results of the

spot diameter (e_2 power) 2 coo, the Gaussian fit and standard deviation for 34 samples al

various optical powers for an X and a Y scan.

Power (mW) Gaussian Fit (%) Diameter (Jl1ll) Standard Deviation
1 96.2 17.85 0.23
2 96.4 18.06 0.14
3 96.4 18.57 0.21
4 96.4 18.79 0.24
5 96.0 18.92 0.31

Ca)

Power (mW) Gaussian Fit (%) Diameter (J.l.ffi) Standard Deviation
1 96.6 17.88 0.06
2 96.3 18.03 0.07
3 96.4 18.54 0.05
4 96.2 18.84 0.16
5 96.1 18.93 0.33

(b)

Table 2.4: Spot size of test beam Ca) X-scan (b) Y-scan

The UTP modulator has a fiber input and output. The maximum contrast ratio is measured

to be 14 dB for a bias voltage of 2.4V. The inherent insertion 10ss of the modulator is 4.6

dB C37%throughput) but there is only a 60% coupling efficiency which results in an overall

throughput of 20% of the input power.
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To view the device plane, a LED based illumination and a 4f imaging system is

incorporated into the set-up as shown in Figure 2.7. Off-the-shelves Spindler and Hoyer™

optomechanics are used to ho!d the optics and defme the optical axis.

The UTP madulator has a 3dB bandwidth of 12GHz [2.19]. It is driven by a

HP80000 digital data generator which has a 150psec risetime. Test bit patterns cao thus he

provided. The risetime of the modulated input is characterized with an Antel ARX-SA

avalanche photodetector. This fast detector is incorporated in the tester ta provide a

continuous monitor of the modulated beam as shown in Figure 2.7. The detector and its

sampling head have a risetime of210 psec and 7 psec, respectively. The measured risetime

is 289.4 psec as shown in Figure 2.8. Decanvolving the detector and sampling head

risetime, the risetime of the modulated beam is found to he 200 psec. Eye diagrams are also

obtained and a typical eye is shown in Figure 2.9. This eye cao he used as a baseline to

quantitatively compare the performance of different receivers.

1 nsec 1div

Figure 2.8: Tester Uncanvolved Risetime (289.4 psec)

200 psec f div

Figure 2.9:Tester Eye Diagram (unconvolved) .
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Table 2.5 summarizes the characteristics of the tester. It provides a high-speed

optical input with a good contrast ratio to the receiver under test. The power available to the

receiver under test is limited by the maximum input power allowed by the modulator. An

alternative way to provide a differential input is currently being pursued. In that tester, two

lasers are used and can he modulated independently. The optics in that set-up are packaged

with custom optomechanics into a permanent laboratory set-up.

Power (mW)
7

Contrast Ratio (dB)
14

Risetime ( sec)
200

•

Table 2.S: Summary of tester characteristics

2.4 Characterization Results

The characterization of the transceiver array is now described, and the validity of

the model is experimentally verified. The FET-SEED transceiver circuits are wire bonded

into high speed multilayer ceramic Quad Flat Packages (QFP) capable of carrying forty

signals with 2: 1 signal-to-ground ratios. These packages are further integrated enta PCBs

using a pressure based, solderless disconnect which had SO ohm impedance matching

capabilities. By appropriately tuning the package to board impedance, these QFPIPCB

packages were capable of supporting forty, 3 GHz signal lines. In order to verify the

bandwidth properties of these packages, network analyzer measurements were conducted

on the assemblies. The 3 dB point of the QFPIPCB assembly was measured ta be greater

than 3 GHz, with a 0.1 dB transmission 10ss over the S KHz - 100 WIz range. AlI optical

and electrical measurements of the FET-SEED electronics described in the following

sections are performed on devices packaged at the PCB level using tbese assemblies. The

receivers are characterized with the tester described in the previous section.

2.4.1 Characterization of the Receiver Array

The optical properties of the detector is measured using an 8S0 nm source, the "'1
operating point for these SEED structures. Figure 2.4 shows a plot of the typical diode

responsivities versus voltage at 8S0 nm. The detectors had a responsivity of 0.5 A/W. Both

optical and electrical, high frequency receiver circuit measurements are performed, and

compared to predicted performance. In the case of the optical measurements, the

optoelectronic tester described in the previous section is used ta measure the rise and fall
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The high frequency electrical measurements could he accomplished owing to the

fact that the devices were packaged using high bandwidth signal lines for OC biasing.

Using a bias tee, the clamping diodes could be biased to their optimum operating point, and

then either digital or analog signaIs could be applied to the input transistor of the tbree stage

amplifier. Because all the clamping diodes on the die are electrically tied to two inputs (one

for +VcI and one for -Vcl)' the measurement results described below represent a response of

the entire 16 element array being driven simultaneously (not including the power FETs).

Digital measurements are performed by modulating the circuit input using a 150 psec

risetime source, and measuring the output using a digitizing scope. Figure 2.12 the

eXPerimentai set-up for all the electrical measurements, and a plot of a typical measured

response (dashed line), yielding a cise time of 2.87 nsee for a circuit biased to an optimum

operating point. The correlation between the optical and electrical measurements is very

good. They agree on a response time of the amplifier of around 2.7nsee.
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Figure 2.12: Receiver al1-electrical measurements

S-parameter measurements on the anay are aIso performed using a 5 kHz - 3.0 GHz

network analyzer. In order to de-embed the circuit performance from the eombined circuit

plus package performance, the network analyzer was calibrated using a modified QFPIPCB

calibration package. The calibration package contained a SG-Ohm termination, a short

circuit tennination, an open circuit termination, and a straight through connection. A

complete set of S-parameters is taken on five of the 16 channels, and this data is llsed to

caIculate the properties of the circuit including the current gain, ~l' In addition, the data is

used to measure the array uniformity. Figure 2.13a shows a plot of the measured circuit



•
27

current gain, Uzl for 5 of the channels. From these measurements, an average fe =440 Wfz

is found. The data oscillates over the fust 400 MHz. The oscillations are not due to

improper impedance matching to the network analyzer, the input and output impedances are

matched to 50 and 100 ohms respectively. Using the above models, the predicted ~[

(solid) is also shown in Figure 2.13b, with a predicted fe=691 MHz. As is expected based

on the above digital measurements, the agreement between measured and predicted fc is off

by a factor of approximately 1.57.

100 25 r---...--r-r-r--...----,
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Figure 2.13: Ca) Measured h21 values for 5 receivers and (b) model prediction

2.4.2 Characterization of the Modulator Array

High frequency measurements are performed on the transmitter circuits by applying

400 MBit/sec digital signals to the gate of the switching transistor. Individual optical beams

are used ta read out the state of the modulator pair, the reflected light being focused onto a

fast photodiode (lme =21 nsec) ta monitor the switching speed. For these measurements,

the 4x4 array is biased at VdIj = 7.3 volts and Vss grounded, and the incident power on the

transmitter modulators is 290 J..Lw. The 400 MBits/sec input signal is applied at three

voltages, 0.6, 1.0 and 2.0 volts peak-ta-peak. The experimentally measured cise times of

the 16 modulators in the array are shown in Figure 2.14a for the three different input

voltages. Figure 2.14b shows the bound of the risetime variations for the three input

voltage swing after deconvoluting the appropriate detector response. The variation in

risetimes across the array can he as much as +/-20% of the average value. From Figure

2.14, it can be seen that trise,ave =1.22 nsec, and tnse.ave = 0.84 nsec at Vg = 1.0 V, and 2.0

V, respectively. The 3 dB bandwidths, calculated using f3dB =2.2/2tnse, is found ta he f3dB

= 291 MHz, and f3dB = 432 rvfHz at Vg = 1.0 V, and 2.0 V, respectively, and the unity gain

bandwidth is determined ta be fo = 1.51 GHz, and fo = 2.04 GHz, assuming an output
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swing of 7 volts and input swing of Vg = 1.0 V and Vg = 2.0 V, respectively. These

measurements are in close agreement with values obtained by Lentine et al [2.20]. The rise

times presented in this paper are approximately 3 times larger than those of [2.20],

primarily due to the larger modulator size (25 x 25 Jl.IIl versus 10 x 10 J.lm). Using the

model described by Lentine et al., it can be shawn that the rise time is given by CVolDlffiT

(if photocurrent is ignored) where C is the total output capacitance, Vois the output voltage

across a MQW, and DlFEf is the difference in current between the load and switching

transistors as the output begins to change state. The capacitance in this experiment is

approximately 12 times greater due to the larger modulators, but the difference in current

was approximately 4 times larger owing ta the fact that the transistors are equally sized.

Combining these two differences, the cise time is expected ta he approximately 3 times

larger than [2.20], as measured.

RIse Time or 4x4 Pixel Anay
~V1n=O.6V

Rise 1'Ime or 4x4 Pixel Anar
~Vin=lV
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Figure 2.14: Risetimes versus input swing

This circuit is modeled using the device and interconnect models described in

section 2.1. Figure 2.15 shows both the experimenta1ly measured (solid) and modeled

(dashed) retlectivity change of a modulator driven at 1 GHz with 2.0 V peak-ta-peak drive



•
29

voltage. In addition to the electronics, we modeled the SEED devices with a current source

in parallel with a capacitance. The current source depended linearly on the optical power

thus the I-V characteristic could he descrihed using a simple look-up table [2.11], and the

capacitance was assumed to he O.115tF/JlI112 [2.12]. The transmitter is simulated with a

lOOJ.lW optical input on both modulators. Based on this model, the predicted rise rimes

where as follows: !ose = 1.14 nsec for Vg = 1.0 V, and tnse = 0.68 nsee for Vg =2.0 V.

Using these values, the following are found: a 3 dB bandwidth of f3dB =307 N1Hz and f3dB

= 515 MHz, and unity gain bandwidths offo = 1.53 GHz and fo = 1.65 for Vg = 1.0 V and

2.0 V respectively. As can he seen, these results are in good agreement with the

experimentally measured circuit rise times, 3 dB bandwidths, and unity gain bandwidths

cited above.
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Figure 2.15: Typical measured (solid) and modeled (dashed) reflectivity change

The array was aIso tested for electrical crosstalk in arder to measure the electrical

isolation hetween adjacent on-die trace lines. This measurement is performed by driving

one transmitter circuit and measuring the voltage crosstalk on the adjacent addressing trace

line. A 2.0 V square wave is applied to a transmitter, and this transmitter's nearest neighbor

input is monitored using a 50 ohm terminated digitizing seope. 20 mV spikes are induced

by these addressing signais. This voltage crossta1k is attributed to parasitie crosstalk in

adjacent signai lines. Similar measurement are performed on next-nearest neighboring

lines, but no detectable voltage crosstalk is found.
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Chapter 3: Epitaxy-on-Electronic
Transceivers

This chapter discusses the use of epitaxy-on-GaAs technology to design 2-D arrays

of optical transceivers. Epitaxy-on-(GaAs) Electronic (E-o-E) technology is a monolithic

technology developed at the Massachusset Institute of Technology (MIT) [3.1]. Unlike the

FET-SEED technology discussed in the previous chapter, the fabrication of the optical

devices and of the electronic devices accur aImost independently. GaAs/AlGaAs optical

devices are grown lattice matched on fully processed commercial VLSI GaAs fahricated at

Vitesse Semiconductor Corporation. Studies have shown that the degradation of the

electronic devices is minimal after the growth of the optical devices [3.2]. Thus commercial

VLSI GaAs is fully taken advantage of in the creation of VLSI optoelectronics. E-o-E VLSI

optoelectronics is produced in four steps [3.3]. The fIfst step involves the design of the

circuits and the definition of selected areas reserved for epitaxial growth. The second step is

the fabrication of the GaAs electronics at Vitesse, and the eteh of the selected areas to

expose the GaAs surface. Cuts are opened where selected in the overglass of the standard

Vitesse GaAs. The Vitesse process has a passivation etch to remove the top overglass

protective layer and a scribe line etch [3.4]. Both etches are used and an additional cleaning

etch is perfonned resulting in the exposure of the GaAs surface. These cuts are called

Dielectric Growth Wells or DGW [3.3]. During the third step, the epitaxiallayers are then

grown in the DGW. Materials are deposited everywhere on the chip by molecular beam

epitaxy (1vffiE). However, epi-Iayers are grown only in the DGW where they are seeded by

the GaAs surface. A polycrystalline material is deposited everywhere else (on the top of

overglass and bond pads). Finally, after a planarizing polycrystalline etch, the optical

devices are formed, and interconnection with electronic circuits are made.

The following devices can be grown in the DGWs [3.2]: light emitting diodes

(LEDs) [3.5], long wavelength (>870nm) metal-semiconductor-metal (MSM) detectors

(this is in addition to the shorter wavelength MSMs available on the standard Vitesse mn),

vertical-cavity surface-emiting lasers (VCSELs), and modulators. This potential flexibility

makes the E-o-E technology attractive for the design of VLSI optoelectronic systems. This

chapter focuses on the fust step, namely the design. It presents the design of E-o-E circuits

that may eventually be used in an optical interconnection system such as a backplane. The

details of the other steps can be found elsewhere [3.3].
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In this chapter test circuits designed for the OPTOCHIP [3.6] project are described.

In the next section, the OPTOCHIP project is described. In section 3.2, the design of

dynamic receivers is discussed, and compared with other GaAs receivers such as the diode­

clamped (discussed in chapter 2), and the TIA receiver. In section 3.3, the design of a

LED-based transmitter is presented. Finally, section 3.4 summarizes and concludes.

3.1 The Designs on OPTOCIDP

OPTOCHIP [3.6] is a multi-project chip that offers E-o-E optoelectronics to circuit

and system designers. The devices available to the designers are: E-o-E integrated LEDs,

Vitesse HGaAsIII standard process MSMs and OPFETs, and VLSI GaAs EJD MESFETs.

The OPTOCHIP is divided into nine user groups each receiving a 2mm.X2mm sub-chip for

optoelectronic circuit design. A sub-area is reserved for DGWs for characterization, and for

other cells for process control monitor. The following lists the projects which were

implemented [3.6]:

"Optoelectronic Neural Array"
Jean-Jacques P. Drolet and Demetri Psaltis
Califomia Institute of Technology, Pasadena, CA

"An OPTOCIflP for an Optoelectronic Connectionist Correlation Network"
Carl W. Wilmsen, Mahmood Azimî, Rick Snyder, and Eric Hayes
Colorado State University, Fort Collins, CO

IIIntegrated SourcelDetector Array for Free-space Optical Interconnection Prototype
Demonstration Systems"

Michael W. Haney, Marc P. Christensen, and Shaktish Acharya
George Mason University, Fairfax, VA

IIDynamic Smart Pixels for high-capacity backplanes"
Alain Shang and Frank Tooley
McGill University, Montreal, Canada

IIController Interface for a Distributed Ensemble of Remote Sensors"
Lily Cheng, Edward Kolesar, and Stephen Weis
Texas Christian University, Fort Worth, TX

"0ptoelectronic Error Diffusion Neural Network"
Barry L. Shoop, Eugene Ressler, Andre Sayles, James Loy,
Gergory Tait, Daniel C. Gray, Bryan S. Goda, and
James H. Wise
United States Military Academy, West Point, NY
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"Optical Multi-channel Interconnection Network Interface using Monolithic Optoelectronic
Integrated Circuits"

Timothy Pinkston
University of Southem Califomi~Los Angeles, CA

"Smart Pixel Array Systems for Parallel Data Processing"
Alexander A. Sawchuk and Charles Kuznia
University of Southem California, Los Angeles, CA

"Multiplicative Lateral Inhibition Neural Networks (NLINN)"
W. Randall Babbit
University ofWashington, Seattle, WA

The "Dynamic Smart Pixels for high-capacity backplanes" project is described here.

The goal of this project is to explore the suitability of E-o-E technology for the

implementation of large transceiver anays for a high throughput backplane system. Such a

system requires large 2-D arrays of digital transceivers which are efficiently and intimately

interfaced with in-situ digital processing electronics. The I/Os perform processing tasks

such as encoding/decoding, route multiplexing, control structures, A1M header

processing, communication protocol handling and 50 on. Smart detectors and circuitry that

implements aIignment strategies can aIso be introduced into the 'smart pixel' (see Chapter

4). The scalability of the array is an important issue for the implementation of large cross­

section bandwidth systems. The sensitivity and electrical power consumption of these

interconnects are usually traded off. For moderate sensitivities (1-10's of J.1W), the major

impediment to scalability becomes power consumption. Therefore it is important to reduce

the electrical power consumption of transceivers. Low-power receivers and associated

circuits have been designed for the OPTOCHIP.
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Figure 3.1: Photomicrograph of the OPTOCHIP (sub-chip)

An array of receivers and transmitters, and six test circuits are designed.

Figure 3.1 shows the sub-chip. The test cells indude !Wo designs of dynamic receivers, a

dock driver, !Wo designs of transimpedance amplifier (TIA) receiver, and one of a LED

driver. The dynamic and TIA receiver cells are layed out in two ways: 1) electrical IN and

OUT (see for example Figure 3.2), and 2) optical IN and electrical OUT (see for example

Figure 3.3). The power supply pads are not shown in Figure 3.2 and Figure 3.3. The

opticai input is provided by a 20flIDX20JlII1 MSM as shown in Figure 3.3. Such layouts

enable the full testing and characterization of the receiver both electrically and

optoelectronically. The IN and our pads are 100f..unXl00j.lm and they are each lS0J.LID

apart from a ground pad. This pitch is chosen to match that of a CASCADETM high-speed

probe with signaIlground pitched at 150lJ.m. The power is supplied to each œil

independently. Power and ground pad exist for each test ceIl. Integrated MSM

photodetectors serve as the opticaI inputs. Off-ehip photodetectors cao aIso be wirebonded

to the IN pad.
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GND
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Figure 3.2: All-Electrical Cell

OUTto Vguard

to Vdet .IIt::a.I..... lS01J.l11

GND
Figure 3.3: Opto-Electronic Cell

•
In addition, a receiver and a transmitter array are designed:

1) A 2X2 MSM array is pitched at 90Jlm. The MSMs are20~O~. The TIA receivers

are each followed by a SBFL driver that can drive a few femtofarads of capacitive load.
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2) A 2X2 LED array is pitched at 90JlID. to match that of the receiver. The driver consists of

a switch FET connected in series with the LED.

The layaut of these arrays are shawn in Figure 3.4 and in Figure 3.5, respectively. The

LEDs and MSM are designed to implement a clustered interconnect. In the following

sections the design of the test receivers and transmitters are discussed.

OUT!

OUT3

Figure 3.4: MSM array

OUT2

OUT4

•

!Nl

IN3

Figure 3.5: LED array
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3.2 GaAs Receiver

The receiver provides amplification and serves as an interface between the optically

encoded data and a GaAs digitallogic such as DCFL [3.7] or BFL [3.7]. The optical signal

is converted ioto a photocurrent by the detector, and fed into the input of the receiver which

converts the photocurrent into a voltage, and amplifies it. In this section the design of a

MSM photodetector is discussed. Following that, three receivers are presented. The

discussion of the receiver mainly focuses on the power consumption. Power consumption

is important for two main reasons: 1) it is key for array scalability and 2) it has been one of

the major drawbacks of GaAs receivers [3.7].

3.2.1 M8M Detectors

Optical FETs (OPFETs) can he used as a high-gain (e.g. sensitivity of 2000A/W)

detector. However this bandwidth is very low (few KHz bandwidth [3.3]). Since speed is

very important for a backplane receiver, metal-semiconductor-metaI (MSM) photodetectors

are preferred since they are typically high-speed. The MSM is fahricated with the standard

Vitesse process steps (GaAs/AlGaAs) and it is sensitive to wavelengttt5;880nm (the

bandgap of GaAs -870nm). It is made by interdigitating two sets of metal fingers to form

Schottky-barrier contacts to the underlying GaAs. The finger widths and spacings are

optimized for light collection efficiency and responsivity. To maximize the light collection

efficiency, the fmgers are typically narrow. The metal electrodes are not transparent

although sorne transparent [3.8] and semi-transparent [3.9] fingers have been proposed.

On the other hand, to increase the responsivity and lower the bias voltage of the device, the

fmgers are closely spaced to yield a high E-field between fingers. For semi-insulating

GaAs, a low bias (2V) can fully deplete the regions between the fingers. For the Vitesse

HGaAsIII process, all active areas receive an ion implantation. Consequently a lùgher bias

(-SV) is required ta deplete the regions between the fingers. An additional mask step could

shield the MSMs from the implantation [3.10]. This mask was not available at the time of

the design.

Concurrently, the fmger widths and spacings are designed to optirnize the 3dB

bandwidth which is given by

1

2n:~i; + (RCl
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where ln- is the transit time across the fmgers and RC is the Re time constant of the MSM

structure. To optimize the bandwidth, both the transit and the RC time need to he reduced

together [3.11]. If the fingerwidth is too small, the structure becomes highly resistive, and

the bandwidth suffers. On the other hand, decreasing the spacing reduces the transit time,

~ but increases the capacitance, C and decreases the bandwidth.

The MSM used for the receivers has seven 1.2Jlm wide fmgers with a 1.6Jlffi

spacing covering an active area of 20J.unX21.2J...lID.. This fabricated device has a low

parasitic capacitance of 0.1 to 0.2tF, a dark current of <100nA, a good quantum efficiency

of 35-40%, and a sensitivity of 0.27-0.37 NW for wavelength < 870nm. Although MSMs

can have high-responsivity, a good percentage of the active area is covered by the metal

fingers. In this design example about 40% of the active area is hidden by the fmgers. The

risetime (delay) due to the MSM is shorter than 0.3 nsec [3.12]. A guard ring surrounds

the MSM to isolate it from the rest of the chip, and protect it from backgating [3.3,3.7].

3.2.2 DCFL Receiver

The main drawback of the BFL diode-clamped receiver discussed in the previous

chapter is its high power consumption. Receivers which consume a lower power have been

proposed, an example can he found in the DCFL resistive load receiver [3.13]. Power

consumption (and incidentally the area consumption) is lcwer when using DCFL rather

than BFL [3.7]. However their sensitivity is generally not as good as a diode-clarnped

receiver. A receiver with a better sensitivity can be found in the transimpedance arnplifier­

based (TIA) receiver. The design of a TIA is described in section 3.2.4. Its power

consumption is comparable to the resistive load receiver. To achieve a high-speed (i.e. nsec

and sub-nsec response), MSMs are used. A clocked DCFL receiver with a MSM at its

input is proposed here. Figure 3.6 shows the receiver topology. Ml is an EFET, and M2

and M3 are DFETs. A clock signal is used ta reset the gate of Ml at every dock cycle in a

way similar ta AROEBICS receivers [3.14]. The input impedance of this receiver, like the

diode-clamped one, is very high when CLK2 is low 0vI3 is off). During that time, the

photocurrent provided by the MSM charges the gate capacitance to a voltage that switches

the input EFET Ml. When CLK2 is high, M3 is on and the gate of Ml is grounded. The

timing diagram for this receiver is shown in Figure 3.7. This is to he contrasted with the

resistive load receiver where the input resistance is much lower, or with the TIA which has



•
41

an impedance value in between the resistive load and the high-impedance receivers. Usually

a high-impedance front-end requires equalization [3.15] to achieve a high bandwidth. In the

case of the diode-clamped and clocked DCFL receiver~ bandwidth is achieved by limiting

the input voltage rather than using area and power hungry equalization ftIters. Instead of

using diode-clamps to limit the input voltage, the clocked DCFL receiver limits the voltage

by shorting at every clock cycle the input node to ground using a pass transistor M3 (see

Figure 3.7).

Vdet

CLIO

M2
DCFL

'-----~---OUT

Figure 3.6: Clocked DCFL receiver

DATA

\ data valid / reset \ / L
N N

Figure 3.7: Timing diagram of DCFL receiver

•
The diode-clamped and the dynamic receiver achieve high sensitivity using the attribute of

an integrating input node. The sensitivity of a diode-clamped receiver can he adjusted with

the diode-clamp biases. They properly bias the input voltage swing with respect ta the

amplifier switching point~ and control the input voltage bias point and its swing. Similarly

the clock signal in the clocked DCFL receiver ensures that the voltage swing at the input
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gate of M 1 is retumed to ground at each clock cycle, and that the swing is limited. Thus the

clocked DCFL receiver bas a similar (and even for sorne case lower) sensitivity compared

to that of the BFL diode-elamped receiver. In general, there is a sensitivity dependence on

bit rate or speed due the finite time to (dis)charge the input node capacitance.

The clocked DCFL receiver consumes a low power which is sirnilar to that of the

DCFL resistive load receiver. The DCFL clocked receiver is more compact than the diode­

clarnped receiver due to the absence of diodes. The area can be as small as lOOO~.lm? with a

GaAs technology compared ta 4480JlII12 for a FET-SEED diode-elamped receiver. The

overhead of the clock is mitigated if the same clock (or an easily derived one) can he used

to ron the digital electronics. The other drawback of a clocked receiver is the reduction in

bit rate caused by assigning a portion of each clock cycle ta reset the voltage at the input

node. In general, aIl clocked receivers bave this drawback (see next section on dynamic

receivers, and the cUITent-mode sense amplifier based receiver in Chapter 4). A simulation

of the clocked DCFL receiver at 50Mb/s is shown in Fig.3.8. The output (solid line in

Figure 3.8) is resetted at each clock cycle to -IV. The input bit is always 'high' and the

output of the receiver is pulled to 'low'. The power consumption is O.45mW. The

sensitivity is 40JlW at a speed of 155Mb/s.
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Figure 3.8: Simulation of the clocked DCFL receiver Ca) Input data (b) Received data (solid

line) and clock Cdashed)

3.2.3 GaAs Dynamic Receivers

Although the receivers discussed above consume an electrical power 3 to 6 tirnes

less than that of the diode-clamped receiver , the power consumption can still be prohibitive

for a large array Ce.g. 32X32). The main contributor to the electrical power consumption is

the static flow of current in the analog front-end and in the GaAs digital static logic gates.

The alternative to static GaAs logic is dynamic logic. For example two..phase Dynamic PET

Logic (TDFL) [3.16], differential Pass-Transistor Logic (DPTL) [3.17], or domino logic

[3.18] have been used ta design law-power VLSI digital circuitry. Sorne GaAs dynamic

logic familles consume 10 times less power than their static counterparts, and O.8JlID

linewidth, SV CMOS [3.16].

•
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•

Figure 3.9: Dynamic (clocked) receiver

Here dynamic (clocked) receivers are proposed in order to eliminate the static

power dissipation in the analog front-end. The dynamic receiver consumes less power and

less area than their static counterparts. Figure 3.9 shows a design inspired by a TDFL

gate. The front-end is similar to the receiver discussed in the 3.2.1. However the receiver

instead of using a DCFL gate uses a TDFL gate. The TDFL receiver works as follows.

Clocks CLK1 and CLK2 are 180 degrees out of phase. Consider the receiver front-end of

Figure 3.9. The DFET have a threshold voltage of -1.1V and the EFET of +0.05V. When

the CLK1 is high, CLK2 is low and Ml and M4 conducts. M3 is off, cutting the path to

ground. MS in the second stage is also off and it isolates the fust from the second stage.

The output of the receiver at node Dis charged up to about Vdd• Nodes A and B in the

meantime are charged to about O.SV (the barrier potential) if there is photocurrent, or kept

at OV if there is no photocurrent. Node A has been discharged to ground in the preceding

dock cycle when CL.K2 was high. Now when CLKI goes low, CLK2 goes high and M3

and MS conduct. If node B had been charged high when CLKI was high then M2

conducts, and the output at D is discharged. On the other hand if node B had been low,

then M2 is off and the output remains high. Note however that the high is determined by

the gate-to-source conduction of the EFET of the next stage, M6. This potential is about
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0.5V. Charge sharing between node C and E also plays a role in determining this voltage

[3.16].

Since dynamic receivers store charges on isolated circuit nodes, the design of nodal

capacitance becomes a key issue in dYnamic designs. When the node D is charged up to

high, a charge Qo=CoV dd is brought ante that node. When CLK1 becomes low and CLK2

high, this charge is shared by node e and E. So that the voltage becomes

(3. 1)

where Ci is the capacitance at node i, and Cgs.\16 is the gate-ta-source capacitance (of the

Schottky barrier). Assuming that there is no gate diode leakage, a high is close to V dd if and

only if:

(3.2)

However the final potential is determined by the charge leakage through M6, and settles at

about 0.5 or 0.6 volts. It is important to maximize the voltage swing as much as possible.

The larger the input voltage swing is, the lower the drain-ta-source resistance of the input

EFET M6 thus decreasing the Re time of the second stage. A large EFET width suggests a

short discharge Re time for the ouput node D, while charge sharing concerns suggest a

narrow width EFET. If the capacitive load at node D is large, charge sharing is not an

issue, and a large EFET can be used ta minimize the RC discharging time. Charge sharing

will become an issue for a certain EFET width. The charging DFETs M4 (and M8) are

minimum size but may he larger for large output loads.

Another design issue is raised by the capacitive coupling between the clocks and the

isolated nodes of the gate (e.g. node B). When node B has been charged ta O.5V and

CLKI goes low, a displacement CUITent through the capacitance existing between node B

and node CLKI produces a voltage drop on B. To minimize this drop, the input pass

transistor Ml is minimum sized ta decrease the coupling capacitance between node B and
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CLKL On the other hand, when node B is discharged and CLKI goes low, the

displacement current pulls the potential at B below OV. This reduces the subthreshold

CUITent in M2 and turns it off compieteIy.

To operate the receiver, two clocles need to be generated. A two-phase optical dock

driver is designed to drive a 200fF capacitive load. This driver can supply clock signals to

40 receivers each loading the dock driver with a characteristic minimum gate capacitance of

SfF. The dock is generated optically and the driver generates the two phases for the

operation of the dynamic receiver. The clock driver consists of a UA receiver at the front­

end followed by cross-coupled NOR gares and a buffer that drives the fanout load to all the

receivers. The design is shown in Figure 3.10. The bias rail Vdd=OV and Vss=-1.5V. The

biasing is chosen according to the DFET pass transistor threshold which is -1.1V. The TIA

is the same design as described below. DCFL is used to design the cross-coupled NOR

gate which generates the two complementary phases, CLKI and CLK2. The SBFL [3.7]

or a BDCFL [3.4, 3.7] driver cao he used for driving large capacitive loads. For this

design, a SBFL driver is modified slightly to pull the output up to V dd. The modification

involves replacing the pull-up EFET in the second stage of the SBFL driver by a DFET. A

simulation of the optical dock driver with modified SBFL drivers is shown at SOOMb/s in

Figure 3.11. The power consumption is about ImW. There is in fact a power overhead of

about 25p.W per TDFL receiver. The effect of this overhead can be amortized if this dock

can be shared with the VLSI digitallogic dockCs).
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Figure 3.10: Ca) Optical dock generator (b) Output buffer.
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Figure 3.11: Simulation of optical dock generator (a) opticaI clock signal Ch) electrical

output (two phases)

Figure 3.12: Photomicrograph of the dynamic receiver
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A fahricated one-stage dynamic receiver is shown in Figure 3.12. The MSM on the left of

the photograph has an area of 20J.UDX20JlID., and a capacitance of ....50fF. The area of the

receiver is 47J.UDX47flIl1. A simulation of the TDFL receiver at 50Mb/s is shown in Figure

3.13. The power consumption is ooly due to switching and it is 40J.LW at 155 Mb/s. The

sensitivity at that speed is around 5f..lW.
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Figure 3.13: Simulation of the dynamic receiver (a) input (b) 2 phase-clock Cc) output

3.2.4 TIA Receivers

A transimpedance amplifier (UA) is used to provide a wider bandwidth and

dynamic range than an integrating front-end [3.15]. It aIso bas a good sensitivity. However

the TIA consumes more e1ectrical power than the dynamic receivers.

Vdet

DCFL
L-....-4II"-- OUT

•
Figure 3.14: GaAs TIA

This section presents a high-sensitivity TIA. The TIA design is shown in Figure

3.14 (Vdd=lV). The fabricated receiver is shawn in
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Figure 3.15. The width to gate length ratio (WIL) of DFETs M4, M6, and M8 are 2J.UI1 /

2J.UI1. The WIL for the EFETs MS, M7, and M9 are lOJlIl1 / IJ.Lm. The EFET M3 and

DFET M2 have W!L=14J.LIIL'1J.UIl, and 4flIll/2Jlm, respectively. The TIA has an active

feedhack in a EFET2~wide with a 2JlIIl gate length. The total layout area of the TIA is

about 30J1IIlX70Jl1D.. The bias at the gate permits the tuning of the transimpedance ta sorne

extent. Sïnce there is not space for a sophisticated AGC circuitry, the active feedhack

provides enough dynamic range when used with a controlled optical source. The layout is

extracted and simulated. The results of the simulation is shown in Figure 3. 16

demonstrating 500Mb/s operation. At 155Mb/s, the power consumption for this receiver is

about 600JlW and the sensitivity at this rate is 5JlA of photocurrent.

Figure 3.15: Photomicrograph ofTIA-based receiver
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3.3 LED based transmitters

LEDs are grown in 50Jl1llX50J..Lffi DGWs. A fabricated LED is shawn in Figure

3.17. The actual size of the device is slightly smaller. WT provides the 'optical bond pads'

[3.6] which can he dropped in anywhere in the layout. The only additional design rule ta

the Vitesse rules [3.4] specifies that nothing can he less than 5 J.lID. away from the DGW

[3.12]. The LED is a GaAslInGaP double hetrostructure [3.2]. The emission cornes from

spontaneous emission in the GaAs core. The bandgap of GaAs is 1.42eV which

corresponds ta a 873nm emission wavelength. The LED spectrum is shown in Figure

3.18.

Figure 3.17: Fabricated LED
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The I-V characteristic is shown in Figure 3.19. For simulation purposes, the LED I-V

characteristics can he modelled by a resistor in series with a OC turn-on voltage. It is

deduced from Figure 3.19 that the tum-on voltage is 1.2V and the resistance is about

1ooQ-1400. A wider ohmic contact to the LED makes the "tum-on" sharper because of a

lower resistance. The LED used here has a 3JlII1 wide ohmic contact [3.12]. Sînce the LED
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can he voltage or current driven~ it is instructive to consider the LED~s L-I and L-V curves.

These are shawn respectively in Figure 3.20a and b.
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The power efficiency as a function of voltage and current is shown in Figure 3.21 .

The efficiency is optimum for a drive current of 3.9mA or a voltage of 2.1V. The power

consumption corresponding to the drive current and voltage is shawn in Figure 3.22. For

the optimum efficiency (Le. 0.148%), the power consumption is 8.3 mW, and the optical

power is 12.3Jl.W. This optical power is however too little since optical power in excess of

the receiver sensitivity (1-l0s of Jl.W) is required to compensate for the optical interconnect

and the misalignment losses. The power consumption of these transmitters do not compare

favorably with modulator-based ones (see Chapter 4). The average on-ehip electrical power

consumption of a transmitter based on a quantum confined stark effect modulator is

-lmW/Gb/s [3.19]. Thus, the low efficiency of this LED makes the implementation of

large arrays difficult. Furthermore the Lambertian beam divergence complicates the

collection of light and may introduce optical crosstalk in dense arrays. These LEDs may

find a application in a single point-to-point link with a small optical losses and a high­

sensitivity receiver.
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Figure 3.22: LED eiectricai power dissipation

A digital driver is shown Figure 3.23. It consists of a pull-down EFET which swiches the

LED on and off. A simulation ofthis driver is shown in Figure 3.24.

•

IN IN

Figure 3.23: LED driver(s)
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3.4 Conclusions

To conclude, the clock dynamic receivers can reduce the power dissipation

significantly of each receiver in the array. The clock that is needed for the operation of these

receivers is a small overhead. Its sensitivity is high, second only ta the TIA receiver.

Moreover this receiver is compact. In non-feedback receivers, the sensitivity cornes with

the integrating front-end. The reduction in electrical power consumption is achieved by

using lower power gate families such as DCFL, and by using a dynamic approach cutting

the static current path to ground. In the TIA, the sensitivity is improved over all the non­

feedback ones. Table 3.1 summarizes the receivers key characteristics for backplane

applications. AlI receivers have a bandwidth which allows them ta operate at moderate bit

rates (100's Mb/s ta Gb/s). The bandwidth is quite high for all of them due to their

simplicity. The bandwidth is higbest for the low-impedance resistive load receiver. The

bandwidth of the TIA is next highest. The other receivers are high-impedance and

consequently a small bandwidth is expected if no equalization is provided. However the

diode clamps and the clock allows the receiver to operate at a speed comparable to the two

previous receivers, and without equalization. In terms of sensitivities, the highest

sensitivity receiver are the high-impedance receivers (diode-elamped, clocked and dynamic

DCFL) and the lowest is the low-impedance resistive load receiver. The TIA normally has

a sensitivity between the high and the low impedance front-end. Because the high­

impedance receiver limits their voltage at the input, the sensitivity is not as high as it would

be for a normal high-impedance front-end. It turns out that they are lower than the TIA.

GaAs Receiver Power Sensitivity Area
Consomption

(mW) (JlW) (Jlm2
)

Resistive Load 0.5 94 1280
(DCFL) [3.13]
Diode-Clamped 2.8 66 4480
(BFL)
Clocked DCFL 0.45 40 1000
Dynamic TDFL 0.04 10 2209
TIA 0.6 5 2100

Table 3.1: GaAs receiver comparison for a bit rate of 155 Mb/s .

The LED output optical power is too low and its electrlcal power consumption too

high for reliable application for a backplane. Furthermore its wide beam divergence makes
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the collection and focusing of emitted light difficu1t, and crosstalk is too high. A higher

optical power LED would be desirable, and integrated VCSEL with a low threshold would

he ideal for the application considered here.

The chip has been designed with testing in mind. The test cells can be easily probed

and characterized electrically and optically. Wirebond pads have been used to attaeh

photodetectors to their receiver or LEDs to their driver. Pads have also been used to take

the high-speed signal on and off the chip. Typically these pads rather than the VLSI

transceivers willlimit the operating speed if on-board or inter-chip signal communication is

needed.
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Chapter 4: Hybrid Optoelectronic CMOS

Transceivers

In this chapter, the design of VLSI optical IIOs using GaAs Optoelectrorncs-onto­

CMOS is presented. The technology employed consists of a flip-chip attach of p-i(MQW)-n

diodes (reflective mode) to CMOS circuitry with a subsequent removal of the GaAs

substrate [4.1]. This technology takes advantage of the law-power and the high density of

CMOS, and the mature flip-chip (C4 attaeh) technology. Being a hybrid technology, the

design of the optoelectronic devices can be optimized independently from the electronic

circuitry. These characteristics of the technology help, with appropriate transceiver design,

to implement the large 2-D arrays of optical J/O required by the high-eapacity interconnect

systems.

This chapter focuses on circuit techniques, and on electronics to achieve a larger

alignment tolerance for the interconnect. To do so, this chapter proposes the use of

oversized detectors with current-mode receivers, and misalignment arrays which reroute the

misaligned optical data stream. It introduces a generalized detector buffering teclmique for

VLSI receivers. It aIso proposes techniques to improve the dynamic range of VLSI

receivers.

This chapter is divided into two parts. Sections 4.1-4.7 discuss the receiver design,

while section 4.8 discusses the transmitter design. In the next section, optical VLSI

receivers design is briefly reviewed. In section 4.2, the concept of a current-mode receiver

is introduced. Section 4.3 analyzes a particular implementation of a current-mode receiver:

the current-conveyor-based receiver. In section 4.4, the buffering of optical VLSI receivers

is discussed. Section 4.5 discusses another implementation of a current-mode receiver: the

cUITent-mode sense amplifier. Section 4.6 presents the implementation of an aIignment

tolerant array. Section 4.7 discusses the advantage of differential schemes, and introduces

the time-differential receiver. In the Iast section modulator drivers are discussed.
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4.1 OpticaI VLSI Receivers

A typical receiver has one of the three front-ends shown in Figure 4.1. These

topologies have been diseussed in the context of long-haul fiber optic preamplifiers [4.2].

Here these are considered for VLSI receivers for large and dense arrays of on-chip optical

inputs and outputs. These voltage-mode front-ends conv~rt the optical power, LlPopt into a

voltage signal, 11V according to:

(4. 1)

where S is the photodetector responsivity and R the input impedance. The dominant pole of

the voltage-mode receiver is at its input oode and limits its response time. Ta the frrst arder,

the respoose time associated with these structures is giveo by

dt ex ~VC =RC
StiPopr

(4.2)

In the case of the transimpedance amplifier (fIA),the bandwidth is proportional to the

feedforward gain, A, and is given by -- A + 1 where C the total capacitance. Electrical
21rRC

power is dissipated mainly in the load, R in the case of the high and low impedance

receiver. Statie power due ta bias curreot dominates in a TIA.

•
.--- ilV tlV

Transimpedance

Figure 4.1: Voltage-mode front-ends

highR

!1V
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An amplifier is designed ta increase the optical sensitivity of the receiver. There are

two main categories of amplifier suitable for optical VLSI receivers: 1) asynchronous linear

amplifiers and 2) synchronous sense amplifiers [4.3,4.4].

1) The analog amplifier brings 8 V to the digital rail. It effectively acts as a digital

thresholder. It is implemented with a string of properly sized inverters.

2) The receiver based on a sense amplifier is by nature optically and electricaIly differential.

Rowever it can be operated in a single-ended fashion if an optical or electrical reference is

provided. Moreover, it uses a dock to increase its sensitivity. It determines the time to

sense (data valid) and the time ta reset (data not valid). During data valid, the input is

regenerated to the digital rails through positive feedback. Rence, the electrical power

consumption is typically low and the area smaIl. The bit rate, however, is reduced by the

time required during each period to reset the sense amplifier.

4.2 Current-Mode Receivers

The alignability of the optical inputs is an important system issue. Many optical

methods exist to improve the alignability of the interconnect [4.5]. On the other hand,

electronic solutions can alleviate the problems of optics just like optics alleviates the

problems of electronics [4.6]. This thesis introduces current-mode techniques to alleviate

this problem. Normally, the input capacitance of the receivers should he minimized. This

means that the detectors area needs to he inconveniently small, and bence the detectors are

difficult to align ta incoming signais. Oversizing the detecting or active area would he

accompanied by an increase in the input capacitance. A 700 nm thick MQW PIN diode has

a capacitance of 0.11 fFl J.1m2
• A 20 J.1I11 square detector therefore has a capacitance of

around 50 fF. An additional capacitance of around 20 fF is introduced into the input stage

of a receiver through the flip-ehip process [4.7]. A larger input capacitance leads to a

decrease in bandwidth and sensitivity, and an increase in power consumption. This

problem can he solved with a judicious circuit design.

By limiting the voltage swing at the input of the receiver, oversized detectors may

be used without any detrimental effect to the receiver speed, sensitivity and power



•

•

67

consumption. The diode clamped receiver discussed in Chapter 2 is an example of how a

limited voltage swing enbances performance. More examples are considered in this chapter.

When the voltage swing is eliminated, current rather than voltage is used for signalling.

Such designs are termed current-mode [4.8]. The current-mode circuit (CMC) input

impedance, Ris designedto he ideally zero (in practice very low). Voltage swings, IiVare

thus eliminated (reduced) at the high-capacitance input node. The response time therefore

tends to zero as the input impedance is reduced because the time associated with charging

and discharging the input capacitance is eliminated. In fact, current-mode approaches have

been used in the design of high-speed amplifiers [4.9]. Moreover, the current-mode front­

end (CMFE) sensitivity is increased and power consumption reduced when R and liV goes

to zero to achieve a true I-mode operation. Table 4.1 shows the dependence of sensitivity,

response tîme, and power on C for voltage-mode (V-mode) and current-mode CI-mode)

front-ends (B is the bit rate). Thus the detector area can be increased ta be whatever is

convenient ta capture all the signal light even in the presence of large misalignment and

poor optical quality components. The detector area may be limited only by optical crosstalk:

considerations.

V-mode I-mode

Optical -IiVBClS -MIS
Sensitivty -LlV/SR

Response aRC independent
Time ofC as R->O

Electrical Iiva BC+ 0+ static
Power static

Table 4.1: A comparison between Cunent and Voltage-mode

The proposed receiver configuration consists of a cUITent-mode front-end (C1v1FE) which is

followed by a current-to-voltage (I-V) converter as shown in Figure 4.2. The I-V converter

provides a digitallogic output. The CMFE consists of a photodetection device connected to

a current-mode circuit (CMC). The CMC amplifies directly the input photocurrent rather

than converting it to a voltage fIfst (as is the case for the receivers discussed previously).

Voltages are created incidentally but are not used as the processing variable. In the

proposed configuration, the current out of the CMC is converted to a voltage since most
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digital 10gic are voltage-mode. The purpose of the C:rvrFE is to buffer the high input

capacitance from the low-capacitance digital node.

Optical Signal

IN+
Photodetector

OUT

Clow

lour Current.to.voltage
converter 1 I---~~I

Digital thresholder
Current·Mode
Circuit (CMC)

L-- ---a T "--_~-_..."

fphoto

T
Chigh

CLOCK

Current·Mode Front-End
(CMFE)

Figure 4.2: Proposed VLSI receiver configuration

The performance of the proposed receiver is therefore independent of the input

capacitance. This characteristic introduces design freedom:

1) It enables an increase in the photodetector active area without a 10ss ln receiver

performance. Larger areas ease the design of the optics and the alignment of the optical

interconnect as discussed above.

2) A photodetector can also he placed distant from its receiver without a penalty being

incurred due to an increase in the input capacitance due to the line between the detector and

its receiver. This kind of detector placement is used for a clustered pixel configuration

[4.10).

3) Large electrical fan-in from multiple optical inputs [4.11] can be implemented with a

CNfFE.

•
Another advantage of a C1.1FE is that its perfonnance is Qot as quickly degraded

when the voltage supply is scaled down. This is true as long as all the transistors are biased

in their saturation region. For example, a law-voltage current-mode sense amplifier has

been demonstrated for a RAM design. Scaling the voltage down is advantageous for low­

power operation [4.12].
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This chapter discusses the design and implementation of two receivers with a

CMFE. The tIfSt receiver uses a push-pull current conveyor (CCI) as its CMC. The second

is based on an inherently current-mode sense amplifier (CMSA). Topologically,

photocurrent is fed into the low resistance drain or source of the FET rather than into its

high input resistance gate hence reducing the input impedance.

4.3 Current-Conveyor based receiver

The current conveyor-based receiver is now examined. The current-mode circuit

(CMC) for this receiver is a current conveyor (CC). The ideal current conveyor [4.13]

conveys with a unity gain an input photocurrent to its output (which is the input node of the

I-V converter in Figure 4.2). An ideal current conveyor of the type CCI is schematically

defmed in Figure 4.3. In this figure, the IV characteristic of the single ellipse element

(called a nullator) is V=O and 1=0. The double ellipse (called a norator) has an arbitrary I-V

relationship (that is, the current and voltage are independent). Thus the following

relationships hold:

Iy=Ix=I

Vx=Vy

Iz=±I

The subscripts refer to the labelled node in Figure 4.3. A virtual short exists at the inputs,

X and Y producing a zero input resistance. The input current is transported or conveyed to

the output, Z, almost instantaneously since the current conveyor is a CUITent-mode circuit.

Figure 4.3: The current conveyor

r----z

x-----&---{

y - __---.r

•
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4.3.1 CMOS Current Conveyor

The implementation in CMOS of a CCI current conveyor is shown in Figure 4.4

[4.14, 4.15]. The corresponding X,Y and Z ports of the current conveyor are shown. The

diodes on the left hand side of the circuit diagram (Dl and D2) represent the

photodetectors. The encoding of the optical input is assumed to be spatially differential (see

section 4.7). The photodetector combination supplies a bipolar current to the input node, X

of the current conveyor. The current conveyor is composed of a simpler upper (Ml to M4)

and a lower (MS to M8) current conveyor [4.16] which are stacked one on top of the other.

Each simpler CC is composed of a p current mirror (Ml and M2, or MS and M6), and an n

current-mïrror (M3 and M4, or M7 and M8). The current conveyor transports the

photocurrent ta the input of a current-to-voltage (I-V) thresholder. The complete receiver

consists of the CCI front-end and the I-V converter. A TIA is used to convert the conveyed

CUITent into a digital voltage as suggested in Figure 4.4.

Vdet

M9

~

Dl

VdJ2

MS

r
.J "\ r,

02 0.8/4

MIO

Figure 4.4: CMOS CUITent conveyor front-end

•
The following analysis is a small-signal analysis which assumes linearity in the

neighborhood of a given bias point. Ali transistors are biased in their saturation region and

all the transistors are matched. Due to the matching of currents in the two branches of the

CC, the voltages at the source of M3 and M4 (for the upper), and MS and M6 (for the
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lower) are also equal hence virtually shorting the input voltage, vin to Vcd2

Each simpler CC (upper and lower) positively feeds back the photocurrent with a

gain, Arcc =:;1. These gains are given respectively for the upper and lower CC as follows:

(4.3)

From Equation (4. 3), the total input CUITent is found:

(4.4)

Therefore the input resistance is Rin, = 1(1\.V ) where i:u,l referring to the upper or
!lI l-A/cci

the lower CCI. Their respective input resistances are given by

(4.5)

The input resistance of the push-pull CCI is effectively Rill = Rillu IIRinI • From (4. 5), the

input impedances are
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(4.6)

The input imPedance is Zitt = Zittu 1 IZittI' m~ =m"",f1J[" and Q= ~mdc'. The
OJfer

•

frequencies mder = 1/(Rin Cin ) and mftl = 1/(Rftl Cfet ) are the components of the pole

frequency associated with the input (Cin) and FET (Cret) or parasitic capacitance. Rin is the

input resistance of the CCI. For complex and stable poles, the response is underdamped

with a damping time proportional to 2Q =~. The input impedance approaches zero
mo mftl

when the gain approaches unity. The zero input impedance limits the voltage swing.

The transfer function of the CCI is:

IHlm 2

Hes) = 0 0
m

S2+ S _0+m2

Q 0

(4.7)

where

IR 1- ( gm3 )( gm9 ) -( gmlO )( gm5 )

o - gml + gdl + gd3 gm4 + gd2 + gd4 - gd5 + gd7 + gm7 gd8 + gd6 + gm6

(4.8)

is the OC gain. The CUITent conveyor and in general, a cUITent-mode circuit have a large

bandwidth that is independent of gain (see section 4.5 for further discussions). This is clear

if the transfer function (Equation (4. 7 » is examined for physical frequencies:

H(jm) = IHol
m2 1

l--+jm--
m~ Qcoo

(4.9)
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The frequency response is independent of Cl (flat) if the pole frequency, ma is high. This

can be achieved with a ~n that tends ta zero (unity gain bandwidth for the individual FET

is usually very high i.e. many GHz). The amount of gain is limited by the process (the

transconductance of the devices- see Equation (4. 7 ».

The gain can be increased with an output stage. The output stage is composed of

M9 and MIO (refer to Figure 4.4). It provides a current gain to the CCI. The DC CUITent

gain at the output stage (M9 and MIO) is [4.14,4.16]

(4. 10)

The CUITent conveyor gain, H contributes to increasing the senslllvlty. Since gain is

independent of bandwidth as described above, the sensitivity can he increased with a

minimal penalty in the bandwidth. This decrease cannot he indeflnite since the gain for this

simple structure is limited. The increase in gain also results in an increase in noise therefore

contributing to reducing the sensitivity. However for the values of gain considered here,

the noise leve1 is typically low compared to the signallevel (see next section).

Thus the CCI does not incur a penalty in the bandwidth and the optical power

requirements of the receiver but the CC-buffer adds electrical power consumption. To

quantify this excess power consumption, let Iq be the total quiescent current in the CCI.

The quiescent current is divided ioto equal parts in the three branches of the CCI. Input

photocuITent is forced into or drawn out of the input node. The input CUITent flows into or

out of the upper and the lower CCI (away or towards the input node). It is assumed that the

magnitude of the current into or out of the upper and lower CCI are equal. The CUITent

from the drain of M9 is therefore 1HI(lq /3 In iin 12) and the current into the drain of MIO is

IHI(Iq /3 ± iin 1 2). The output current is the difference between these two currents i.e.

iou1 = Giin • Assuming that IGI =l, the power consumption is [4.15]

(4. Il )
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The power consumption of the CC is therefore independent of frequency since

consumption associated with switching power is non-existent in a current-mode circuit.

Now consider the I-V converter which is a TIA (see Figure 4.1). The output current

of the CC is the input photocurrent, M photo to the TIA. The optical power requirements

and bandwidth of the receiver is limited by that of the TIA. The TIA transfer function can

be expressed as follows [4.17]:

(4. 12 )

1 ',.../"'
-gmtia +--+ JUJL,f

R
where A vTia = 1 1 f , gmtia is the transconductance of the input

-+-+ jm(cf + Co)
Ro Rf

FET, and Il is the input FET gate current leakage. Rf and Crare the feedback resistance and

capacitance. Ro and Co are the output resistance and capacitance, and Cg is the input

capacitance of the UA. Its optical power requirements and bandwidth are given by (4. 1)

and (4. 2), respectively.

From Equations (4. 9 ) and (4. 12), the overall transfer function becomes:

(4. 13)

The bandwidth of the receiver is typically determined by that of the TIA. The overall

performance of the receiver is independent of CiO' and the capacitances Cg and Cr are

usually small (a few femtofarads) .
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4.3.2 Noise Analysis and sensitivity

This section presents a noise analysis to evaluate the sensitivity of a receiver. The

previous section treated optical power requirements without considering noise. An increase

in input capacitance rnay result in an increase in noise and thus an increase in the optical

power required to achieve a given BER (see Chapter 5). The analysis presented here

quantifies the additional amount of noise introduced by the CCI as a function of the input

capacitance.

The noisy CCI is modelled by an ideal (noiseless) CCI with noise sources referred

ta its input. Figure 4.5 shows those noise sources. The CUITent spectral noise density of the

d(i2
)

photodiodes is ~. The current and the voltage spectral noise density of the CCI are
dl

d(i2
) d(v2 )

--na-and na. They are given as follaws :
df dl

!!..(i~)=!!..(i~R)+ 2eltfarlc
df dl

(4. 14 )

(4. 15 )
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(4. 16)

where A = gm5 and B = gm3 and S=O.7 for silicon technoiogies [4.2]. Iii is the
gm5 + gm3 gm5 + gm3

gate leakage CUITent of FETi. KF is the tlicker noise coefficient. Idq is the quiescent drain

CUITent. AF is the flicker noise exponent. Leff is the effective gate length. Cox is the field

oxide capacitance, and fis the low frequency corner frequency. The spectral density for the

generation-recombination, .!!-(i~R)' and shot noise due to a dark CUITent Idark is taken into
df

account in Equation (4. 14). In Equations (4. 15) and (4. 16) the fust terms in the square

bracket are the contribution from the FET channel noise, the second terms are due to gate

leakage currents, and the third terms take into -account the l/f noise [4.18]. AIl spectral

densities are assumed to he white over the band of înterest.

Ïout

~nout>

H(2nf)
(noiseless)

z·ID

-+......<i2 · >nm

2
<V na>

detector CCI

Figure 4.5: Noise equivalent model

•
The noise sources shown in Figure 4.5 can be replaced by a single equivalent

CUITent noise source referred to the input given by (see 4.10 Appendix for derivation of

Equation (4. 17)) [4.18]:
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d<i;;> =d<i~>+d<i~>+[d<V~>IYI2]+2 [~d<i;'>~d<V;'>IYI]
df df df df d X df df d

(4. 17)

where 1~12 =~ =~+m2c; and m =21if is the frequency in radians. The last term in
IZdl Rd

Equation (4. 17) arises if there is any correlation between the CUITent and voltage sources

-1 ~ X ~ 1. If they are independent, X =O.

The output spectral noise density for the CCI is therefore:

d ·2< Enout >
df

d < {;i >IK (·co)1 2

df CCl)

(4. 18)

•

Including the noise from the TIA I-V converter, (i;tia)' the total noise for the

receiver is (the output is divided by the DC gain to refer the total noise to the input):

(4. 19)

where Zua is given by Equation (4. 12) and,

(4. 20)



•

•

78

The integrais in Equation (4. 19) are found to he [4.17]:

(4. 21)

As shown in Equations (4. 19) and (4. 17), the total noise is Cd
2

dependent, as expected.

This dependence arises because the detector admittance Yd is proportional to its capacitance,

Cd' and the total spectral noise density is proportional to IYd l
2

(see Equation (4. 19)).

Knowing the amount of noise in the receiver, the sensitivity as defmed at the beginning of

this section can be calculated as a function of BER (see Cbapter 5). The sensitivity is

inversely proportional to Cd' This is because the noise level rises wben input capacitance

increases.

4.3.3 Measurements of receiver performance

CCI-based receivers were designed and tested, O.8~m and O.S~m CMOS were

used. One design is shown in Figure 4.4. A simulation of the design at 333 Mb/s is shown

in Figure 4.6 for +/-4J.!A photocurrent input. The fabricated receiver shown in Figure 4.7,

occupies an area of SOJ.lIl1 by 70JlIl1. A metal pad at the input of the receiver is laid out for

wirebonding a photodetector. On-chip PN silicon detectors were wirebonded to the input of

the receiver. The responsivity of the photodetector is <O.IAJW. The total input capacitance

is estimated to he -20pF. The test bed described in Chapter 2 is used to test the receiver.

The output of the receiver is buffered, and it was found that the buffer limited the speed of

the receiver. Figure 4.8 shows the output of the receiver for an optical power of -20d.Bm

(lOJl.W) at a rate of 3Kb/s and IOMb/s input. For the design under consideration, the

power consumption is less than 3mW.
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Figure 4.6: Simulation of the CC-based receiver
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Figure 4.7: Fabricated current conveyor-based receiver

Ca)
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(b)

Figure 4.8: Experimental output ofCC-based receiver (a) at 3 Kb/s (b) at IOMb/s

Figure 4.9a shows the edge tirnes versus input capacitance. The response time is

independent of the input capacitance over many picofarads. For comparison. the response

time for a TIA-based receiver without the CC at the front-end is shown in that figure for

two different input photocurrent levels. Figure 4.9b shows the bandwidth as a function of

input capacitance. Table 4.2 summarizes the comparison.

CCI TIA CCIfITA

HUm) ~aGm) HUCO)ZIïaUro)

3dBBW

independent of Cin dependent on Cin independent of Cin

Power Consumption independent of Cin

independent of Cin dependent on Cin SUffi of the CCI and

TIApower

Sensitivity (noise) ,:l.
Cl l/Cin (nC in)

2 2
a. l/Cin (nC in) Cl l/Cin (ne in) noise of CCI and

TIA are summed

Area sum of that of CCI

small small and TIA

Table 4.2: A comparison between buffered and unbuffered receivers
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Figure 4.9: Speed versus Input Capacitance Ca) edge speed (b) 3dB bandwidth
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Figure 4.10 shows the total spectral noise density (input referred-see Equation (4.

17)) as a fonction of frequency for X = 17 C in=lpF and Rin-756Q. The spectral density

bas the same square dependence on the detector capacitance, Cd- The total output noise is

found by integrating the spectral density over aIl frequencies. Figure 4.11 shows the result

of a calculation of the integrated noise at the output of the current conveyor for a range of

input capacitance values and various values of ~n. The noise level increases with the value

of capacitance for a low Rin. However for the design under consideration CRïn=756 ohms),

noise decreases for higher values of capacitance because there is a finite noise bandwidth

that drops at high values of capacitances. Figure 4.12 shows the calculated noise

bandwidth of the CCI-based receiver. The total noise for the TIA is about -le-13 A
2

[4.17]

following essentially the same trend as in Figure 4.11. 115 noise level is lower because the

noise bandwidth is smaller as shown in Figure 4.12. In conclusion, we find that decreasing

R in increases bandwidth but it also increases noise. For a low input resistance design,

bandwidth can he extended over that of the TIA while keeping the CCI noise at levels

comparable ta the TIA' s.
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Figure 4.10: Spectral noise density
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Figure 4.11: Output noise for various input resistances
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Figure 4.12: Noise Bandwidth
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4.4 Buffering of receivers

As discussed in section 4.3~ the current-conveyor buffers the input of the I-V

converter from the detector to achieve a receiver performance that is independent of the

capacitance of its detector. In this section, the buffering of receivers are discussed further

and the technique is generalized. Where required~ buffers are used at the input and/or

output of the analog receiver. This section considers the buffering of receivers that have a

transimpedance configuration. Receivers with feedback are considered because they have a

better bandwidth and dynamic range than high-impedance receivers, and a better noise

performance and sensitivity than low-impedance receivers. UA based receivers have been

widely used (see for example [4.19, 4.20]). They invariably use a voltage controlled

voltage source (VCVS) open-Ioop amplifier. This configuration may not be optimal. The

transimpedance topology is generalized to include aIl open-loop amplifiers from the

Tellegen ideal set [4.21]. This set approximates the behavior of all practical amplifiers:

1) Voltage Controlled Voltage Source (VCVS) with a voltage gain Aov
2) Current Controlled CUITent Source (CCCS) with a CUITent gain Aoi

3) Current ControIled Voltage Source (CCVS) with a transimpedance Zot

4) Voltage ControIled Current Source (VCCS) with a transconductance Got

Ideally, a voltage input has an infinite impedance, and a current input a zero impedance. A

voltage output has zero impedance~ and a CUITent output an infinite impedance.

•
Figure 4.13: Generalized TIA-based receiver
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Now consider the three remammg cases in Table 4.3. With buffering, the

dependence on the input and output impedance is removed (\fi~ 1) and the flXed gain­

bandwidth product is broken [4.24]. This is accomplished by buffering the input of a

VeyS transimpedance configuration, the output of a CCCS configuration or both in the

case of the VCCS. The three buffered receivers are shown in Figure 4.14. As discussed in

the section 4.3, a VCCS TIA is buffered by connecting a CUITent follower (CF) to the input

of the TIA (Figure 4.14a). In the case of a CCCS TIA, a voltage follower (VF) is

connected at the ouput of the TIA (Figure 4. 14b). Finaily the VCCS requires a CF and a

VF at the TIA input and output, respectively (Figure 4. 14c).

Vref

y

CCI ZI----"""'"
I-----txL-- ....

Current Follower

(a)

CCI Z""'-.&.-_
x

CCI Z
y

CCCS Voltage Follower

(b)

Figure 4.14: Buffered TIA-based receivers
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CF and VF are designed and implemented with CMOS current conveyors (CCI). A CMOS

CF was discussed in section 4.3. A VF can he implemented with the same circuit. The

voltages on ports Y and X follow each other because of the existence of a virtual short (see

Figure 4.3). The design shown in Figure 4.14a and b are now presented and discussed.

Their respective analog output voltages are shown in Figure 4.15. Both receivers have an

input capacitance of IpF, and the input photocurrent is +I-l~. Their risetimes are

respectively 2.57nsec, and 2.63nsec. The ringing is introduced by the second order CCI

(see the discussions in section 4.3) while the nA alone is designed to give a maximally fiat

response. The ringing reduces when the feedback impedance is increased.
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Figure 4.15: Simulation ofbuffered receivers

In the second design (Figure 4.14b), the voltage follower serves two purposes: 1)

to produce a bandwidth that is not dependent on Zl (see Table 4.3), and 2) to convert the

output CUITent of the TIA into a voltage for further digital processing. The performance and

bandwidth do not dePend on Zci since this design has a current-mode input (see section

4.2).
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Figure 4.16: Bandwidth versus gain•
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The gain bandwidth for these two designs as compared with the unbuffered VCCS

TIA is presented in Figure 4.16. The transimpedance can he increased over a large range

with a small penalty in bandwidth. This is not the case for the unbuffered case.

Transimpedances of 10's of k.Q are not uncommon with a small active resistor made of

FETs. Larger transimpedance may be more difficult to achieve in technologies such as 0.8

or 0.5 JlID CMOS without it being physically large.

Buffering techniques enable the design of receivers which are less dependent on

input and output impedance. The resulting designs have bandwidth that is independent of

gain and sensitivity.

4.5 Current-Mode Sense Amplifier-based receiver

In this section, the design of a current-mode receiver implemented with a sense

amplifier is described. A sense amplifier is normally used for VLSI memory design [4.25].

The circuit law-power consumption and compactness is also very attractive for the

implementation of VLSI optoelectronic receivers. The receiver is constructed with a

cucrent-mode sense amplifier (CMSA) which is a sense amplifier with a current-mode input

[4.26]. The CMSA replaces the current-mode front-end (C:MFE), and the current-to­

voltage converter and the digital thresholder of Figure 4.2. This implementation results in a

very compact current-mode input digital receiver. Moreover the sense receiver is optically

differential like the CC-based receiver (discussed in 4.3) but it is also electrically

differential. Being fully differential, the sense amplifier-based receiver has the advantage of

common noise rejection and a reduction in switching noise (see section 4.7).

Figure 4.17 shows a CMOS implementation of the CMSA-based receiver [4.3,

4.4]. The receiver consists of a pair of cross-coupled inverters (M1-M4 and M2-M3), and

voltage clamps (M8 and M9) that are biased in the linear region (by adjusting the voltage at

the source of M7 and M8). Pass n-transistors, M5 and M6 are used to equalize the potential

on the input and output nodes. The diodes represent the MQW PIN detectors which are

biased with a single power supply rail Vdet. Consider the timing diagram of the CMSA

shown in Figure 4.18. When the clock is high, the output of the CMSA (CMSA_out) is

forced into a metastable state by shorting the outputs. The inputs are also shorted providing
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a zero input impedance just before the dock fails. As the clock goes low, the sense

amplifier becomes more and more sensitive to differential noise. An infmitesimally smaIl

difference at the inputs initiates the positive feedback provided by the cross-couplëŒ

inverters, and a digital output (differential) is reached in âTr after the start of the fall of the

dock (see Figure 4.18). The difference in output voltages initially increases exponentially

and then saturates.

OUT

M2

OUT

M7

I--Clk
Vdd

J.----ll--__ M8

Vdet

•

Figure 4.17: Current-mode sense amplifier-based receiver

The analog optical input uses a space differential encoding (dual-rail). The differential

optical input must be stabilized when the clock starts to fall and kept stable until the output

is completIy switched ta the rails. After this occurs, the CMSA_out is stable against ail

small differential inputs. The differential noise limits the receiver sensitivity. Process

variations and asymmetry in the differential arms also contributes to the differential noise.

This noise is produced by independent noise on the input beams. Common-mode noise, on
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the other hand, is eliminated with the fully differential configuration of the CMSA-based

receiver.

CLK 1 \_/ \---

•

analog-IN

~
CMSA_out ~ mem1 ~ mem ~......__

-.1 I~vali~ Il..-
LlTr ô'Tr

-OU-T---,~ ~I..--_

-.11.-
Ô.Tout

Figure 4.18: CMSA timing diagram

Another version of the CMSA [4.27] is shown in Figure 4.19. The inputs are

equalized in the same fashion as before but the outputs are equalized or precharged to 0 V

instead of -VdJ'l as described above. When the clock faIls low, Pl and P2 conduct and

charge the output nodes. M3 and M4 are initially off as their gates were precharged to 0 V

but they tum-on when the output nodes are cbarged to the input voltage plus one threshold

voltage. At which time the input has become dearly defmed and the sense amplifier starts

operating. In effect, the output is resolved only after the input is stabilized. In the timing

diagram the output of the modified CMSA is shown. The input is again shown at the top.

The CMSA receiver is compatible with precharged and domino logic. When the dock is

high, the CMSA-based receiver is precharging the output nodes. When the dock is low,

the receiver evaluates its inputs. The receiver is in effect a p-block precharge-evaIuate gate

with anaIog inputs but digital outputs, and it can he cascaded with an n-block precharge­

evaluate and domino logic [4.28]. It is aIso compatible with dynamic edge-triggered flip­

flops and latches that are docked with a true single-phase dock (TSPC) [4.28].
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Figure 4.19: Modified CMSA-based receiver

The CMSA-based receiver is synchronous. In fact, this receiver is a compact

clocking element with an analog optical input and a digital. output Such an element is key in

the implementation of high-density optical inputs for clocked digital links and pipelines. It

is the key element in the implementation of an optical-to-electronic digital demultiplexer

[4.29] .

The maximum bit rate is

1
B=---------

t:Jr+âTf +dTlfItTIJ +tiTva/id

(4.23)

•
where the rise and fail times are !!:..Tr and dTf respectively, and âTf is the time the outputs

are not changing (see Figure 4.18). !!:..Tm~ta is the time taken at each period ta put the

receiver in its metastable state. The bit rate is predominantly determined by the bandwidth
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of the cross-coupled inverter~ rather than the Re time constant of the input nodes [4.30] .

To increase the bit rate, the duty cycle of the dock can be varied. The duty cycle is

(4.24)

The bit rate can aIso be increased by reducing t1Tr and IlTr The edge time is

llTr = CoutilV where t1V is the voltage swing at the ouq,uts, and Icharg;ng is the cbarging
ICharging

CUITent for the output capacitance which is typically the capacitance of the gate of a buffer

or of digital logie. It is important to notice tbat these times are not dependent on the input

but on output nodes capacitance. The rise and fall times are reduced by increasing the sizes

of the cross-coupled inverters (M1-M4 in Figure 4.17). However doing 50 increases the

clectrical power consumption of the receiver by inereasing the metastable CUITent Imeta and

contributes to a higher switching power.

The power consumption for the CMSA-receiver is expressed as follows:

(4. 25)

Notice that in this equation the electrical power consumption is not dependent on the input

node capacitance. The fIfSt tenn accounts for the power consumed by the metastable

CUITent. The second term is contributed by the switching power of the two output nodes.

The last term. represents the switching power of the cross-coupled inverters.

4.5.1 Measurements of fabricated test circuits

CMSA-based receivers were designed. The design topology is shown in Figure

4.17. A simulation of one CMSA receiver at 333 Mb/s is shown in Figure 4.20. CMSA­

based test receivers have been fahricated in 0.8 and 0.5f.1m CMOS, and tested. Receivers

with integrated silieon photodeteetors, and receivers with electrical pads at the inputs were
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designed and layed out in a similar fashion as described in Chapter 3. These pads are layed

out to receive a flip-chipped detectort or a wirebond from a separate photodetector.

Integrated PN junctions for photodetection with an area of 20~Of.LID. have been

designed. A PN photodetector is formed with p+ and n-well t and with n+ diffusion or n

weIl in a p substratet these have both been fabricated and tested. The responsivity of these

detectors is less than O.lA1W. The pads also facilitate all-electrical testing of the CMSA.

Wirebonds to package pins or on-chip probes were used to supply the electrical input to the

receiver, and monitor its output.

4

1

5 10 15 20 25 30 35 40
lime (os)

Figure 4.20: Simulation of the CMSA-based receiver

Figure 4.21: Photomicrograph offabricated CMSA-based receiver
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A fabricated CMSA receiver is shown in Figure 4.21. The receiver occupies a

50JlIIlX50Jlll1 area.. Two integrated silicon detectors can he seen on the right and left of

Figure 4.21. Figure 4.22 shows a high-speed electrical test that has been performed at

25Mb/s. The risetime from the metastable voltage is about 1.Snsec. This suggests that the

receiver can easily run at many hundreds of Mb/s. The metastable voltage agrees weIl with

the simulation, and it is -2V. The CMSA-based receivers have been tested optically in the

set-up described in Chapter 2. Figure 4.23 shows a typical output at 3kHz. The input

pattern is a repetition of ~high' 'low' 'high'. The minimum differential optical power to

switch the receiver is lOJ.lW, and it is mainly due to mismatch in the differential arm. When

this level is exceeded, the switching to a full digital rail is initiated. The eye pattern for the

receiver is always wide open. Error-free operation is achieved with the synchronization of

data and clock. The minimum optical power to switch is independent of input capacitance

and is not expected to vary with bit rate. The average power dissipated by the current mode

receiver is 0.8 mW. The power consumption is independent of input capacitance. Each of

the three photodetectors described above were wirebonded to the input pads of a CMSA

and their bandwidth were measured by measuring the risetimes. Our experiments show that

the bandwidth is not degraded. Figure 4.24 shows the edge time versus the input

capacitance. The perlormance of the optical VLSI receiver is not affected over many

picofarads. As in Figure 4.9a, the TIA-based receiver is used as a comparison. It is seen

from Figure 4.24 that the TIA-based receiver edge speed is faster for higher optical powers

whereas the CMSA-based receiver output risetimes are not dependent on optical input

power above a given level. This level is determined by the degree of imbalance in the

differential anDS. Figure 4.9 and Figure 4.24 show that there exists a value of capacitance

above which it is more advantageous to use a current-mode receiver than the conventional

TIA-based receiver.
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Figure 4.22: AIl-electrical test of CMSA-based receiver (8nsec ldiv).
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•
Figure 4.23: Optical test of CMSA-based receiver (output is inverted) at 3kb/s
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Figure 4.24: Simulated edge speed versus input capacitance

4.6 Misalignment Tolerant Array

The optomechanics of free-space systems can poslt.J.on an array with micron

precision and rnaintain this precision for months with a rigid structure. In all free-space

systems however, the active arrays must be removable for repairs and upgrade [4.31]. The

separability of device planes frOID the optical interconnect layer is a desirable feature of

optical systems and is critical in the design of optical backplanes as evidenced by this

feature being incorporated into the waveguide-based POINT[4.32] and Honeywell [4.33]

optical backplanes. The re-insertion time needs to he short ta rninimjze the data 10ss in an

operating system (assuming the repairs must he done on the live backplane). These

requirements make micron precision costly and difficult if not impossible ta achieve and

maintain.
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Fonunately, the optomechanics does not need to have micron precisi<:>n for the

system to operate. The alignment tolerance can he relaxed with oversized detectors and

arrays used in conjunction with microlens concentrators. Oversized detectors can he

connected to current-mode receivers the sensitivity and bandwidth of which are

independent of the detector size [4.34] as discussed in section 4.3 and 4.5. The alignment

tolerance cao approach the pixel pitch when microlens concentrators are used [4.5]. To

exceed this tolerance, an oversized smart pixel array that reroutes electrically the misaligned

optical data to the correct channel is proposed here. The rerouter constitutes an overhead

but as is shown below, it can be simple and compact. With this technique the alignment

tolerance can he increased to an integer number of the pixel pitch.

Figure 4.25: Photomicrograph of fabricated misalignment tolerant array

Two misalignment tolerant array chips were designed and implemented. Bach chip

consists of a 3X3 channel array in the middle of an oversized 5X5 array [4.35]. One array

was implemented using GaAs PIN detectors flip-chipped ante CMOS electronic, and the

other was implemented with a 2 Jlffi CMOS technology with integrated PN detectors. The

photomicrograph of the GaAs PIN detectors on CMOS chip is shown in Figure 4.25. The

detectors are placed in a regular square array pitched at 250 f.lIll and 300 JlII1. A hexagonal

layout was aIso considered. This has the advantage that each detector has only 6 instead of



• Position of Array

Aligned
NW misalignment
N misalignment
NE misalignment
E misalignment
SE misalignment
S misalignment
SW misalignment
W misali ent

Control Bit
(datapath
select)
A'BCD'
AD
A'BD
B'D
B'CD'
B'C'
A'BC'
AC'
ACD'
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•

Table 4.4: Generation of the data path select bit

The design of one pixel is shawn in Figure 4.26. Multiplexers sets up the datapath

between the misaligned input and the correct electrical output. The 'data path select' bits

have ta be preset before data can go through the link. Figure 4.27 shows an array of 5x5

detectors (white boxes) illuminated by a 3x3 array ofbeams represented by dots. There are

9 possible positions in which the array of heams can fail on the detectors. The smart pixel

corrects for misalignment by re-routing the signal electrically ta the correct pixel output.

Nearest-neighbor electrical connections are made hetween every pixel C8 connections: N,

NE, E, SE, S, SW, W, NW). The misalignment, if any, is monitored using the data from

4 pixels at the edge of the field (detectors A, B,C and D in Figure 4.27) are used ta

determine the array position within the oversized array. The 'data path select' bits are

generated with combinatoriallogic as shown in Table 4.4 for each of the possible array

position. This is used ta control a 9-way router Ca 9: 1 multiplexer) at each pixel. An input

can fall on any of 9 locations and is shifted by the router to its correct location. The

electrical output from the pixel, is restored to its correct position by this process. The

scheme can he extended given an appropriate change in the control and routing hardware.

There are sorne overheads associated with increasing the alignment tolerance in this

way. Added latency cornes frOID the time that is needed ta stabilize these control signals and

to establish the path through the selected passgate. In addition to this setup time, the signals

experience an additional delay frOID a driver with a fanout of 9, and a passgate. The setup

time can be slow (ms-JlS) since only an occasional reset may he needed to compensate for

the slow drift in the alignment. Otherwise the latency is minimal. The added power per

pixel is estimated ta he less than lmW per pixel (including the monitoring and control

circuit). Most of the power cornes from the driver with a 1-to-9 fan-out at each pixel.
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Minimal power is consumed by the alignment monitoring circuit (6 gates and 4 D-Flip­

Flops (DFFs), and controlline drivers) since it is operating at a low speed. Furthermore an

additional (N+2)X(N+2)-NXN pixels are required, introducing additional power

consumption and area. The router area and that due to the rerouting paths connecting the

pixels to one another may he significant if extremely complex and small pitch pixels are

used. In this design the pixel pitches are 250 and 300 JlID.. They consumed 3 to 4 times

more area than that of a pixel without misalignment tolerant schemes.

Whereas this scheme works for lateral misalignment of integer pixel pitch which

cause the same correction to he needed across the array, a potential problem is that roll

causes misalignment at the edge of the device array but no misalignment of the pixels in the

center of the device array. This problem can he worked around using more complex control

of the router. Another potential '[lX' for this is the use of non-regular pixel layout. There is

no requirement that the pitch and active area in the center of the device array be the same as

that on the edge of the device array.

A problem with this technique is associated with fIil-factor; if the beam falls in the

region between active areas, the scheme will not work since little or no light will he

detected or similar power will fall on a detector from two different signais (or on two

detectors from the same signal). For the case of random alignment, a 20 ~ diameter

beam, 250 fllIl pitch and 240 ~ active area, and an acceptable additionaI loss due to

'clipping' of 3 dB, this will occur 8% of the time, this problem may be reduced using noo­

regular layout of pixels and redundancy [4.5]. Sorne solutions such as redundancy [4.5]

have been proposed to solve this problem.

4.7 DifferentiaI and Single-Ended Receivers

In the previous sections, the bandwidth, the sensitivity, the power consumption and

the area were considered in the design of VLSI optical receivers. This section discusses the

dynamic range which becomes an additional consideration. Dynamic range for a receiver is

required so that it can operate in a range of input level. This range is determined by the

degree the transmitter output optical power can he controlled. The dynamic range of a

receiver must exceed the variation in the optical power incident on it. These variations are
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the result of process non-uniformity at the transmitter array. The receiver must also

compensate for process variations in the receiver manufacture process, and for variation in

power supply voltage. This variation can he caused by switching or Ll-1 noise [4.36] or

when the voltage supply is reduced to decrease power consumption [4.3]. These non­

uniformities invariably result in a shift in the threshold with respect to the high and low

power levels (~1' and '0'). There is a limit to how much the threshold can vary with respect

ta the input signallevel before the receiver stops working. This range defmes the dYQamic

range. Within the dynamic range, these variations create pulse width distortion (PWD).

PWD can be detrimental to the operation of a system [4.37]. Figure 4.28 shows the origins

of PWD. PWD arises because the analog signal before the thresholder has a finite edge

rime. Any fluctuations from the input power level (e.g. IN and IN'), and in the threshold

(e.g.Thresholdi, 1=1,2,3) result in a variation in output pulse width. It is noted that a

variation in optical power leads to a variation in the level and in the edge speed of the signal

that is presented to the thresholder. Both effects contribute to PWD. Furthermore these

variations lead to an increased bit error rate (see Chapter 5).

Threshold3 ---
'"- IN

•

OUT!

OUT2

OUT3

Figure 4.28: Origins of pulse width distortion

A good dynamic range can be achieved using fme tuning of the circuit after system

assembly, automatic gain control (AGe) and/or setting the threshold from the average

signallevel. This flexibility may require an unacceptably complex receiver circuit which is

impractical if large arrays need to operate simultaneously due to latency, area and electrical
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power consumption constraints. For example, a commercial Vitesse VSC7810 MSM/GaAs

NŒSFET photodetectorfITA has a dynamic range of 19.4dB [4.38]. The receiver has an

automatic gain control mechanism. The receiver occupies a 1.2Xlmm die and consumes a

power of 130mW. This is clearly unacceptable for designing large transceiver arrays. Ta

gain sorne dynamic range without AGCs, a differential approach is taken. This can he used

in conjunction with simple FET feedhack loads [4.39] that improves the dynamic range

fufther. Table 4.5 shows the choices that are available for the implementation of VLSI

receivers. They are divided into three different groups depending upon their topology and

the data encoding used. The receiver can he space (or optically), electrically or time

differential. Each receiver in Table 4.5 is described helow.

Optically/

Space Electrically Time

Differential Differentiai Differentiai

Single-rail TIA [4.19] no no no

Dual-rail TIA [4.40] yes no no

Differentiai TIA [4.41] yes yes no

Sense Amplifiers [4.3] yes yes no

Time-Differential receiver [4.42] no partially yes

Active threshold receiver [4.42] no partially no

Table 4.5: VLSI optical receiver choice
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Figure 4.29: De transfer functions under Ca) process variations, and (h) Vdd fluctuations
for single-rail TIA-based receiver.
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The single-rail TIA receiver is not robust against opticaI power fluctuation, process

variation, supply voltage fluctuation and common mode noise. Thus it is not suitable for

complex system applications, as it imposes stringent requirements on other system

components. This receiver necessitates a high contrast ratio signal in order for it to work.

Figure 4.29 shows the OC characteristics under process and power supply variations.

Under a +/-20% process variation, the threshold varies by as much as -2JlA, and for a +/­

0.5V supply voltage fluctuation from the optimized one, the threshold can vary by as much

as -4JlA. The sensitivity thus varies.

The dual-rail receiver uses two beams ta encode the data. The polarity of the

difference in optical power between the two beams is used for signalling. The receiver is

designed to accept a bipolar input current that is supplied by two detectors in series. This

type of signalling does not necessitate a high contrast ratio and is very tolerant to fluctuation

in the optical power that cornes from a single source. This results in a dynamic range much

larger than the single-ended TIA. This also makes the receiver easier to design than the

single-rail one since the threshold need not he accurately positioned since the differential

input is always about the threshold. It is aIso found that this receiver threshold is very

tolerant to process and power supply variations as shown in Figure 4.30.
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Figure 4.30: De transfer functions under (a) process variations. and (b) Vdd fluctuations for
dual-rail TIA-based receiver.

The optical power and threshold variation lead to pulse width distortion (PWD).

Figure 4.31 shows a comparison between the PWD of a single and dual-rail receiver

resulting from variation in the input levels and in the power supply. The contrast ratio of

the modulators is assumed to be flXed at 3: 1, and the input level is defined as the sum of the

optical power in the 'high' and in the 'low' beam. The PWD in Figure 4.31a and b are

respectively defined as percentage deviation from the duty cycle at an input level 12~

(91JA:3J..LA), and the percentage deviation from the duty cycle at Vdd=5V. For the single­

ended case, the PWD is constant for low and high input levels as shown in Figure 4.3 1.

The receiver stops working for those ranges. The dynanùc range for the single-ended

receiver is ooly 16J.lA. and it cannot tolerate a variation in the power supply of more than

1.5V. If the input level is below ....8~, the swing is always below the threshold, and thus

the receiver does not work. The dual-rail receiver always works for the range of interest.

•
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A spatially differential receiver can be single-ended (rIA) or differential (sense

amps) electrically. An electrically differential TIA has also been proposed by Novotny

[4.41]. In addition to being robust against non-local power fluctuations, process and

supply voltage variation, the sense amplifier-based receiver elinùnates common mode

noise, reduces switching noise and is more tolerant ta process variation than the dual-rail

TIA [4.43, 4.44]. The problem of PWD does not arise in synchronous receivers such as

the current-mode sense amplifier-based receiver. The dock contraIs the lengili of the bit.

optical analog trans- analog.. photo- - impedance- detector - amplifierinput CUITent voltage

....
voltage- --
sense
amplifier

.-- ~
switch

digital o/p l
"

---
latched D ....- Clk ---- dockdigital
output

Figure 4.32: Implementation of a time-differential receiver

Spatially differential receivers need twice as many transmitters and detectors, and

twice the optical power. To solve this problem and preserve the advantages of a differential

scheme a time-differential receiver is proposed. In a time differential scheme, the single-
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ended input (opticaI) is fanned out into two paths after reception. One path is delayed by

one period with respect to the other, and then compared belore it is thresholded and

converted to a digitallevel. The polarity of this difference in analog voltage is decoded with

a voltage sense amplifier. This receiver uses the biphase Manchester encoding scheme. The

implementation of this concept is shown in Figure 4.32. The receiver is spatially and

optically single-rail but is differential in the time domaine The signal at one dock period is

dynamically stored and compared with the signallevel at the next dock periode

The receiver is immune to power fluctuations that are slow compared to the dock speed,

and to process variations since the input levels and process fluctuations in the single-ended

TIA affects both delayed and undelayed paths equally. The sense amplifier is electrically

differential thus it is robust against process variation and common mode noise. Therefore

the dynamic range is large. The receiver is synchronous and has a speed overhead i.e. data

can ooly be half as fast as the clock, thus one of two dock cycles is wasted. A simulation

of the implementation is shown in Figure 4.33. The receiver was fabricated in O.8f.1ID

CMOS, and tested. The receiver was found to decode properly at low frequencies (10's of

Kb/s). The speed was limited by the off-chip driver. The minimum optical power needed to

switch the receiver was measured to be 2f.1W for an integrated silicon photodetector with a

responsivity of O.lNW at 850nm.

A higher data rate cao be achieved with a receiver with active threshold adjustment.

Instead of comparing the level during two distinct dock phases. the incident signal is

compared with its OC level. A low-pass fliter (LPF) is used to derive this OC leveI. The

level is assumed to vary very slowly compared to the signal rate. The dynamic range of this

receiver is thus large since the threshold is continuously derived and compared with the

incoming signal. In general, the derived threshold is data-dependent. Long strings of '0' s

or 'l' s will produce non-optimal values of threshold. One solution is to use Manchester

encoding which ensure data-independent average (De) power. But this makes the data rate

half of the clock. A better solution is to use bit scrambling [4.45] which can he used to

operate at a full data rate and yet to a large extent guarantees a data-independent average

power level. A bit scrambler encoder is easily implemented at the transmitter. The power

consumption for bath the time-differential and the active threshold receiver is about 10mW.

The PWD is comparable to the differential receiver as shown in Figure 4.31. It is also, like

the differential receiver very tolerant to process parameter variations. Thus the active

threshold receiver appears to be a better option. It has the good dynamic range of
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differential receivers but needs only one input beam, and it has a comparable power

consumption to the time-differentiai receiver.
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4.8 Transmitters

The VLSI optoelectronic transmitter consists of a pair of modulators, a modulator

driver and a voltage swing converter (see Figure 4.34a). The driver switches the field

across the modulator to produce a change of absorption in the device, and consequently a

change in the reflected and output optical power. The driver is designed to supply the

switching current required to (dis)charge the transmitter to achieve a given bit rate. The

contrast ratio of the QCSE modulator is maximized when the voltage swing provided by the

driver is around 7-8 volts for a wavelength of 850nm. A voltage swing converter interfaces

between the high voltage driver and the CMOS logic levels (5V, 3.3V or lower) as shown

in Figure 4.34. A voltage converter such as push-pull circuits [4.46] can directly drive the

modulators but that arrangement is not optimal. The insertion of the driver pennits the

optimization of the transmitter area, speed and power. Optimization is needed when driving

devices with capacitances that are an order of magnitude larger than the minimum gate

capacitance of VLSI digital processing logic. Large modulator area makes the alignment of

the read beams easier. Since capacitance is directly proportional to modulator area, it is thus

important to optimize the design for the required alignrnent tolerance. The converter and the

driver share the same bias rail. This is separated from the bias of the modulators and that of

the digitallogic so independent bias tuning can occur. Tuning is required to compensate for

changes in temperature or non-unifonnity in the fabrication process.

Figure 4.34b shows the model of the transmitter. A current source models the

driver and aRC load models the modulator capacitive load. Typically, the RC constant of

the modulator is a few hundreds of picoseconds [4.47]. This corresponds to a 20J.UIl by

20JlII1 active area MQW diode. Larger active modulator area results in an increase in

alignment tolerance of the power beams onto the active area. However it aIso results in

larger capacitive loads. To drive these loads, the design of the driver borrows from

electronic line or pad driver designs, and adapts them for driving modulators. The

modulator driver should be able to drive large modulators but still have a [4.48]:

• compact area (less than 30J.UIlX30J..lI1l)

• moderate bit rate and a short delay (hundreds of Mb/s-a few Obis)

• low electrical power consumption

• good contrast ratio (large voltage swing output)
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In the next sections, the design and optimization of the driver is presented. CMOS

and BiCMOS driver design are investigated in section 4.8.1 and 4.8.2, and low-power

adiabatic drivers in section 4.8.3.

Transmitter

Digital
Logic

Voltage
Swing

Converter

driver

Ca)

~--.
modulator

•

(b)

Figure 4.34: a) Modulator-based transmitter b) Transmitter model

4.8.1 CMOS driver

In this section the design and optimization of a tapered buffer (or superbuffer) for

driving the modulators is discussed. CMOS devices provide the switching CUITent for the

load. For large capacitances or large area modulators, the area of the driver is increasingly

large. There is a basic design trade-off between area and delay [4.49J. In order to drive a

large capacitive load at a specified speed, the designer can increase the size of the device in

order to provide a larger charging current. In doing so, the gate and parasitic capacitances

also increase thus contributing to lengthen the delay. There is a lower limit to the delay

when device sizes are increased. In aN-stage cascaded design, the gate capacitance of the

stage connected to the load contributes to slowing down the (N-l)th stage. One rnay he

tempted to increase its size. But increasing its size slows down the (N-2)th stage. Thus

there is a trade-off between the number of stages (and area) and the delay. The optimum

design is shown in Figure 4.35. The design consists in N cascaded stages. The size of each
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stage is increasingly larger (tapered). A flXed ratio, a, between stages is kept. Unequal

ratios have been used but with only slight improvements [4.50]. Design optimization

consists of determining this ratio and the number of stages, N, that wouid result in a design

with minimal delay and area.

1 a

• ••

••• aN-1

•

Figure 4.35: Tapered buffer

The delay is 1:= Na1:rrùn • It can be shown that [4.49,4.50,4. 51]

(4.26)

where C1r is the ratio of the 1000 capacitance to the minimum gate capacitance for a FET,

Cg, and 't'min is the delay for a minimum sized ïnverter. From (4. 26), the delay is found:

(4.27)

The delay is optimum when a=e-2.72. If a> e then the delay is longer but the number of

stages, N is smaller for a given Cn-. Thus the area is decreased. If a<e, the delay is shorter

but the number of stages and the area increases. When the drain or intrinsic output

capacitance, Cd is taken into account, the optimum a is given by a(In(a) -1) = Cd and it
Cg

varies between 2.3 and 5 depending on the process [4.51] .
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Most of the total power consumed in the transmitter is due to switching. The starie

power is small. There is a static power dissipation associated with the constant read beams

that are incident on the modulator. It cao he minimized if highly sensitive receivers are

used~ or if the read beams are pulsed [4.52J. The power consumed in switching the load

capacitance C10ad is:

(4. 28)

where fis the bit rate or switching frequency and Vdd is the power supply voltage. In

addition to the power dissipated in the load~ there is the power consumed by the CMOS

driver. The ratio of power consumed by the driver, PlOt to that by the load (Pload) is given

by [4.49, 4.50]:

( 1+ Cd J(l-_lJ
Pt(J( _ Cg C1r

P
load

- Ca -1)

(4. 29)

This ratio (or the total power consumption by the transmitter) can he decreased by

increasing a. Doing 50 initially decreases the delay but for large a~ the delay increases with

il. The number of stages, N (see Equation (4.26) becomes smaller and individual devices

larger. An optimization of the power-delay shows that there exists a lower bound just like

in the optimization of the delay. The two optimums are related as follows [4.50J:

(4. 30)

where Tl == 1.44.

A CMOS driver was designed with a-2.7-2.8. The design is shawn in Figure 4.36.

Circular active area for the modulators are used to reduce their capacitance. The voltage

converter (not shown) drives the input (IN). The voltage swing and the power supply Vdd

of the driver are adjusted to drive the modulators at their highest contrast ratio. MQW
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modulators are represented on the right ofFigure 4.36 by diodes. This design is used as a

comparison with the BiCMOS drivers described in 4.8.2. The use of BiCMOS for high­

performance but compact modulator drivers is now considered.

-Vmod

Vrnod

0.8/45

50J.lm diameter
(281 fF each)

0.8/22.50.8/3

IN

Figure 4.36: CMOS Transmitter

4.8.2 BiCMOS Transmitter Drivers

•

CMOS is recognized for its low power dissipation and its noise immunity [4.51,

4.53]. Its driving capabilities are poor. Bipolar devices on the other hand have superior

performance with respect ta driving capabilities [4.54]. The superior driving capabilities

come about because the transconductance (or current Per unit input voltage) of a bipolar

device is exponentially related ta the input voltage, while for a MOSFET it is linearly

related. This results in a greater CUITent per unit area for the bipolar devices. BiCMOS

technology integrntes both MOSFETs and bipolar devices onto the same platform, hence

bringing the best of bath worlds to the designer. Different applications would demand a

different amount of CMOS and of bipolar circuitry. For example, bipolar devices have been

introduced into mainly CMOS designs such as a memory system [4.55] in order to enhance

its performance. On the other hand, CMOS has been introduced into high-performance

bipolar designs for the implementation of low-power circuitry. The advantage of BiCMOS
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over CMOS reveals itselfwhen an optimization procedure is performed [4.56]. By way of

example, a BiCMOS circuit can drive a IpF load at 200 MHz at a supply voltage of 1.5V.

The driving capabilities of BiCMOS are exploited here to drive VLSI modulators.

This technology has already been considered to implement modulator drivers [4.57].

However the devices in the work by Mansoorian were not optimized for speed. BiCMOS

modulator drivers are considered here for high-speed data transmission [4.48, 4.54, 4.58].

BiCMOS drivers are typically faster than CMOS drivers when driving a capacitive load

larger than a so-called crossover capacitance [4.54]. The advantage of BiCMOS over

CMOS thus becomes cIear when driving modulators with large active areas. Large active

areas enable the improvement of the alignment tolerance of the read beams onto the

reflective modulator.

A BiCMOS driver is potentially smaller than its CMOS counterpart when both &e designed

for the same delay and speed. It is smaller mainly because of the BIT' s superior driving

capabilities and consequently the absence of a tapered buffer as required for a CMOS

transmitter. In the case of equal size CMOS and BiCMOS driver, the BiCMOS driver has a

shorter delay and is faster than its CMOS counterpart. The power consumption is however

about the same [4.54].

IN

50~ diameter
(281 tF each)

•

Figure 4.37: BiCMOS Transmitter

Figure 4.37 shows the design of a BiCMOS inverter. This driver however does not

provide a full-swing to the modulators. The bipolar transistor junction voltage VBE limits

the swing. A full swing design can he implemented with complementary bipolar junction
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transistors [4.59,4.60,4.61]. Simulations shows that at the same operating speed the peak

switching current is 5mA per driver compared to 6mA for the CMOS driver. The load is

562 fF (two 55J.UD. diameter MQW modulators).

(a)

coUectoremittersource tied
to weIl 1 base

'i-- 1 f
1 n+ 1 p+ 1 1 p+ 1 1 n+ 1

-1 p

n+
n

n+

PMOS NPN
(b)

Figure 4.38: Merged BiCMOS driver
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Figure 4.39: Fabricated BiCMOS modulator driver

To reduce the driver's size further, a merged layout is used [4.62,4.63]. The design of the

merged structure is shown in Figure 4.38. The drain of the PMOS and the base of the NPN

BIT are merged thus leading to a more compact layout. Both devices also share the same n­

weil. The source of the PMOS is tied to the weil. The capacitance of the combined structure

is reduced, and the speed improved. The improvement in delay and speed becomes more

significant at low power supply voltages [4.58, 4.64]. The fahricated transmitter is shown

in Figure 4.39. Figure 4.40 shows the experimental and simulated output voltage when

driving a -2OpF load at lOOMb/s. The voltage swing does not fully go to the rails (ground

and Vdd=5V) as expected of such a BiCMOS technology that does not have complementary

bipolar junction transistors.
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Figure 4.40: Driver output voltage swing Ca) experimental Ch) simulated.

4.8.3 Adiabatic Modulator drivers

•

As discussed in the previous section, the power consumption of CMOS and

BiCMOS drivers are comparable. The question DOW is how cao their power consumption

be reduced. Speed cao be traded off for power consumption in two ways (refer to Equation

(4.28)): 1) by reducing the voltage swing delivered to the modulator and 2) by decreasing

the modulator capacitance. It would he difficult to decrease the voltage swing without

sacrificing the contrast ratio. Careful modulator design may improve the contrast ratio

[4.47] but as a general mie the electric field change required to provide an adequate exciton

shift does not scale down easily. A tapered design described in the previous sections cao he

used without reducing the voltage swing. But the energy per switch never goes below

CV
2

. Secondly, the reduction in capacitance wouId be difficult because the capacitance of
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the modulator is flXed by the device design, and because larger modulators are preferred for

a better system alignability.

IN

Cmod

•

Figure 4.41: Conventional modulator driver

By operating the transmitter adiabatically, speed can be traded off for power

consumption without decreasing the voltage swing. Figure 4.41 shows a conventional

modulator driver. In that figure, the charging and discharging path are shown. When the

power supply is suddenly switched on, the voltage at the output of the modulator driver

rises exponentially in time to Vdd• During this same time, the drain-source potential of the

PMOS reduces eXPQnentially from Vdei to a voltage close to zero hence tuming the device

on. The time for the signal to reach equilibrium and to settle is proportional to the RCmod

constant, where R is the on-resistance of the PMOS and Cmod is the capacitance of the

modulators. The energy supplied to the driver is CmodVdd2. Half of this energy is dissipated

in the PMOS, and balf is stored in the capacitor. The stored energy is dissipated in the

NMOS when it is discbarged (when the input goes high). Therefore the totality of the

supplied energy is dissipated.

The energy dissipated by a cbarging or discharging event can he reduced below

CV2 if the rate of cbarge transfer from the supply to the modulator capacitance is controlled

[4.65,4.66,4.67,4.68]. The transfer is slow and in the limit adiabatic. Two methods exist

for controlling the charging: 1) by stepwise charging and 2) by ramping the voltage supply.
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Figure 4.42: Model for load charging and discharging

Consider the RC network shown in Figure 4.42 which models the charging (through the

PMOS) and discharging (through the NMOS) of the modulator(s). In that figure, R

represents the on-resistance of the channel, and Cout the output capacitance (dominated by

the modulator capacitance). The power supply voltage is slowly ramped up to V<Id in a rime

~T »RCmod• The slow voltage tise keeps the voltage across the PMOS small and most of

the ramp voltage appears across the capacitor (capacitor reactance is high when switching

transient is slow). Sînce Vc is the ramp voltage appearing across the capacitor, the charging

current is i = Cout dvc = [=constant when O<tclT, and zero any other time (pulse of
dt

CUITent AT long). The total charge supplied to the output capacitive node is

ca

~upplied = Jidt = 1tlT = Cout Vdd

o

(4. 31)

so that 1 = CoutV~T' The energy dissipated in the PMOS is hence [4.65,4.69]

EidiS'ipaled = (l2R)t..T =(C~ddrRt..T

=(Reaut)C V2

tlT out dd

(4. 32)
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P is a weighted average of each nade (passgate) time constant, ID is the number of time

constants required for each charging step and, T=N~Cmod is the time available for one

full charging (risetime). The corresponding energy dissipation is

(4.35)

The data to he transmitted is fed ta a circuit that initiaies the chargingldischarging cycle

(closing the passgates in-tum). A finite state machine turns on the passgates in succession

at each clock cycle. The first circuit is a simple shift register that oPen the passgates in tum

with the aid of a clock. The voltage swing of the input can he that of the digital logic as

long as the swing is large enough to close and open the passgates. Thus the voltage swing

converter can he eliminated. The overhead should he carefully evaluated . A large capacitive

load would he more advantageous.
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V
•
•
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-• Figure 4.43: Stepwise charging
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In bath the resonant power supply and stepwise charging approach, energy

dissipation per switch is reduced below the conventional CV
2

by sacrificing speed. By

increasing T, the energy per switch decreases. The amount of the slow down necessary to

retain the advantage of adiabatic switching depends on the modulator capacitance, and the

overhead circuitry. In any event, parallelism can be used ta conserve the data throughput

[4.3] (see Figure 4.44). By demultiplexing high-speed input data onto N transmitter with

sub-CV2 switching energy, the overall power consumption of the transmitter can he

reduced. This cames with a penalty in the area

passgate
DEMUX

High..Speed data IN •
••

4.9 Conclusions

controls
N Low..Speed TX

with small switching energy

Figure 4.44: Parallelism for low-power

•

In this chapter, a hybrid CMOS technology that flip-chips p"i(MQW)-n diodes onto

commercial CMOS was presented. The diodes can act as a detector or a modulator for

receivers and transmitters. CMOS VLSI transceivers were designed, and tested. Four

aspects of the VLSI receiver were the point of focus: 1) its alignability, 2) its power

consumption, 3) its sensitivity and bandwidth, and 4) its dYQamic range. Current-mode

designs of VLSI receivers were introduced. With this technique, the receiver can have a

performance that is minimally affected by increasingly large detectors. Oversizing the
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detectors constitutes a way ta increase the alignment tolerance of the receivers. Furthermore

a misalignment tolerant array was proposed to increase the alignment tolerance by one full

receiver pitch. The design of a current-conveyor and a current-mode sense amplifier-based

receiver were presented as two implementations of current-mode designs. The sense

amplifier is attractive because of its compactness and its law-power consumption. Another

analog technique that was successfully used for the design of VLSI receivers was buffering

the input and/or the output of the receiver. With this technique, a gain independent of

bandwidth is achieved. Finally techniques were considered ta increase the dynamic range

of receivers without the use of automatic gain control circuits (AGC) which are area and

power consuming.

This chapter also considered the design of modulator drivers. Compact drivers were

designed to drive large modulators. Modulators were oversized to increase the alignment

tolerance of the read beams onto the modulators. The drivers were optimized for speed and

power consumption. BiCMOS was aIso considered for improving the drivability of large

modulators.
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4.10 Appendix

Derivation of
d(i:a)

df

•

Summing aIl the independent noise sources at the input of the smaIl-signal noise equivalent

circuit for the upper CC yields:

(4.36)

Similarly referring the noise sources to the input of the lower CC, it is found that:

(4. 37)

The three terms represent respectively the contribution by the channel noise of the input

transistors, by the gate leakage currents and by the Vf or flicker noise. We note that at high

frequencies, the channel noise ofeach FET is conducted to its gate through its gate-to-drain

capacitance. The effective gate current noise increases by the square of the frequency. The

gate and channel noise is correlated since they both originated from thennal fluctuations in

the channel.

The noise sources in the upper and in the lower CC contribute to the total input referred

noise for the push-pull CC thus the total noise is the SUffi of Equations (4. 36) and (4. 37),
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The last tenn is a correlation term between the two noise sources. -1:::; X :::; 1 quantifies this

correlation.

Derivation of
d(v?ra)

df

The potential at the input node of the receiver circuit (point X in Figure 4.4) is given by

vgsgms + vg3gm3
V in =-..;;.-------

gmS + gm3
(4. 38)

where gmi is the transconductance of the FET 1. Differentiating Equation (4. 38), and

assuming that the noise on the gate of M3 and M5 are independent and uncorrelated,

d < v~ > =.!!...-(Cv A + v B)2) =A2.E...(V2 )+ B2.!!...-(V2 )
df df g5 g3 df g5 df g3

(4. 39)

where A= gm5

gm5 + Km3

and B = Km3 • Here it is assumed that the transconductances,
gm5 + Km3

•
gm are not frequency dependent. Furthermore,
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d(v~) =d(v;)
dt dt

(4.40)

It is assumed that a noiseless reference is provided at the source of M4 and M6. Therefore

d(v:s)=d(v:6 )

dt df
(4. 41)

where k is Boltzmann's constant, T the temperature in Kelvin and ç=O. 7 for silicon FETs

[4.2].

Derivation of
d(P;i)
dt

•

Consider the transfonned signal source lei and the output CUITent fout in Figure 4.5. The

CCI front-end noiseless gain is defined:

K - Iour
CCI -

Id
(4.42)

By the current divider mIe, the output CUITent:

(4.43)

Therefore the overall CCI transfer function is given by
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K = ZdH
CCI 2 +2.

d III

(4.44)

d( '2) d('2) d( 2 )lnd lna VnaNow consider the noise sources --, -- and . The CUITent noise into the
df df df

d('2 )
CCI

lnùt ••
, IS.

df

(4.45)

and

(4.46)

By dividing Equation (4.46) by the gain of the CCI (Equation (4. 44)) squared, the input

referred noise is found:

(4.47)
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Chapter 5: Optical Interconnect Modeling

A model is an indispensable tool that improves the efficiency of the design process

and aids in the reduction of the cost of a fmished system or product. The purpose of a

model is at least three-fold: ta provide a methodology 1) for the design and optinùzation of

a system, 2) ta quantitatively evaluate the performance before the system is built, and 3) in

assessing how reality agrees with the model and better understand the operation of the

system. A model is especially needed when designing a system with a large number of

interacting components.

In this chapter, a novel model of an optical interconnect is proposed. The model

takes ioto account the key design parameters of the receivers and the transmitters. If this

model was fully implemented, the designer would be:

• able ta explore the impact of the scaling and the limits of CUITent technologies on system

performance, and suggest directions for technology improvement (the model is

independent of technology and the values of the parameters chosen accordingly).

• able to explore parameter design space and performance optimization.

• able to predict the behavior of a particuIar design under various operating conditions

(sub-optimal) such as varying bit rate, optical input power, and power supply voltage.

Most models only satisfy the frrst and second requirement but not the third. Examples of

such models can he found in [5.1] and [5.2, 5.3], respectively. The third point is important

because operating conditions are not always optimal, and a design should be versatile and

re-useable. A design is often used in a wide variety of systems even though it is not

necessarilyoptimal.

The optical interconnect that is modeled here has its transceivers integrated in a large

2-D array (for exarnple 32 by 32). These transceivers are optical inputs and outputs (lIOs)

to VLSI digital logic providing direct on-chip terminations [5.4]. Consequently, the

transceivers must he small and have a low electrical power consumption. To achieve these

requirements, the receivers do not have automatic gain control (AGC) circuitry and the

transmitters do not have power and temperature control circuitry. The design of these
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transceivers is significantly different from that of a traditionallong-distance fiber link [5.5] .

The receivers for these interconnects are typically gain rather than noise limited [5.1, 5.5]

and the gain and electrical power consumption are traded-off for optical power. Various

roodels to determine the optical power requirements of gain-limited receivers have been

proposed (see for example [5.2]). VLSI Transmitter roodels have aIso been investigated

[5.6]. However, no interconnect model based on VLSI transceivers [5.5] predicts the

optical and electrical power consumption under varying bit error and bit rates. The model

presented in this chapter estimates the optical and electrical power consumption for a given

bit error rate (BER) that defmes an uerror-free" operation, and bit rate.

5.1 Model of the OpticaI Link

The interconnect consists of an array of receivers, an array of transmitters and

optics to connect them point-to-point. The model takes into account the following link

performance measures:

• Sensitivity (optical power required to overcome noise and process non-uniformities to

achieve a given bit error rate or BER)

• Opera~gandm~umbrtrnre

• Linkdelay

• Electrical power consumption

Receiver:

The receiver consists of an analog front-end that converts the input optical power

into a voltage. The front-end is followed by a thresholder or a decision circurt, and a multi­

stage amplifier to obtain a digital output (rail-to-rail). The receiver modei is shown in

Figure 5.1. The receiver optical input can he single or dual-rail. The front-end can be an

amplifier without feedhack or a transimpedance amplifier (TIA). Receivers based on

comparators such as sense amplifiers are not considered here. Refer to Chapter 4 for a

detailed discussion of such receivers. The following design parameters are taken in

consideration by the model:

S: responsivity of the photodetector(s)
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~ feedhack or input load resistance

C: input capacitance of receiver

~Tia: open-loop gain of front-end analog amplifier

ôVsens: thresholder sensitivity

~: gain of post-amplifier

Vdd: power supply voltage

cr: standard deviation of the parameter

l''/'I'vi
1 TIA 1
1 1

detector

front-end

post-amp

Digital
~---I Logic J--__•

thresholder

•

Figure 5.1: The VLSI receiver

Transmitter:

The transmitter consists of a modulator(s) and a driver. A constant beam of power

Pois incident on the modulator. The modulator has a fmite contrast ratio CR and it is

assumed ta he the maximum contrast ratio of the devices [5.7]. The transmitter is shawn in

Figure 5.2. Refer ta section 4.8 for a complete discussion of modulator drivers. The optical

power attenuation from transmitter ta receiver is modeled with an attenuation factor cx•
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Digital ......--_,
Logic

driver modulator

•

Figure 5.2: The VLSI transmitter

5.1.1 Sensitivity

The receiver sensitivity is defined as the minimum optical power necessary to

achieve a given bit error rate (BER). Received bits have a finite probability of error caused

by a statistical deviation in the difference between the signallevels at the output of the front­

end, and the decision threshold set by the thresholder (see Figure 5.1). This statistical

deviation is caused by noise (on the signal), and by process variations, cr. The process

variations produce a statistical variation in the threshold and in the output signal levels of

the front-end~ The statistical deviation may be produced from run to run, and across a chip

or wafer. Other factors that lead to a statistical deviation include cross-talk between adjacent

receivers, power supply noise [5.8] and optical noise (from the lasers supplying the read

beams to the modulators).

The effective signal needed at the input of the thresholder is:

(5. 1)

where VI is the output voltage associated with 'bright' beam and Vo is associated with a

'dim' beam. An inversion usually occurs at the front-end (see below). The difference in

Equation (5. 1) should be
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(5.2)

in arder ta achieve a bit error rate (assuming a Gaussian statistics) of

BER= ~f~exp(-x2/2)dx
v2tr

1 Q l e_(QI
12)

=2erfc(..fi) -- .v21r Q

(5.3)

v -v
where Q = rhresh 0.1 • Va. 1 are the expected value of received signals for a digital 0 and a

0'0,1

digital 1, and bVsens is the threshold sensitivity. a is the standard deviation of the quantity

subscripted due ta process variation, and <in2>112 is the nns value of noise referred ta the

output of the front-end.

Vbias

V thresh~~ -=- t-
ôVeff- --

•

(a)

(b)

Figure 5.3: Analog signallevels (a) for a single and (b) a dual-rail receiver.
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The TIA front-end is considered here. The signal levels at the output of the front­

end are shown in Figure 5.3 for (a) single and (b) dual rail inputs. The signaI levels for the

single-rail front-end are:

(5.4)

where S the photodetector responsivity, Popt.l and Popt.o (Popt.l>Popt.o>O) are the

associated optical power levels coupled into the detector of the receiver, ZT = Rf ( A",1ïa J
1+~1ïa

is the DC transimpedance gain CRr is the feedhack resistance and ~TIa is the open-loop gain

of the TIA- see Equation (4. 12), and Vbias is the bias or reference voltage. For the

transmitter shawn in Figure 5.2, the optical power levels are popr•o = POCROa and

popr•1 = POCR1a for a single-rail receiver, or popr•o =-POCRcx and popr•I = +POCRcx for a

dual-rail receiver, where Pois the probe beam power, CRi is the associated reflectivity of

the modulator, CR=CRI-~O>0 is the difference in reflectivity of the modulator, and ex is the

attenuation of the link. The levels for the dual-rail front-end are self-thresholded (see

section 4.7), and they are shawn in Figure 5.3b. The standard deviation, cr for the voltage

level i, i=O, l due ta process variations are given by [5.3]

(5.5)

assuming that each quantity has a Gaussian distribution. From Equations (5. 1)., (5. 4) and

(5. 5) the voltage swing at the input of the thresholder is therefore
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(S. 6)

where e= 1 or 2 for a single or dual-rail link. The BER is improved by a factor of two for a

dual-rail scheme. The reason for that cornes from the push-pull configuration. The effective

input swing to the TIA is bipolar and its magnitude is doubled for a flXed contrast ratio.

Furthermore this scheme increases the dynamic range since the difference in rather than the

absolute power at each detector is important. The drawbacks include tbat an additional

detector and bias line are required.

After thresholding, ôVeff is amplified by the gain Av of the post-amp (see Figure

S.l). It is assumed that the probability of error in the post-amp stages is negligible

compared to that in the front-end. Errors are more likely to occur before the amplification of

the signal. Therefore only the front-end noise and process non-uniformity are considered

for calculating the sensitivity. The minimum optical power LlPoPt = pope•1 - pope•o required to

obtain a full digital swing, IlVdd at the output is such that:

(5.7)

The output voltage is typically limited by the gain, (~ZT) and not by noise. The gain

limitation resides in the simplicity of the receiver that is generally used in large spatial

bandwidth systems. The optical power, llPopt has been assumed lower. Sorne authors have

used LlPoPt as the definition for sensitivity, and have neglected the BER dependence on

input optical power [5.2] .
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5.1.2 Bit rate

Increasing the gain increases the sensitivity but reduces the receiver front-end

bandwidth due ta a fixed gain-bandwidth product in most designs. Neglecting parasitic

feedback capacitance, the bandwidth is given by (see Equation (4. 12»

f - ~Tia +1
3db 2nR C

f

(5.8)

where ~C is the time constant associated with the dominant pole of the front-end. On the

other hand, the transimpedance gain, Zr is clirectly proportional to Re. In a typical front-end

design, the bandwidth and the gain are traded off [5.2].

The operating bit rate is defmed by:

(5. 9)

tr and tf are the rise and faIl times and they are taken ta be approximately equal for

simplicity. ç is the allowed percentage of the bit period that the cise and fall time take

without significant signal degradation [5.9]. The rise and fall times are inversely

proportional to the 3 dB bandwidth. For a receiver front-end with a linear transfer function

K
t =-­
rf-e f

3dB

(5. 10)

where K-0.35 for a single-pole transfer function. Substituting Equation (5. 10) into

Equation (5. 9) defines the maximum possible bit rate of the receiver.

The total rise time found at the output of the receiver is given by:
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(5. Il)

t rf - e and trp-ai are the risetime for the front-end (given in (5. 10)), and for the following

stages (post-amp). The permissible bit rate is usually lower than the maximum one because

of the non-zero response time associated with the post-amp. When the edge times incurred

at the transmitter, trx are included in Equation (5. Il), the delay in the link is:

(5. 12)

where tfir is the time of flight.

The bandwidth and the edge times are determined by the receiver circuit parameters.

The edge times are nonnally independent of the input amplitude or leveis. However they

are dependent on inputs under two distinct circumstances: 1) when the input contraIs the

resistance in the charging and discharging paths (e.g. FET) of the output node (voltage­

mode circuits such as an inverter) and 2) when a positive input current 1 is charging (and a

negative CUITent is discharging) a purely capacitive load. These situations can be modelled

with a capacitance C that is (dis)charged to a voltage AV. The risetime is then tr = CAV .
1

OUT

T-
Figure 5.4: CMOS TIA-based receiver
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Figure 5.S: An example offabricated TIA with integrated detector (top).

An example ofeach situation is found in 1) CMOS TIA receiver [5.10] (see Chapter

4), and 2) FET-SEED diode-clamped receiver [5.11] (see Chapter 2). The CMOS TIA is

shawn in Figure S.4, and a photomicrograph of a fabricated TIA is shown in Figure 5.5.

The fahricated TIA is less than 50JlmX50J1Il1. The inverters act as the thresholder and the

post-amplifier. Although the edge time associated with the front-end is independent of the

input levels, the edge time associated with the ith inverter stage, [rp-ai in Equation (S. Il)

and (5. 12) depends on their input level Vi and Vo' The edge tirnes Crise and faU) for those

stages are [5.12]

(S. 13)

An increase in Po wouId increase the swing ôVeff (refer to Equations (5. 1) and (5. 6)) and

consequently reduce the edge times associated with the post-amp. Thus the receiver would

he able to he operated at a bit rate closer ta the maximum one (see Equation (5.9)).

The FET-SEED diode-elamp receiver shawn in Figure 2.6 is now considered. Tt

has a high-impedance integrating front-end (see Chapter 2). The photocurrent charges the

input capacitance to a voltage high enough to switch the input FET. The edge time is
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proportional to the input photocurrent level. The voltage has to he clamped to prevent the

voltage from rising too high or falling too low in the case of a string of' l' s or '0's.

5.1.3 Power Consumption

The number of gain stages, ID and hence the receiver power consumption (and area)

can he traded-off for sensitivity. Power consumption is also proportional to the bit rate.

The total power for one link, Plink is the SUffi of the power consumed by the receiver, the

transmitter and the in-situ logie i.e. PUnie =PRX + p.[X + Pin-siru' The power dissipation of the
logic

receiver, PRX is the sum of power dissipated in the analog amplifier front-end and the

following stages.

The power in a CMOS TIA can be expressed as follows:

(5. 14)

The flfst term is the static power consumed in the feedforward amplifier, and is

proportional to V~ias (n is the number of stages in the feedbaek-Ioop[5.13]). The second

term aeeounts for the statie power consumed in the following stages (m being their

number), and the third term describes the dynamic switching power of the digital receiver.

The power consumed by the transmitter is:

(5. 15)

The flfSt term represents the power dissipated in the modulators due ta a constant beam

with power Po incident photocurrent. The second term. aecounts for the statie power

dissipated in the driver and the fmal tenu models the switehing power (dynamic). The

dynamic power in the transmitter is more important than in the receiver and accounts for the

main part of the total consumption (see Section 4.8). Sïnce the optical power is extemally
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supplied, the electrical power consumption is independent (if the fust term in Equation (5.

15) is neglected) of the output optical power for modulator-based transmitters. For an

interconnect based on an emitter technology, the total power consumption depends the

output optical power and sensitivity of the receiver. The on-chip driving power

consumption increases due to higher driving currents.

The power consumption for the in-situ digital logic is taken into account by the

mode!. It is Pin-situ = knsCg v1B. 1\ is the 'smartness' parameter. 'Smartness' is the
lagie

number of gates or the amount of processing required by one link. k is the activity factor.

Intelligent receivers and transmitters have been termed 'smart pixels'. The logic performs

processing functions such as address recognition, and multiplexing and demultiplexing

data.

5.2 Array of Transceivers

The performance of one link has been modelled in the previous section. This

section discusses a few issues related to the design of the array, namely aggregate

bandwidth and on-chip channel density, skew and switching noise.

The density of electronics is Dt! = ns ::;; Dt!lrrmx where De/max is the maximum
A

density. The density of the electronic can be limited in two ways: 1) heat removallimited

[5.14], or 2) wire-limited (area constrained) [5.14]. For example, a smart pixel requiring in

addition to optical I/Os, a large number of electrical IJOs and control lines would he wire-

limited. If the chip is heat removal limited then D = W where W is the heat
t!lmax kC V 2 B

g dd

removal capability.

The optical I/O density, Do is usually not limited by the density of VLSI receivers

and transmitters that can be packed on a chip but by the optics. Diffraction represents a limit

but in practice is not reached. The placements of the detectors and modulators (or ernitters)

on the chip plane, and the optical system providing the array of beams need to be designed

in conjunction to optimize the link density given the constraints of the optics. Figure 5.6

shows two examples of optical I/O layout: a) regular b) clustered. The optical detectors and
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modulators reside right on top of electronics. The arrays of receivers and transmitters can

be physically disjoint or interlaced. Typically the receivers and the transmitters are

interlaced with one receiver and one transmitter per pixel.

The total optical power is limited in a system. This puts a limit on the number of

link that cao he interconnected. If the maximum power available is PTOT then this maximum

number of links is

(
CRI +CRO)pa TOT

2
NUnlc/m;u = 6P

o

(5. 16)

where Ml0 is defmed by Equation (5. 7).

(a) (b)

•

Figure 5.6:Optical If0 layout (shaded areas) Ca) regular (b) clustered array.

It is important ta consider skew between each link. The skew is mainly limited by

process variations at the receiver and transmitter. Another source of skew cornes from the

differential on-chip metal interconnect lengths from the receivers and transmitters to and

from the edge of the chip. The edge times of the front-end, the post-amp, and the

transmitter in Equation (5. 12) are strongly dependent on the process or circuit parameters.

This is 50 hecause of the simplicity of the receiver and transmitter design as small areas are

required. Circuit design have been used to reduce the effect of process variations without

too much area and power consumption overhead [5.13]. With the parameters in Table 5.1,

it is found that the delays associated with the transmitter and the receiver account for about
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balf of the total link delay. On the other hand, the rime of flight is directly proportional to

the distance. In a backplane this distance is typically 30 cm which makes the time of fligbt

about 1ns long.

Sïnce the analog and the digital section coexist on the same chip (aIl transceivers

share analog and digital bias lines), switehing noise may become important for large arrays.

Solutions to reduce this effect include the use of differential amplifiers [5.8, 5.15, 5 .16]

deeoupling of bias lines and optical powered smart pixels [5.17].

5.3 Results

The receiver is shown in Figure 5.4. The transmitter use modulators with 3: 1

contrast ratio. The ref1ectivities are 45% and 15%. Substituing Equation (5. 8) into (5. 10),

and (5. 10) into (5. 9), the maximum bit rate is calculated to he 550Mb/s. The OC

switching optical power is found with Equation (5. 7) ta be 3.4f.LW (-24.7dBm). This level

constitutes the minimum input ta obtain a full digital output swing. An additional amount of

optical power is required to overcome noise and process variations. The optical power

required to overcome noise and process variations to achieve a given BER is calculated

using Equations (5. 2), (5. 3) and (5.6) for that maximum bit rate. The edge times required

to mn at a given bit rate are found with Equation (5. 9). With Equations (5. 10) and (5.

Il), the edge times associated with the post-amp are calculated. The input optical power to

obtain these edge times are calculated with Equations (5. 4) and (5. 13). The results of this

caleulation are presented in Figure 5.7. CaleuIations verified with simulations, show that a

2f.LW and 3f.LW reduction in LlPoPt slow the bit rate from the maximum to 375Mb/s and 250

Mb/s, respectively. These reduetions are the same for any given BER, and indicates a

slower post-amp edge. For a BER=10-9
, the sensitivity is -19.6 dBm at maximum speed

Le. 550 Mb/s. At a bit rate of 375 Mb/s, the sensitivity is -20.6 dBm. At a bit rate of 250

Mb/s, the sensitivity if -21.1 dBm. These compare favorably with the measured

sensitivities [5.10], hence validating the mode!.

The power consumption is calculated with Equation (5. 14). The input gate

capacitance is estimated at 10fF and Cg=3*10fF since there are three stages (m=3 and n=I).

k=1 for NRZ signalling. A statie power of 4.5mW is estimated. A dynamie power of 400
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J.lW, 300J.lW, and 200J.1.W are calculated for 550 Mb/s, 375 Mb/s, and 275 Mb/s

operation. Therefore the total power is 4.9 mW at 550 Mb/s, 4.8 mW at 375 Mb/s, and

4.7mW at 250 Mb/s. These values agree with the measured powerconsumption [5.10].

250 Mb/s 375 Mb/s 550 Mb/s
10-4 r
10-5

10-6

~

10-7......
c.'\$

~
5-4

10-8ê
~
~ 10-9.-
~

10-10

10-11

10-12

-25 -24 -23 -22 -21 -20 -19 -18
Optical Power (dBm)

Figure 5.7: BER versus optical power for three bit rates.
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Parameter Value

~Tia Open-Ioop gain for the feedforward

amplifier of the TIA 5

Re Feedback Resistance of TIA 28619Q

C Input capacitance of receiver front-end 52fF [5.18]

ç Percentage of the bit period that the edge 0.6 [5.9]

timestake

~ Gain of post-amp 125 (3 stages each with gain=5)

S Responsivity of the detector 0.5AIW

LlVdd Power supply volltage 5V

CRI Reflectivity for a 'high' beam 0.45

CRD Reflectivity for a 'low' beam 0.15

ex Opticallink attenuation l

cr(process) Standard deviation of the process 1.8%

O"Vthrcsh Standard deciation of the threshold 10rnV

voltage

ôVsens Sensitivity of the thresholder 20mV

<Ïn
2> Noise in the front-end 10-1.3 A-

Table 5.1 : Values of the parameters.

5.4 Conclusions

A model for optical interconnect based on VLSI-optoelectronic transceivers was

proposed. The model can he used to estimate the optical power required by the interconnect

for any BER or to ensure error-free operation. Circuit noise and process variations are

taken into account in the model. It also predicts its power consumption, and the

interconnect deIay. Table 5.2 summarize the modeI predictions and compares them with

measurements.
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There is a general trade-off between optical and electrical power consumption in a

modulator-based interconnect. This is due to the fact that more sensitive receivers require

larger gain that consumes more electrical power. On the transmitter side, the power

consumption is ooly weakly dependent on the output optical power. For an emitter-based

interconnect, a larger optical power entails a larger power consumption at the transmitter 50

that the total power consumption of the interconnect is not necessarily reduced with the use

of less sensitive receivers.

Measured Predicted Receiver Power Predicted

Sensitivity Sensitivity Dissipation Receiver

Bit Rate (Mb/s) (dBm) (dBm) (mW) Dissipation

[5.10] [5.10] (mW)

250 -21.5 -21.1 4.7 4.7

375 -20.9 -20.6 4.8 4.8

550 -19.4 -19.6 5 4.9

Table 5.2: Comparison between model and measured sensitivities (BER=10-9
) and power

consumption.
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• Chapter 6: Backplane Demonstrators

The work presented in this chapter was undertaken under the supervision of Profs.

D.V. Plant and R.S. Hinton during the period spanning from the spring of 1994 to the

spring of 1995. The author was working in a team that was building backplane systems

[6.1, 6.2]. His main contribution resides in the design and optoelectronic packaging of the

transceiver arrays used in these systems. As pointed out in the introduction of this thesis,

optical interconnections and 2-D optoelectronic arrays may fmd an important application at

the backplane level [6.3, 6.4] where there is an electronic bottleneck at the printed circuit

board (PCB) to backplane interface [6.5]. In this chapter, three backplane demonstrators

are described. The demonstrator approach is used to identify the critical research issues in

photonic backplane systems. Three main fields of expertise are calIed upon when building a

photonic backplane: 1) 2-D optoelectronic technology and circuit design, 2) optics and

optomechanics, and 3) packaging and system assembly and integration. This chapter

examines how the three fields work together in implementing an optical backplane as

depicted conceptually in Figure 6.1.

Optical
Communications

ChannelsOptics and
Optomechanical

Structure

Figure 6.1: Conceptual Optical Backplane

Backplane
Chassis

•
The function of the backplane is to communicate data between PCBs. The photonic

backplane exploits VLSI 2-D optoelectronics and free-space optics to achieve the high

spatial bandwidth. The backplane consists of 2-D arrays of VLSI optoelectronic
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transceivers interconnected through free-space optics. A VLSI optoelectronic transceiver

acts as an interface between the optical data (in an analog forro) and the digital logic on the

VLSI chip and/or on the board. The design of a transceiver is discussed in Chapters 2 to 4.

Functionalities such as header processing and address recognition can be added to each

transceiver in the array. The added processing electronics produces 'intelligent' optical

input and output [6.6]. One important goal in building those demonstrators is to test these

~intelligent' transceiver arrays, and see how weil they behave in a system environment. The

CMOS/SEED system described below implements a portion of the hyperplane architecture

[6.7]. This architecture uses 'intelligent' I10 to direct traffic between a multi-boards

backplane.

Another important goal is in developing the optomechanics and packaging of

photonic backplanes, more particularlly of free-space systems. This is to provide a good

long-term stability and ease of alignment. Techniques in designing the receiver and the

array discussed in Chapter 4 may help the alignability and the tolerance of the system, but

rugged mechanical support is still needed. The approaches to all the demonstrators have

been to use:

• thermally and mechanically stable optomechanics.
• modular design for automatic manufacturing.
• passive alignment with no adjustments once the system is built.
• removable daughter boards.
• an integration of optics ïnto a standard V1vŒ [6.8] backplane chassis.

The concept of the kinematic daughter board is illustrated in Figure 6.1. The daughter

board is a small board on which the optoelectronic arrays are mounted. It is mechanically

decoupled from the rest of the board (the mother board) to ease alignment. A high-speed

connector is used between the daughter and the mother board. This optomechanical

approach has made the system alignment much easier to achieve.

The third component of the backplane is the optics. The challenge in the design of

the optics resides in providing a scaleable interconnect between multiple boards. The

efficiency of the links is an important design issue. Furthermore, the optics may provide

diagnostic tools to aid alignment and assembly of the system. In the next section, a FET­

SEED-based demonstrator is described. In section 6.2 the MSM/VCSEL backplane is

discussed. Section 6.3 presents the hybrid CMOS system, and the final section summarizes

and give conclusions.
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6.1 FET-SEED based demonstrator backplane

A uni-directional PCB-to-PCB optical interconnection is designed and constructed.

The demonstrator is based on a 4X4 FET-SEED receiver and a transmitter array, PCB level

optoelectronic packaging, conventional optics or diffractive microoptics, and baseplate

optomechanics. The design, packaging, and characterization of the transceiver arrays are

described in Chapter 2. The board-to-board optical interconnection is achieved using a two­

sided PCB approach. The optical system establishes the communication between the PCBs

and it is implemented in two ways: 1) with conventional optics and 2) with d.iffractive

microoptics. The conventional optical system is shown in Figure 6.2 (aIl numbers in mm;

RBS=Risley Bearn Steerers and BPG=Binary Phase Grating). The rectangle at the top

labelled OPS in Figure 6.2 is the optical power supply. It supplies an 8X4 array of

vertically polarized light spots to the modulators on the right-handside board. The OPS is

similar to that of the microoptic based interconnect and is described below. A conventional

optical system relays the modulated beam from the modulator array to the receiver array on

the left-handside PCB. Although the conventional optical system is easier to align, it is not

as compact as the microoptic-based interconnect.

OPS

Fiber

Figure 6.2: Conventional Optical System Layout
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Figure 6.3: Microoptic-based Interconnect
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Microoptic lens arrays are used to implement the board-to-board relay ta produce a system

that is scalable and to obtain a board spacing that is comparable to current electronic

systems [6.5]. Figure 6.3 shows a schematic of the optical system (alI numbers in mm).

The OPS is shown in the rectangle. The optical power is delivered from a 850 nID single

frequency, argon ion pumped Ti:sapphire laser coupled into single mode, polarization

maintaining fiber and collimated with a 10 mm focallength lens at the fiber output. The

system spot array generator consisted of a binary phase grating and a 40.34 mm achromat

lens to produce the required 32 spot pattern. The efficiency of the binary phase grating is

measured to be 67%. Fine adjustment of the beam positioning is accomplished using

Risley bearn steerers packaged with ball bearings for ease of rotation. Two 4f relays are

established using three 6.5mm focal length, 8 level diffractive microlens, and a 5 mm

polarizing beam splitter as shown in the Figure 6.3 insert. The fust relay is setup between

the power plane and the transmitter array with microlenses labelled 1 and 2, and the second

relay with microlenses 2 and 3. The microlens have a measured throughput efficiency of

90%. The total opticalloss of the system is measured to he 20.7% from the fiber output to

the transmitter array, and 70.5% frOID the transmitter array to the receiver array. The



•

•

160

system is typically operated with 0.5 mW per diode (1.0 mW per dual-rail channel) on the

transmitter array, and an average of 0.35 per diode on the receiver array.

The optomechanical system is constructed using a slotted magnesium baseplate and

pre-aligned optical components mounted into one inch holders. The components are held in

place by a stacked magnet/steel bar combination which allowed for tailoring the strength of

the retaining force. The PCBs are mounted onto five axis positioning stages secured to the

baseplate. The optical system is designed and operated with 10 micron mechanical

tolerancing. The system demonstrated excellent long term stability, and remained aligned

over severa! days. Figure 6.4 shows a photograph of the demonstrator. The transmitter

board is again on the right and the receiver board on the left of the photograph. The

imaging system has been removed and placed on the right hand of the backplane (top right

in the photo).

Figure 6.4: Photomicrograph of the FET-SEED based backplane

The system is operated in two configurations. Based on the 600 Jlm center-ta-center

spacing of the lenslets arrays, in the fIfst configuration the 4 corners of the

transmitter/receiver smart pixel arrays are interconnected optically. Figure 6.5 shows the

results of transmitting data frOID board to board over one of these micro-optical channels.
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In this configurationy each lenslet supported one dual rail optical channel. The system is

operated in this configuration at data rates up to 75 Mb/s on an individual channel. Based

on the received optical powery and the bias voltages of the diode clamped receiver circuit,

the switching energy is calculated to he 50 femtojoulelbit. This was the frrst time a single

lenslet based optical interconnect was used to support differential optical signais. Multiple

channel operation was also investigated, however the data rates were somewhat slower

owing to cross talle on the FET-SEED circuit electronics. The crosstalk appeared in the

form of electrical pick-up on adjacent trace lines most likely due to non-optimum circuit

metalization. However no measurable significant opticaI crosstalk in the system is detected.
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Figure 6.5: 16 bit patterns and a PRBS at SOMb/s

•
In the second configurationy a single lenslet (600 lJlI1 in diameter) is used to support

four dual rail optical channels, a total of eight optical channels, in a cluster pixel

configuration. This is possible due to the robustness of the lenslet design. In this optical

configuration, 2 X 2 transceiver subarrays are used. In particular, a 2 x 2 modulator array
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(center-to-center spacing 200 flID) in the center of the 16 element array is interconnected

with the center 2 x 2 sub-array on the receiver chip. Figure 6.5 shows a typical recording

of the output of the system with all four channeIs heing driven simultaneously at 25

IvIBits/sec. This result is significant in that it demonstrates an effective channel density of

2222 channels/cm2
, and points toward the scalability of free space interconnects at the

backplane Ievel of the interconnection hierarchy.
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Figure 6.6: Cluster Pixel output at 25Mb/s

A larger number of cIustered channels may he handled by the lenslet. The optimization of

the connection density with the design of the lenslet has been studied [6.9] and the results

of the analysis is reported in [6.10].

6.2 MSM/VCSEL based demonstrator

A system demonstrator is bullt based on Vertical Cavity Surface Emitting Lasers

tVCSELs), Metal Semiconductor Metal (MSM) detectors, PCB level optoelectronic device

packaging, a eonventional optical relay, and novel barrellPCB optomechanics. The entire

system is constructed using a standard VME electrical backplane chassis [6.8] and operated

at > 1.7 ObIs of aggregate data flow. In addition to describing the component technologies

developed, this section describes operational testing and characterization of the

demonstrator.

Figure 6.7 is a picture of the demonstration system. The large PCBs are

mechanically decoupled from a smaller board on which the optoelectronic chip is packaged.

Because the requirement of connectivity into or out of the board is a fraction of the

infonnation flowing between them, a scaleable high speed flexible 50 ohm connector is

chosen to connect between the two boards. The extraction and insertion of the PCB can
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thus occur with a minimal impact on the alignment of the optoelectronics. This approach

resulted in the concept of mother boards which resided in a conventional manner inside the

~ chassis, and daughter boards which are part of the optical interconnect layer. In

addition to optomechanical advantages, the daughter boards provided the frrst and second

IeveI packaging for the optoeIectronics and their associated support eIectronics. The 2­

dimensional device anays used to provide the optical link between the daughter boards are

VCSELs for the transmitter, and MSMs for the receiver. The light is reIayed from the

VCSEL plane to the MSM plane through a 4f telecentric imaging system, with extemal

viewing capabilities.

Figure 6.7: MSM/VCSEL Backplane Demonstrator

Parameter Symbol (Unit) Min. Typical Max.

Optical Output Pout (mW) l.0 - -

Peak Wavelengili À, (nm) 835 850 865

Full Angle @ Half Maximum e (degree) 10.0 13.0 15.0

Pitch 125 J.UIl x 125 J.Lrn.

Array 4 x4 array

Table 6.1: Optical Characteristics for PR!'s VCSEL CTA =25 "C, cw oPeration)
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The transmitter daughterboard includes a 4x4, 850 nID VCSEL array (device pitch,

125J.lIIl) packaged in a Pin Grid Array (pGA) chip carrier. The VCSEL characteristics are

shawn in Table 6.1. The beam waist is specified to he from 1.189 JllI1 ta 1.853 J.l.ffi (300 is

3.566 Jl.ID. to 5.558 J.lm). PCB level packaging of the PGA is accomplished using custom,

impedance controlled, 4 layer PCBs. In addition, a TE cooler is mounted on the back of the

PGA in order to allow for active cooling of the VCSEL array. This is accomplished by

Ieaving a hole in the VCSEL daughterboard. In order to avoid the problem of slow drive

electronics, each individual VCSEL is operated through a dedicated bias tee mounted on the

mother board.

On the receiver daughterboard, a 4x4 MSM array (fabricated by McMaster

University) is hybridly packaged in a 68 pin PGA with commercially available HP silicon

:tv1MIC transimpedance amplifier chips. The responsivity of the MSM is 0.2 AJW at SV

bias. The pitch size is designed to match that of the VCSEL. The active area of a MSM

receiver is SOx50 Jlm. The ratio of the fmger width and finger spacing inside an active

window is 1:1, thus, roughly 50% optical power onto MSM is reflected by metal and a

further 30% of the remaining light reflected by the GaAs. Table 6.2 summarizes the optical

parameters of the MSM receivers. To minim.ize long Ieads and unwanted inductive

parasitics, the transimpedance amplifier chips are mounted directly iuto the PGA, adjacent

to the detector array chip. The output of each MSM is wire bonded to an amplifier chip.

The outputs of the transimpedance amplifier chips are then wire bonded to the PGA

outputs. These amplifier outputs are fed iuto variable gain amplifiers wlüch are surface

mounted on the receiver daughterboard and configured as limiting amplifiers to achieve

ECL voltage levels. In both cases, the daughter boards are connected to the mother boards

through high speed connectors.

125
50
2
2
-80%

Table 6.2: Optical parameters for the MSM

The optical interconnect is accomplished using a 4-f telecentric imaging system

which employs two inexpensive injection molded glass asphericallenses (f = 6.24 mm).
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Risley beam steerers are used for fine adjustment of the optical beams, and a 4 mm.

beamsplitter cube is used ta provide a view port. The resulting spot radius on the MSMs is

calculated ta be 27 Jl.II1. The optical power throughput is 43% but since only 40% of the

power is coupled into the MSM, a 17% efficiency is found.

PGA packaged
VCSELdie

PGA packaged
MSMdie

•

Imaging
~~~ beamsplitter

.....----45 mm ..

~DaUghterboards~
Figure 6.8: Barrel Optomechanic

Figure 6.8 shows a schematic of the optics and optomechanics. The objective of this

approach is to design and build a compact, low-cost, stable, and rapidly assembled

optomechanical support structure which can he integrated into an industry standard VNffi

6U chassis. The barrel had two 45° bevels, one on each side. These served to support the

daughter board barrel adapters which acted as an interface between the daughter boards and

optomechanical components. The barrel itself is fixed in position relative to the VNffi

chassis, and the optomechanical interface permitted motion of the daughter boards relative

to the barrel. The utility of a flexible connector between daughter and mother boards is key

because the daughter boards are required to move independently relative to the chassis.

Neither the die to package nor the package to board alignment tolerances are critical to the
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alignment of the system as the daughterboard optomechanics are designed to compensate

for these misalignments. During assembly, the optomechanics allow spots generated by the

VCSEL array to be positioned to within 50 fJ.II1 of their required location. Additional

alignment is provided by the Risley steerers which have a range of 80 J.U11 and resolution in

the micron range. The physical separation between two PCBs is 28.8 mm. FinaIly, in

addition to TE cooling the optoelectronics, two cooling fans are bolted to the VNŒ chassis

support spine as is shown in Figure 6.7. This spine aIso served to support the rod and

barrel optomechanics; thus these fans are directly mechanically coupled to the chassis.

These fans blew air directly onto the daughter boards and provided an additional beat

removaI mechanism. During aIl the operational testing described below, not only is the

VNŒ chassis freestanding but also the two cooling fans are on at ail times.

The system is operated in a number of different modes. Each of the 16 channels is

individually operated at data rates up to 500 Mb/s on the best channels. Figure 6.9 shows

eye diagrams of six of the channels operating at 155 Mb/s. In the parallel mode of

operation, the VCSEL array performance is degraded by thermal coupling between adjacent

VCSELs. Only Il channels can operate simultaneously. In this mode, these Il channels

are operated at 155 Mb/s, with < 2ns edges and high signal quaIity. This represents greater

than 1.7 Gb/s of aggregate data flow. The stability and robustness of the system is

excellent. The system remained aligned for over 21 days and showed under 2 J..lIIl of

transverse (x-y) misalignment. In addition, the system was tested under mother board

insertion and extraction, showing no misalignment after over 30 insertion and extraction

cycles. Finally, both the introduction of mechanically coupled fans to the chassis and shock

on the daughter boards show no effect on the alignment of the system.
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Figure 6.9: MSMNCSEL system eye diagram at 155 Mb/s

6.3 CMOS/SEED based demonstrator

The system implements four 4-bit wide parallel unidirectional rings that interconnect

four boards or stages. Each board has associated with it a 4-bit wide address. The

transmitting board sends out packets with an address header that specifies the destination

board. The implementation is based on CMOS/SEED VLSloptoelectronics arrays, a hybrid

(lenslet+conventional optics) optical system [6.11], a baseplate and barrel optomechanics

[6.12] and daughter/mother board and chip-on-board packaging [6.13]. The whole is

integrated in a VME backplane chassis. Figure 6.10 shows a photograph of the completed

system.
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Figure 6.10: CMOS/SEED based backplane

The 4 stage system allows ror data ta he brought on and off the backplane via the

CMOS/SEED array [6.14]. The hybrid-SEED technology was made available through

ARPAICOOP/AT&T Hybrid SEED workshop. A 4X4 array of pixels each with one

receiver and one transmitter was designed. The receiver and the transmitter operate in a

differential mode (two MQW diodes per receiver and per transmitter). A dual-rail TIA

receiver is used. Ten microwatts of optical power is required to operate the array at 2Mb/s.

The receiver and transmitter are isolated frOID the digital logic to reduce the effect of digital

switching noise on the analog circuitry. Four pixels make one 4-bit channel. Each one of

the four 4-bit channel has an address recognition circuit that compares the incoming header

address with the board address. The address encoding scheme is such that there is a

broadcast capability. The array can operate in one of three modes; transmit mode which

alIows for data ta be clocked onto the backplane, receiver mode which allows for extraction

of data frOID the backplane and transparent mode which allows data to propagate to the next

node in the system.

The optical system is based on three major subassemblies and fonDS a

unidirectional optical interconnecte The [IfSt section is the optical power supply (OPS)

similar to the modulator-based system (PET-SEED) described earlier. The OPS is a fiber
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optic based delivery system which employs binary phase gratings, conventional lenses and

risley steerers to take the output frOID a single laser (500mW) and uniformily distribute it

into four 4X8 spot arrays. There is one OPS for each board. The light is then delivered to

the active areas of the modulators using a lenslet relay system which employs diffractive

lenslets. A polarizing beam splitter (BPS) quarter wave plate (QWP) assembly and

pixellated mirrors are used for routing and interconnecting the optical beams from stage-to­

stage. In addition, two conventionallenses are arranged in a telecentric relay configuration

to complete the stage-to-stage connection. A schematic of the optical layout is shown in

Figure 6.11. The custom optomechanics are based on a barrel and baseplate system, and

are designed ta he simple, compact and efficient. The slotted optomechanics is similar ta

the one discussed for the FET-SEED based system described above. The barrel

optomechanics is similar to that of the MSWVCSEL described earlier. One drawback of

this design is that latency would increase with the number of boards thus limiting the

scalability of the system. The contrast ratio of the modulators were measured to be Iess than

one, and they were unusable for transceiving.

Transceiver
Array

Pixellated
MirrorlLenslet

(LAI)

MicroIens Array
='=:------1--- (LA2)

Bearn. Steering
Elements

Power array plane / ••••••

(PAP)

Optical Power
Supply
COPS)

Printed Circuit
Daughterboard

(PCdB)
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Figure 6.11: Optical ring interconnect

6.4 Summary and conclusions

•

Three backplanes have been designed and constructed. The flfSt one was based on

FET-SEED technology. The free-space optical communication channels were established

using binary diffactive gratings, multilevel diffractive microlenses, polarizing optics, all

integrated onto a slotted baseplate. Operational testing of the system in two modes was

perfonned at data rates of 150 MBits/sec for individual channels, and 75 Mb/s for multiple

channels. A single lenslet based interconnect was used ta support four differential, eight

total, optical channels, each operating at 25 Mb/s. This result points to the scalability of

backplane level, free space optical interconnects for future, large switching and computing

systems. The second system had VCSELs as the transmitter and MSMs as the detector.

The demonstration system was capable of> 1.7 ObIs of aggregate data capacity with up to

500 Mb/s operation on individual channels. The effective connection density of the system

is > 6000 channel/cm2
• Using custom rod and barrel optomechanics and a daughter

boardlmother board assembly, the system demonstrated excellent robustness and stability.
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Chapter 7: Conclusions and Future Work

7.1 Conclusions

This thesis has discussed the design and implementation of VLSI optoelectronic

receivers and transmitters for optical 2-D interconnects. Although mainly focused on

transceiver design, this dissertation touches three disciplines as mentioned in the

introduction. Therefore conclusions are drawn on three fronts:

• on the choice of the optoelectronic technology

• on the circuit design method

• on the packaging and system integration approaches.

Firstly, three optoelectronic technologies were considered, namely 1) Ùle FET­

SEED 2) Ùle epi-electronic and 3) the hybrid CMOS technology. The FET-SEED

technology has three major drawbacks. It ~as a high power dissipation, a low device yield

and a high non-uniformity. The high power consumption originated with the use of static

GaAs logic, and the effect of the underlying p-Iayer that increases the device parasitic

capacitance leaùing to a higher power-delay product. The p-Iayer can cause up to a 60%

penalty in the delay [7.1]. This is a typical trade-offfor monolithic technologies that tolerate

a non-optimized device to accornmodate another (in this case the MQW diodes). Epi­

electronic, on the other hand, provides more flexibility for the simultaneous optirnization of

optical and electrical devices. Optical devices are grown on top of commercial GaAs

electronics that possesses a good (commercial) yield and unifonnity that are better than for

the FET-SEED. A mask was added ta the commercial GaAs process to fabricate metal­

semiconductor-metal (MSM) detectors that have a higher responsivity than the one formed

by the normal process. Unfortunately only LEDs were available at the rime of this research.

The power they emitted was too low for reliable (low BER) transceiving high-speed data.

The best technology of the three considered was the hybrid CMOS with which large arrays

of VLSI transceivers can be produced. System designers have used them because of its

impressive spatial bandwidth, and its availability. There are however problems that make

this teehnology difficult to use in a system. Although the optical power can easily be tuned

by the extemallasers that supplies the read beams to the modulators, the output from those
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transmitters is Iimited by the exciton intensity saturation, and a high insertion 10ss.

Furthermore being a modulator-based technology (like the FET-SEED) the optics and

optomechanics are complexa Modulator-based technologies require that an extra set of

beams he provided compared to emitter based systems. This makes the assembly and

manufacturing of such system more difficult than an emitter based system. However the

on-chip power consumption for emitter technologies is currendy high~ and large arrays (i.e.

16X16) have not yet been available readily ta the system designer.

Secondly~ system performance improvement can aIso come from circuit design as

was shawn in this dissertation. The transceiver circuit design is important for implementing

an optical solution that offers a marked advantage over electrical technologies. It can also

make up for the deficiencies of the current optoelectronic technology. To help the circuit

design, a circuit simulator was configured for the FET-SEED technology. This tool was

used to design receivers, and transmitters for a backplane system. A main theme in this

dissertation is that careful circuit design and layout can improve the alignment tolerance of

an optical interconnect Current-mode techniques were examined for the implementation of

VLSI optoelectronic receivers. With a current-mode approach~ the performance of receivers

becomes less dependent on the capacitance, and the size of the deteetor. Consequently

alignment tolerance can he achieved with a mirùmal impact on the receiver performance by

oversizing the deteetors. This dissertation introduces a rnisaligmnent tolerant array. A

misalignment tolerant array improves the misalignment tolerance of an entire array by using

more deteetors than required, and by rerouting electrically (on-chip) misaligned optical

inputs to the proper electrical chip output Other circuit techniques were introduced to

improve the performance of the interconnect Receivers with gain and sensitivity that are

weakly dependent on the bandwidth were achieved with buffers. Time-differential receivers

were proposed ta enlarge the dynamic range, and increase the tolerance on process

variations and voltage supply fluctuations with a minimal amount of area and power

consuming circuitry. Dynamic GaAs receivers were introduced for law-power

transceiving. On the traDsmitter side, techniques were mainly investigate for reducing the

switehing power of modulator drivers, and improve the alignability of the read beam onto

the modulator active area. In that regard, BiCMOS modulator driver promises high-speed

and compactness when driving large misalignment tolerant modulators. Moreover the

adiabatic operation of moduIator drivers cao dramatically reduce the po\ver conswnption

compared ta traditional charging. The overhead for such scheme was low and taken into

account when making the comparison.
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Finally, a simple 2-D interconnect model was proposed. The model takes inlO

account ail the transceivers design parameters. This model makes performance predictions

for the system given a transceiver design. It helps to evaluate the impact of the transceiver

design on the overall system performance. For a given receiver and transmitter design, it

predicts the sensitivity for any given bit error rate (BER) at given data transmission rates.

A demonstrator approach was used to understand the design issues of an optical backplane.

Systems using the FET-SEED and the hybrid CMOS technology, and a MSMNCSEL

teehnology have been designed and built. Chapter 6 summarized the performance of each.

Although they demonstrated an aggregate bandwidth that was not up to the full potential of

the optical solution, the packaging solution for such systems was demonstrated. Compact

and sturdy optomechanics was designed for each demonstrator, and their long-tenn

stability demonstrated. It was shown that the mother-daughter board and chip on board

packaging ease the assembly and the alignment of the system. Also, the integration of

optics and optomechanics into a standard~ backplane chassis was demonstrated.

7.2 Future Work

The future work lies in the three areas mentioned above. Deviee rechnology

improvement and avaiIability are required for the implementation of systems. More work

should be done ta continue the effort initiated in this dissertation on circuit techniques ta

improve the optical Ùlterconnect and the system performance. Finally more system

demonstrators are needed to prove the worth offree-space technologies.

1) Emitter teehnology is needed. Flip-chip of VCSELs onto commercial silicon electronic

would be desirable. Epi-electronics that integrates VCSEL is currently under development.

The teehnology should be made readily available to system designers through CO-OP and

workshops.

2) The work in this thesis was aimed at providing new analog techniques for designing

transceivers used for a 2D optical interconnect system. Novel receivers were tested and

characterized. Future work include their integration into a system and an assessment of

their contribution to improving the system performance. This has already been tackled ta

sorne extent. Currently an 'intelligent' transceiver array of CMSA-based receivers have

been designed and will be used in the next system demonstrator. Two clocks have been
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used. One clock is used to operate the sense amplifier and the other is used to clock the data

through the pipeline. A single-elock can be used with a modified CMSA and dynamic

logic. This is an ~xample of how proper circuit design can sirnplify the clocking of the

array, and that of the system. The clocking of the backplane is a general problem that

should he addressed more closely in the future. A law-power adiabatic VLSI optoelectronic

transmitter is currently being designed, and a future demonstration is planned.

3) Alignment is the most important issue in considering large 2-D interconnect based

systems such as a backplane. Thus, additional demonstrators are needed to demonstrate the

alignability of the system. The misalignment tolerant array technique introduced here, and

other techniques [7.2] ought to be used in conjunction to achieve a demonstration of an

easily alignable system.
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