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FOREWORD

This technical paper on a High-Speed Optical Data Link System, to provide in-
tercommunication between LSI modules, describes and examines various packaging
concepts and examines various elements of the system such as sources, detectors,
optical transmission media, and optical interfaces. It concludes with a hardware sec-
tion that describes the fabrication and operation of a five-module, 20-MHz functional
model. The work was performed for the Naval Air Systems Command, under contract
number N00019-72-C-0301, Mr. A.S. Glista, by the IBM Electronics Systems Cen-
ter, Owego, New York during the period from March 1972 to March 1973.

Publication of this report does not constitute approval by the Naval Air Systems
Command of the findings or conclusions contained herein. It is published for the ex-
change and stimulation of ideas.
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Section 1

INTRODUCTION

This document is the final technical report for the Phasa 11 High-Speed Optical

Data Link, Contract No. N0019-72-C-0301. The program was performed for the

Naval Air Systems Command by IBM; Federal Systems Division, Electronics

Systems Center, Owego, N.Y. The intent of the task was to investigate and con-

duct a feasible conceptual design study of a complete high-speed optical data link

system to provide intercommunication betwveen large scale integrated JLSI) modules

as typically proposed in the Navy Advanced Airborne Digital Computer (AADC)

development program. 11Te task culminated with the development alnl fabrication

of a functional five-module model. Contractual effort covered a 12-month period

beginming 2 March 1972.

1. 1 PE.1FORMANCE-Di'FINITIONt - The performance of this roscare-h and development effort was divided into four

subtasks. Subtask I Involved an Updated survey of approprlate dovic-ce and inves-

tigatlon of laver and PIN diodes for applicability to the data litak. %oetion 2 of this

report e xplains this effort and gives the results. Subtask 2 encompassed a study

of all levels of packaging, from the basic device up to the module and final -milt

level, This study was vonfigured around the basie unit and module design as pro-

posed for the Naval Air Systams Command per Contr,%ct No. NOO19--C-0504

dated 3 Decemtbr 1971. Sections 3 and 4 describe this effort.

Subtask 3 contained in Section 5 of this report desctribes the basic philosophy

and design details associated with the hardware phase of this program. lius in-

cluded the design and build of a state-of-the-art, solid state fivc-chatnel oporat-

ing nod',l capable of performing eight-bit liratlel to serial anl serial to parallel

transformation 'ung single and duplxc data links. 1Te fourth and final subtask

was the analysis, summarization and docuntentation of all pertinent Infrmn,&tton

and data acrued as a result of this effort arld comlgled in this report in Soctlon 6.
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1.2 SIGNIFICANT RESULTS AND CONCLUSIONS

Some of the niore significant developments attained as a result of this contrac-

tual effort are as follows:

1) Established a feasible optical/mechanical systems approach

2) Developed an extremely efficient and compatible optimal/mechani-

cal/electrical configuration that virtually eliminates the need for

avalanche detectors

3) Concluded from an on-wafer/off-wafer module configuration trade-

off study that the off-wafer approach is the most feasdible, efficient,

and cost effective approach in the existing and near-future time frame

depending upon data rate requirted

4) Successfully completed the fabrication of a fully functional 20411•z

prototype high-speed optical data link model. The model simulates

a five module (LI type) computer employing optical intercommunica-

1 Kltion between operating modules

5) Determined that heterojunetton light-emitting diodes (LEDs) can pro-

duet faster risettmes thant ordinary LET) structures.

6) Concltuded that improvements in LEDa and FiO cables are desirable

particularly if high data rates are required.



Section 2

DEVICE INVESTIGATION

2.1 LIGHT SOURCE/DETECTOR CONSIDERATIONS

In attempting to establish optimum optical devices to be used in the Advanced

"Airborne Digital Computer (AADC), it is necessary to consider two primary pa-

ramaters;

1) Speed of operation (bandwidth)

S2) Efficiency of signal transfer.

The bandwidth of the optical interconnection system is determined by the electro-

optic devices used and, in particular, is limited by the light-emitting diode1 . As

was shown in Phase I of this study, the photodiodes can meet the projected data

rates of--200 megabits per second (MBs) for the AADC, whereas, commercially

"available LEDs today have a data capability of--40 MBs. This by no means repre-

sents a limit of the LED, as special devices have been fabricated that operate con-

siderably highoir than 40 MBs. Both LEDs and photodiodes (PDs) will be discussed

in more detail In Subsections 2.2 and 2." 3, respectively.

The efficiency of signal transfer from the light'-emitting diode to the photodiode

is determined by the conversion efficiency of both devices and the optical losses

associated with the optical channel. The conversion efficiencies of state of the art

LEDs (~ 3%) and PDs (- 70%) are well established, and sizable improvements will

not materialize unless new materials or radically different device structures are

developed, The maximum efficiency benefit would result from an improved LED.

"The light transfer efficiency. however, is a direct function of the AADC Intercon-

nection configuration, as well as the optical packaging of the individual devices,

Figure 2-1 illustrates the optical flux received at a detector from al uncollimated

LED (Lambertian source) as a function of separation distance. The flux at the

detector is calculated using physical optics (refer to Subsection 4. 2, Equation 4-11)

~3
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and indicates that light coupling efficiency decreases rapidly with separation dis-

tance. For a source/detector separation of 0.5 inch (typical AADC module

separation), only 4. 5% of the light Is Incident upon the detector. Such large los-

ses would necessitate very high gain receivers and/or avalanche photodiodes. The

source/detector coupling efficiency can be improved considerably by using fiber

optics to channel the light from the LED to the photodiode. Further improvement

in efficiency can be realized by employing reflectors, lenses, index matching

epoxy coatings, etc. These techniques and others are considered and utilized in

Section 3 for the AADC optical interconnection configuration.

2.2 EVALUATION OF EXISTING LIGHT EMITTERS

The light source used in the AADC data link should incorporate some optical

enhancement techniques to provide higher optical power output levels, This light

source should be the same physical size or enhanced to have the same physical

aperture as does the light transmission medium to provide adequate coupling to the

transmission medium and be spectrally matched with the receiver detector to min-

imize amplifier requirements at the receiver. It is also suggested that current

drive for this diode be increased to the thermal limits of the package, which is un-

defined. Evaluation of spontaneous emitting diode structures shows that all these

requirements can be fillod; however, in PN junction LED structures there is a

speed versus light power output tradeoff involved. Investigations were performed

on existing light emitter structures presently used for laser diodes to address this

speed limitation found in PN junction LEDs.

2.2.1 EVALUATION OF LEI) STRUCTURES

The diodes tested were: iDM GaAIAs diode 15- by 15-mil chip, 4 rtol thick.

The chip was center contacted and mounted on a T046 Header and coated with

epoxy. Texas Instruments' GaAs TILO9 Domed Flip Chip on a silicon substrate

mounted on a T046 Header with lin epoxy coating.

The IBM diode was stow with 28 ns risetime with to improvenient in risetime

with changes of current from 3 A to 20 A. (See Figure 2-2)
!
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"p Drive Currents Equal:
3.25 A

5.75 A
8.50 A

10.75 A
13.50 A
16.00 A
19.25 A

Figure 2-2. Light Pulse Output of IBM GaA1As LED

The T .as Instruments' TIL09 diode had a risetime of 5 ns from pulse start to

midpoint and 30 ns from midpoint to pulse peak. No improvement in risetime was

noted from A to 20 A. (Sec Figure 2-3.)

H
Drive Currents Equal:

2.50 A
5.00 A
8.00 A

10.75 A
13.50 A

16.50 A
19.50 A

Figure 2-3. Light Pulso Output of Toxas Instruments T11J,09 ILED

2.2.2 EVALUATION OF LASER STRUCTURES

Laser diodes were tested in a nonlasing (sontaneous emission) mde by ailter-

ing thi metallurgy of the dio(k, chip itseil f. The d~odes tested wc re single hietcro-

Junction (SPi8 laser dicod•, 4- by 12-mil chips which we.:e center contacted like the

IPM LIED ani mounted co a T046 !Noader with no epo.y coating. The light output

was measured on the axis of normal stimulated emission output.

-5:•:



Fast start (5 ns) continues fast at high current density to peak in 6 ns. Rise-

time is a function of current density showing a variation from 12 ns at low levels

to 6 ns at high levels. (See Figure 2-4)

Drive Currents Equal:

5.00 A
7.25 A

9.25 A
11.25 A
13.75 A
16.50 A
19.50 A

Figure 2-4. Light Pulse Output of IBM SH Laser Structure Diode as LED

IBM large optical cavity (LOC) structure laser diodes in a laser diode config-

uration were monitored at the threshold point to observe risetime at this point.

The transition point between spontaneous and stimulated emission shows that until

the transition from spontaneous emission the risetimte follows the trend seon in

1.LEDs. After threshold, typical laser risetimes are noted, (See Figure 2-5)

I Figure 2-5. Light Pulse Output of IBM LOC Structure Uaser L-21-10 with

Drive Current Near Threshold
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In the lasing mode, the LOC laser had a risetime of less than 2 ns and a fall

time of less than 2 ns. Risetime is a function of current density with a variation

from 2 ns at low levels to 1 ns at high levels. (See Figure 2-6)

Drive Currents Equal:

10 A
9A
8A
7A
6 A
5 A

Figure 2-6. Light Pulse Output of IBM LOC Structure Laser L-21-10 with

Drive Currents of 10 A, 9 A, 8 A, 7 A, 6 A, and 5 A

Observations made using an avalanche detector and a high-gain amplifier to

observe threshold show that the stimulated emission pulse at threshold is always

narrower than the spontaneous emission pulse. As the current density is in-

creased, the risetime of the spontaneous emission• will improve, the stimulated

pulse will widen, and the risetime of the stimulated pulse will improve.

Typical risetimes of laser pulses from LOC structure laser diodes are less

than 2 ns. Figure 2-7 is a typical example of stimulated emission pulse risetinie.

It should again be noted that the true risetime can be even faster than is shown,

since this measurement is at the limits of the test equipment used in these oval-

uations.

2.2.3 EVALUATION TEST EQUIPMENT

The following test equipment was used in collecting data:

1) Pulse Driver - Hugging Laboratories Nanosecond Pulser, 961S

2) Photo Detector - ITT Uiplanar Photodlode F-4000, F4502 Holder

3) Photo Detector - TI Avalanche Photodiode TIXL55

8



4) Wideband Amplifier - Avantek UTA-219M

5) Oscilloscope - Tektronix 7904, Vert 7A19, Horiz 7B92,

Probe P6056.

The pulse driver produced either 26 ns or 80 ns pulses with risetimes of 0.5

ns and falltimes of 0.8 ns. The biplanar photodiode had specified risetime of 0.5

ns and falltime of 0. 8 ns. The avalanche photodetector had a specified gain band-

width product of 80 GHz measured at I GHz. The wideband amplifier has 42 dB

gain from 5 MHz to 1000 MHz. The oscilloscope has a 1.2-ns risetime. This

equipment was totally sufficient when used to measure LED light pulse character-

istics, however, laser light pulse risetimes easily achieved the risetime capa-

bilities of this test system. It should be made clear that measured laser pulse

risetimes of 1.2 ns may be accuracy limited by the test equipment used and could

be faster than the measurements indicate.

Figure 2-7. Light Pulse Output of IBM LOC Stlructure Igiser b-21-10

Showing Stable Risetine of Stimulated l-4nission Pulse

2,2.4 SUMMARY OF LIGiT EMITTI.IR EVALUATION

It appears that diode structures of the types used for laser operation produce

faster risetimes titan ordinary ILED diode structures in the spontan eous emission

modes. It also appears that risetime does not improve with inireases in current

density it ordintiry LED structures but does improve with increases in current in

laser structures.

4u



Laser structures seem to have a period of spontaneous emission preceding the

stimulated emission which varies with current density and quality of the junction

and cavity. The risetime of stimulated emission pulses also seems to improve

with current density.

From the data presented in this subsection, very short risetime LEDs can be

fabricated for use in high data rate communication systems. Further material and

device development is neede,' o make these heterojunction LEDs usable for the

AADC.

2.3 EVALUATION OF PIN DIODE APPLICABILITY TO DATA LINK

The choice of the detector used in the AADC is not strictly that of selecting the

most sensitive detector available. .This device must be compatible with the light

emitter, the selected transmission line, and have amplifier requirements suitable

for use in a digittal computer environment. Although it is not essential, it would be

preferred if the detector used voltages normally found in a digital computer.

The characteristics of the light-emitting diode chosen will, therefore, fix many

of the requirements of the detector, The spectral response, sensitivity, switching

speed. and the detector signal amplification requirements are mainly determined

by the LED. The microstrip circuit lines in the AADC will not significantly affect

the detector since they are short in length and their physical size is controlled

mainly by the LED; however, coupling losses due to interconnections in these lines

will be a factor in detector sensitivity and/or amplifier gain requirements. To

realize the detector speed requirements, the detector load must have a value in the

range of 50 ohms, and the amplifier requirements will be controlled by the thermal

noise generated by this resistor which in turn will reflect a mintimun sensitivity

requirement for the detector.

2.3.1 PIN DIODE SPECTRAL RESPONSE

The PIN diode spectral response closely matches the region in which the most

efficient GaAs and GaAIAs LEDs are achieved. The response remains relatively

constant with variatt ons In reverse. bias conditions and in special cases has been

10



made flat within less than 10% over the entire region covered by the previously

mentioned LEDs. The spectral response also remains constant with modulating

frequency, where the avalanche photodetector shows evidence of a shift in spectral

response toward the red or less efficient area of state-of-the-art LEDs at the re-

quired higher frequencies.

2.3.2 PIN DIODE SPECTRAL SENSITIVITY

The sensitivity requirements set forth by the AADC application can be filled

utilizing the PIN photodiode. The sensitivity that has been achieved is in the area

of 0.3 A/W to 0.5 A/W as compared to 0. 15 A/W for avalanche detectors. The

manufacture of PIN structures with these sensitivities and with appropriate areas

is commonplace in industry. Although avalanche detectors have the definite advan-

tago of gain internal to the device to supplement lower spectral sensitivity, they

also are small in area and not as compatible in this aspect as the PIN devices.

2.3.3 PIN DIODE RISETIME CAPABILITY

The LED, projected for use in the AADC, sot the reasonable speed limit at

* Jabout 200 MHz maximum. With this in mind, it can be shown from manufa.2turer's

data that the PIN device will effectively fill the need. More conservative compan-

tes specify risetimes of PIN diodes In the area required between 2 ns to 4 ns while

more optimistic companies choose to state 0.5 to 1. 0 ns.

* Since the load resistor used in conjunction with the detector must be consid-

A ered due to the junction capacitance of detectors, it is also important to point out

that PIN configurations generally have capacitances in the order of 2 pF to 10 pF.

Small area avalanche detectors also have capacitances in this range, but larger

area devices have much higher capacitance. This capacitance is an important

point to consider since the 11-C time constant of the diode junction and load resis-

tor is a limiting factor of speed.

2.3.4 SUMMARY OF PIN DIODE APPLICABILITY

State-of-the-art PIN diodes do exist that will fill the requirements of spectral

response, spectral sensitivity, and risetime. The devices are compatible with the

i-i



load resistor requirements and should provide signal outputs appropriate to ampli-

fier requirements.suitable for use in a digital computer environment. These de-

vices also have the added advantage of not requiring a well regulated high voltage

bias supply as does the avalanche photodiode.

2.4 DUPLEX DATA TRANSFER VIA ONE OPTICAL PATH

The use of optical communication allows the implementation of a multiplexing

technique, wavelength division multiplexing, which can decrease the number of

optical data paths required for signals. Wavelength division multiplexing involves

the transmittal of data using light of different wavelengths. The various wave-

lengths are generated by different LEDs and are sorted out at the receiver by photo-

detectors tuned to the various wavelengths. The number of channels is primarily

a function of the number of wavelengths available, LED and PD spectral widths,

and the ability to optically couple the individual wavelengths into the fiber.

A GalxAlxAs diode used as a PD detector has a photo response versus wa%.-

length of Incident light distribution which is similar to the LEI) spectral distributi~n

as shown In Figure 2-8. This effect is due to the optical properties of a material

with a graded band gap. When light having the same qpectral ditribution ab that

omitted by the p-n junction enters the device from the high-band gap surface,

it is strongly absorbed at the Junction, generating hole-olectront pairs which create

a photovoltage. Light with a spectral distribution and peak onerp other than that

produced by the junction in electro-luminescence is absorbed away from the Jun•-

tion where the Al concentration and band gap are higher, Thus, using the griaded

band gap structure an identical pair of diodes can be used to transmit :1nd receiv',
information without interference from another pair having a differet peak emis-

sion and detection ener-v. The emission spectrum of the LEU) ,nd the detection

spectrum of the same diode, while overlapinng considerably, do not coincide

exactly. This mismatch is caused by the heating of the p-n Junction In the forw-ard

bias mode. Since the devices have a typical power efficiency of ', mowt of tho

electrical power into the LED is converted into heat. It h Cs been cxperinwnt:ull'

determined that the peak wavelength of the diode shifts at the rate of 1.3 A 'er C('.

12
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This value is in good agreement with the linear variation of the band gap energy of

semiconductors. -It is expected that this effect is the same for both the emitter and

detector diode.

Wavelength division multiplexing has been considered for the AADC module-to-

module interconnection but cannot be used because of the high data rates required.

GaA1As diodes have not been optimized for photodetection operation and, conse-

quently, have high capacitance. This capacitance limits the data rate speed to less

than 2 MBs. It is anticipated, however, that some device development work in fab-

ricating the diode for photodetection will considerably improve the data rate cap-

ability. This approach can be considered for the next generation optical intercon-

nection technique.

f
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Section 3

OPTICAL DEVICE PACKAGING AND INTERCONNECTION CONCEPTS

There are several possible ways of configuring the LSI module in the AADC in

both the first and second level of packaging to accommodate optical interconnection.

However, the apparent multiplicity of choices narrows down considerably when

factors such as optical efficiency, power, power density, optical coupling losses,

system cost effectiveness, and development costs as related to utilization of near

and existing state-of-the-art techniques are considered.

Many of the optical interconnection configurations as presented in the previous

report1 , although theoretically feasible, required either extensive reconfiguring of

the AADC module and higher level packaging concepts as proposed, or necessitated

utilization of repeaters, power splitters, special windows, etc. Therefore, it was

decided that a system that was as closely compatible with the existing AADC pack-

aging configuration as possible, and utilized state-of-thu-art and near stato..of-ttw-

art design and fabrication concepts, was the most desirable.

3.1 OPTICAL INTERCONNECTION SYSTEM CONFIGURATION
A system that does have this potential and also appears to be the most effi-

Went, and cost effective, Is a simplex, one receiver for one transmitter, multi-

plexed serial data transmission system.

A simplified illustration of this approach is shown in Figure 3-1. This con-

cept places both the source and the detector devices on a module with light trans-

mission directed along the face of the module vi,% a light pipe system out to the

vertical edges of the module. From this point it passes across a small fixed air-

gap to a fiber optic receptor housed in the unit side panels located along each side

of the modules. This receptor directs the signal to the appropriate receiver in a

preselected module. Hence, the side panels can be programmed with a matrix of

Ii5



light guides to interconnect any series of modules desired. In an optimized system

the use of a heter~pstructure LED In place of separate receive and transmit diodes

in the modules would allow complete intercommunication flexibility between mod-

ules.

Input/Output r Typical LSI Module
Conversion Module (Off.W fer Configuration

Shown)

Electrical , t :

Inputs

Optical 1 Interconnnctionts

1Figure 3-1. AAC rlo4mule 01-ttial Interconnection Concept

At least one module Wi a oiaehint, which we will refer to as a "conversioia

thodule, 1 would be utilized to Convert all Input and outlmt sigtals froma electrical

In o)tical dt ta And vice versa. This module obviously should be located adjacent

to the 1:0 connector end of the unit. A bottom lpael or printed circtuit (KB) dis•-

tribution panel would be located across the bottum of the modules for the purpose

of carrying power and ground to each module via plug-in elv-trical connectors.

SSt -v there will generally be no more than six to eight contacts required for this

funetion, the insertion and withdrawal forces normally associated with electrical

interconnections is significantly miinimized. Tho power connector may either be

one-piece, located in the ceter of the module, or two smaller connectors post-

tioutnd at either edge of the module. The latter configuration does not interfere

,•" 16



with the existing proposed locidon for the module inlet cooling air plenum. Figure

3-2 illustrates the possible power contact locations.

ower Input

I Contacts

LUnr

Alternate Power Contact Location

Figure 3-2. Modui- Power Contact Location

With the groundrulo. of one transmitter for one receiver, two possible configu-

rations for the location of the transmlttr and roeivcr' diodes within the modulo

become evident.

3.1.1 ON-WA FER CONFIG'.flATION

The first and probably most appa row concept is rtol'rrod •v :: tLhe "on-water"

approach. This concept places the LEI), togellitr with il, -tssoohited drivu dci-

cults, directly onto the sillcon wai'ei' lle ye TTL wr FCL circtilts canl be generated

airectly onto an epitaxitil Silicon wqO r Su trfcO with 0t1 1,1,i1i In lewidlos:• invertcd

device (LID) form attachod to the w:0'or using ij)proprlate hybrid bonding ti.t:lmlques.

Four pobsible cor~lguiratioi .to this qproriaoh are c:simined. In ea:h cas ti Lite LED

Snn ........ nl~~~~lnmln• mall mi....i... ........ ....... . .2. ..... . :.... ":•,., •,;7•'"'1



is attached to the periphery of the wafer such that its light output emerges in a

plane normal to the wafer, passes partially through the substrate where it is de-

flected at s. right angle (plane parallel to substrate) out to the edge of the module

via a reflector and light transmission rod. Figure 3-3 shows a typical configura-

tion.

Sealing Ring
and Cover

Substrate

.- Heat Exchanger

Figure 3-3. Blasic On-Wafer Concept

3.1.2 OFF-WA FER CONFIGURATION

The other or altornate cmicept Is the off-wafor approach. As the term Implies~,

this approach places the LED devicos caitside of the wafer sealed cover area. Here

the devicos, either as chip or LID type packages, (see Figure 3-41 are bonded to

approprhito land patterna provided just outside the hermetically sealed covor area.

They are remnotoly connected to associatted drive circuits on the silicon wafer via

strip-lint. or tri-pi ate type printed wiring lines. This system is built up by sand-

wiching alternate hnyura of metallurgy and Insulating miaterials dire-citly onto the

buse alumina (A1203) substrate. Thu final sealing ring metallurgy is placod on

top ats shown in Figure 3-6.



Chip Type LED Package LID Type LED Package
(Off-Wafer) (On/Off-Wafer)

Figure 3-4. Proposed Hybrid Type LED Packages

State-of-the-art masking, deposition, and etching techniques may be used to

provide the necessary circuit patterns and LED mounting pads. The associated

driver and receiver circuits can be located around the periphery of the wafer simi-

lar to the on-wafer design. An appropriate light guide rod mated to each LED is

permanently mounted to the topside of the substrate. This scheme provides for a

highly efficient optical path between the LED and the edge of the module. Figure

3-6 illustrates th's concept.

3.1.3 SUMMARY AND CONCLUSIONS

When parameters such as optical efficiency and fabrication complexity, d4o
: opment timea and cost, and mechanical complexity are considered, the, off-wafer

approach Is significantly more desirable than the on-wafer.

The on-wafer approach however, does offer significantly higher spld capa-
bility, limited only bythe perforQmnce of the laser/LED selected for a particular

system. This is attributed primarily to the very low-lead capacitjieos made

possible by the ultra-short lead lengths inherent with this packa ýIng approach.

, The off-wafer approach is eapable of achieving data ratp up to 250 Mllz.

S- .owever p oper electrical trafemissfon dOesi must be lzod to interconnect

IL. associated eircuits.

. This s -Ibsecion described-development of a odndidate optical Interconnection

""packagin concepl. It also described two puts'Alo methods for configuring the

k 9
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diode and circuits package within the module with emphasis placed on the off-wafer

approach as being the most practical, efficient, and economical selection. Spe-

cific details and problems related to both approaches are discussed in the next

subsection of this report.

3.2 PACKAGING CONSIDERATIONS

A decision to pursue either the on-wafer or the off-wafer configuration will

depend primarily on the data rate selected for this specific application, commen-

surate with time and budget allocated to the design and incorporation of a light

interconnection capability into the overall AADC package design. As discussed in

Subsection 3.3, if speeds greater than 250 MHz are required, the on-wafer ap-

proach must be developed. This approach does however have some difficult devel-

opment problems in attempting to get the light energy from inside the protective

wafer cover out to the communicating edge of the module. Since this problem is

unique to the on-wafer approach several design techniques are examined. Four of

those concepts are illustrated in Figure 3-7.

Three of the LED mounting configurations examined place the source or re-

coivor diodes on the topside of the silicon wafer in normal flip-chip fashion. This

puts the active face of the diode in contact with the topside of the silicon wafer so

that the infrared (IR) signal must pass directly through the silicon. However, the

transmission properties of silicon are such that it will pass only the longer IR

waves. The II-V compounds used to construct the emitters and receivers gener-

ally intended for use in this application omit at wavelengths of between 0. 65 and

0.91 ýro. The transmittance of silicon is between 1.2 and 15.0 Aro. Therefore a

window or hole must be provided in the silicon wafer to allow the light to pass

through the wafer.

3.2.1 INFRARED TRANSPARENT MATERIALS

Since neither the silicon wafer nor the alumina, subatrate, as initially proposed

for the AADC module, are transmissive at the desired wavelength, a suitable sub-

stitute material must be found. There are many materials that are IR transparent.

22



Air Gap 0.020 inch 0.020 Silicon n 3.49

0.04.0 Spinel n 1.72

1.000inch0.040 Plexiglas n 1.586
Typical

0.020 Epoxy n =1.56 LD

(b) 0.040 Spinel n 1.72

0.040 Plexiglas n 1.586

00O20OEpoxy n 1.56

(c)LE

0.040 Plexiglas n 1.586

0,020OSpinel n 1.,72

(d) 0,040 Alumina

Crown Glas ni 1.67

i ~ IFigure 3-7. LED Mounting and Light Guide Configuirations
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However, to meet the needs of this particular application, only two materials, spi-

nel and sapphire are seriously investigated. In selecting these materials the pri-

mary consideration was their light transmission characteristics, however, prop-

erties such as thermal expansion, index of refraction, thermal conductivity, and

melting point were also important performance parameters. Both spinel and sap-

phire have very good transmission characteristics (82% to 85%) within the 0.7 to

0.9 /m bandwidth required, as shown in Figure 3-8. Also, there is very little

spread in the light beam as it passes through appropriate thicknesses of either

material as shown in Figure 3-9. This Is important in this system because exces-

sive beam spreading would drastically reduce the signal incident power received

at the next interface resulting in a very high loss. These measurements were taken

with a fixed gap between source and detector for both air and spinel/sapphire. This

same gap was maintained when measurements using an interstitial material (micro-

scopy immersion oil, n 1.515) were taken to simulate bonded interfaces.

901

80 -

70- 4t A

•...•° 60 -
70-

40-"

I30
260 -

I

'10

210 2.0 3.0 4.0 5.0 6.0

Wavelength (micron)

Figure 3-8. Light Transmission Characteristics of Sapphire or Spinel
(0 215 inch thick sample)
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A comparison of some of the more pertinent properties of spinel with sapphire,

silicon, alumina and other related materials is shown in Table 3-1. Both of these

materials can be supplied as either plain single crystal stock or as epitaxial (sili-

con on spinel/sapphire) wafers.

1.0

Air

0.9
+

0.8 Spinel/Oil

0.7- Spinel (0.018 inch thick)
(two surfaces polished)

0,6-
C

0.5-

0E 0.4-
} " Z

0.3.

0.2.
Sapphire
(0.035 inch thick)

0.1- (one surface polished)

0-
0 4 8 12 16 20 24

Distance from Point Surface (cm)

Figure 3-9. Normalized Light Distribution through Spinel and Sapphire

3.2.2 OPTICAL INTERFACES

Another problem inherent with the on-wafer approach is the many interfaces,

11.1 and the indirect path required to got the LED onergy out to the unit side panels.

4 :I 25



The first approach is to provide a hole in the silicon directly under the diode

and mount the silidon wafer onto a synthetic crystal substrate such as spinel or sap-

phire. This would replace the existing A120 3 substrate (see Figure 3-7a). How-

ever, the problem that arises with this design is that the output from the diode pas-

ses through an air-gap (hole in the silicon) that has an index of 1.000 compared to

spinel which has a refractive (n) index of 1.768.

In accordance with Snell's law we can see that the refractive index mismatch

at the GaAs diode and air interface (3.589 to 1.000) and the air/spinel Interface

(1.00 to 1.77) would cause significant losses in the incident light output obtained

from the LED through to the reflective plane in the light guide strip.

These losses can be reduced somewhat by utilizing better index matching mate-

rials at these interfaces such as shown in Figure 3-7b or by relocating the source/

detector chip onto the bottom side of the wafer as shown in Figure 3-7c.

The latter technique not only eliminates one of the interfaces but more signifi-

cantly reduces the distance between the source/detector active surface and the

reflective surface in the light guide. This greatly enhances light output. This tech-

nique, however, would demand development of new mounting/bonding techniques

since chips are now mounted on both sides of the wafer. It would also require

holes in the silicon to electrically interconnect both sides, This is not common

state-of-the-art practice employed with silicon wafers.

A fourth approach 3-7d is different from the others in that it would replace the

silicon wafer rather than the alumina substrate with a spinel or possibly a sapphire

wafer. Hero again, a reflective surface on the light guide would be used to guide

the beam at right angles out to the edge of the module. In this oxaniple the light

guide material shown both normal to, and parallel to, the wafer Is a crown glass.

The glass was substituted to show that either glass or acrylics way be used for

this purpose. This is impoirtant If the module operating or processing require-

ments dictate ex.osure to relatively high temperatures (greater than 150 C). The

total transmission efficiency in this example is essentially the same with either

material.
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Table 3-1

COMPARISON OF PROPERTIES OF SPINEL AND SAPPHIRE
WITH OTHER ASSOCIATED MATERIALS

Alumina Sap- Glass Galium
"Characteristic 96% Spinel phre Silicon (Crown) Arsenide

Chemical Formula Al 0 MgO Al 0 At 0 Si GaAs
2 3 2 3 2 3

Expansion Coeffi-
cient (10"6/°C) 7.3 7.45 8,4 3.5 9.5 5.93

Index of Refraction 0.578a 1.727a 1.77a 1.4b 1.586 3.30

Transmission 0.17 to 0.3 to 1. 2 to 0. 35 to
Range (,um) 6.5c 0.3 to 5.0d 5.Od 15.Oc 3.Oe

Thermal Conduct-
ivity Cal/cm-s/
OC @ 250 C 0.088 0.068g 0.10 0.30 0.002

Melting Point 0 C 2072 2135 2040 1412 -730 1238

Dielectric Constant 9.6 8.4f 9.4 to 13.0 -4.0 1l.lf
11. 4f

a. at 0.58 4m o. 95%

b. at 1.4prm f. 1MHz@256C

c. > ik g. 0.035@ 1000 C

* d. 82%

Although the LED in those examples is shown as a discrete device, it is possi-

ble that a suitable device could be generated directly onto the opt-spinal surface

ailong with the associated circuits.

Other approaches very similar to the above were considered. The exception

V A.,• being that the light guide would be located on the top side (wafer side) of the sub-

strate rather than the bottom. However, the combination of material expansion

rates and the cost to achieve a good flat surface, such that a good reliable seal

could be maintif Ined between the cover and the substrate, was considered an over-

h• riding factor against this approach.
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3.2.2.1 Analytical Evaluation - Optical Losses

An analytical -assessment of the optical losses inherent with each configuration

a, b, c, and d was made to allow selection of the most efficient design and appro-

priate optical materials for an on-wafer design. The analytical data also includes

information on the off-wafer design to allow comparison.

To make the comparison, sources of losses were considered as well as the

size of the bundle of light which is reflected by the 450 mirror surface on the

light guide rod. Although the light guide rod may rot be circular, bundle com-

parisons were made for circular apertures. The following three comparisons were

made.

1) Fresnel reflection losses at material interfaces

2) Cone of light accepted by 450 mirror

3) Transmission of light through light guide rod.

Fresnel reflection losses at normal incidence are given by
2

(n1 - m
(nl n)2

where n1 and n are the Indices of the materials at the interface. The results using

the above formula, on the transmission through the four configurations as well as

the straight through off-wafer design are tabulated in Table 3-2.

The size of the bundle of light which enters the acrylic rod is governed by

the geometrical confilguration of material between the LED and the 45" reflector.

The amount of light collected from a Lamboet•ian LED is proportional to the

square of the numerical aperture of the beam transmitted by the system. This is

not a symmetrical beam, and the minimum and maximum angwalar acceptance angle

by the 45, reflector have been determined. The average of these two values has

been used to determine the amount of light within the cone. The results are given

in Table 3-3. Table 3-4 gives the combined result of comparisons Tables 3-2 and

3-3. From this we may conclude that the off-wafer design is, from an optical trans-

mission standpoint, approximately 50% more efficient than the on-wafer approac'h.
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Table 3-2

TRANSMISSION THROUGH INTERFACES (%)

Interface Configuration

Off
a b c d: Wafer

LED/Air 75 - - -

LED/Epoxy - 90 90 - 90
LED/Spinel - - - 93 -
Air/Spinel 93 - - - -

Epoxy/Acrylic - - 100 - 100
Epoxy/Spinel - 100 - - -

Spinel/Acrylic 100 100 - - -

Spinel/Glass - - - 100 -

Acrylic/Air 95 95 95 - 95
Glass/Air - - 95 -

Total Transmission (%) 66 85 85 88 85

Note; The off-wafer configuration would realize an additional
5 to 10% more light output since it does not employ a
451, mirror in the system

Table 3-3

TRANSMISSION AS A FUNCTION OF GEOMETRY

Configu- Cone of Light
ration Half Angle r

Max. Nun. Avg. NA (NA)2

a. 16.34 10.3V 13.30 0.365 0.1.3

b. 19.41 11.7" 15.61 0,427 0.16

K C. 45' 181' 31.5 0.829 0.69

d. 119.1" 11.5" 15.3' 0.414 0.17

Off-Wafer 1.000 1.000
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Tabhle 3-4

E ( :.1•H I '()1 LI.E'1TI()N F(O! '.A\H CONFIGURATION

C;(' of LED LambertianC onfig ua- (G eo nulery ) (F resn ul Losses) m t a c R l iv T o lErnmtttanccl Relative Total
tration 1Transmission Tra.issin into Acrylic

a. l3*7 " "67

b.lx ' 15.3(70

C.58.7

d. 17' ' 15.017

Off.-%% it fer 8 p45.0%

In order for all the light reflected tiff Oth 15 rjflector to go through the light

guide rmd by total int rnal reflection, it must have a numerical aperture greater

than the maximum NA of the bunidhl ai given in Table 3-3. For the sides of the rod

surrounded by air, there is no problem. llowever, at the guide rod-spinel inter-

face, if a cement Is used, the indc- of rtefraction of the cnenwt used must be Co0,,

siderably lower tran thiat. of the guidt rod ,material. For example, using a cement

tndex of 1. 5 gives an NA of 0. 51d, which will satisfy configurations a, b, and d, but

not e. Three possible mothods niay be considered for t|hs tranmntissto medium.

1) Acrylic rod using low indeN cemnent.

2) Cladded rod with high NA tglass)

3) Reflective cowt Ing hl fvwn t u, rd and spine,.

Total internal reflection i.4 pr•,ft4trrd, if possible, since it is highly Officient if

Surfaces are hept e.•trmelv elean.

3..2.3 MATERIALS COMHPATIBILITY 1OPtiCAL .:ENVIRONMtKNTAI,

SAt ptreviousy etated, materials, particularly for the light guide soetion of tOe

module assembly, must bu selected primarily for their total internal reflecting

pvopertics. Also, their abiliky to witlistoud moleirately high. tominpr-lure5, their

)roct.0sablility, and their resistaue"c to nltrasiout, partivolarly at tO exit Interfae,

is important. When tflse factors arm ee•mijcrtl, clad glaSS aplWt1rs to be tl:
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ideal candidate. The glass rod selected should have a sufficiently high refractive

index (1. 7) to ensure good internal reflection since the cladding and, more impor-

tant, the bonding materials used to hold the rod in place may have an index as high

as 1.56. Certain plastic materials do have fairly desirable optical and processing

properties. However, they are not stable at high temperatures (1300 C); and they

have very high thermal expansion coefficients (140 x 10-6/° C) which is not com-

patible with either a spinel or alumina substrate (7. 37 x 10-6/p C) in either a low

or high temperature (2006C) environment. This compares with a coefficient (a) of

9. 0 x 10-6/OC for a glass rod.

The thermal mismatch between a plastic (typically allyl diglycol) rod and the sub-

strate would cause severe stress at the bonded interface which would ultimately re-

sult in a fracture or failure of the bond or the plastic. For this same reason, It

might also be very difficult to hold a fixed optical airgap between the module and the

side panel light guide using plastics.

The availability and use of a suitable high temperature epoxy bonding system

to retain the light guide components is feasible, however, proper sequencing of the

various processing and assembly operations associated with fabrication of the mod-

ule precludes its use. Optical grade epoxies capable of performing in 1730 C ambi-

ents are available. Nonoptical grades are good to 235°.C. The ultimate use of

epoxies in this system would depend primarily on the module thermal design char-

acteristics.

Utilization of spinel or sapphire for either the wafer or substrate in the on.

wafer design should present no problem. Both materials are well suited to high!

temperature and other environments as specified in MIT. B,-S400L. Both spinel

and sapphire have higher melting temperatures than does silicon (riefer to Tableo

3-1), therefore, they are very suitable for most applicable bonding or sealing tech, -

niques.

3.2.4 THERMAL CONSTRAINTS

The placement of the LEDs and the necessary driver and receiver circuits

onto the module imposes an additional thermal load on the wafer. This might limit

•"" i31
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the extent to which the remaining area of the wafer may be utilized for other cir-

cuit functions. To examine this the following analysis was made, based on these

assumptions:

1) Evaluate a worse case condition which assumes that all 32 TX/PIX

channels will be used at the same time

2) Assume that all heat is dissipated uniformly across the wafer

3) Assume that the wafer population for LIT will utilize both planar
and hybrid devices/techniques

4) Assume the transmitter LED and driver circuits will dissipate
approximately 70 mW and be contained on a chip/surface measuring
0.062 by 0. 125 inch total area

5) Assume the receiver LED and driver circuits will dissipate
approximately 190 mW and be contained on a chip/surface area
measuring 0.125 by 0.125 inch,

A cursory analysis of the Impact this would have on thermal density based on the

proposed speciflcations (ref. AADC report Contract No. N001970-C-0504 dated

3 December 1971) is as follows:

For the transmitter function the thermal density is:

P= (70)101 _ 8. 7W/in 2
S-3 32(8)(10) in

Since this exceeds the thermal density specification of 3 W/InA set forth for the

AADC wafr, then the minimum ftee area required for this function is:

-,3
!. e l t))(0)W 0.023 in2 (0.125 by 0.188 area)
Tlhermal Density Limit

3vWin"

Therefore if ihe designiated TX functions are spaced on ii. 188 inch centers along

both axes then a favorable thermal density that is well below the specified 3 W/int-

.imit ocan be achioved.

-3 -3
P _ (70)(10) WM (70)(10) 2 /iA 2- Win

(0.188)(0.188) in (353)(10)
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For the receiver function the thermal derisity is:

-2
P (14)(10) in 2

!•A -4
11'(156) (10)

The mounting area required for this circuit to meet the 3 W power density limit is

( i w-4 0.047 in2 minimum

This is equivalent to an area 0. 188 by 0.250 inch. Therefore, the receiver cir-

cuits may be mounted along a vertical axis on the wafer that is similar to the

transmitter circuits, however additional free area (0.250 inch rather than 0. 188

inch) must be provided along the horizontal axis to accommodate the higher

dissipation. Figure 3-10 depicts one possible layout for these circuit/LED com-
binations on a 3.00 inch wafer.

Circuit/LED Location
(On.Wafer Design)

L Ui

II

SL1
0 U

LEO/Circuit Location

"(OffWafer Detfign)

Figure 3-10. Typical LED/Circuit Layout on Module
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A breakdown of the typical total dissipation required for optical interconnec-

tion in both the off-and off-wafer approach is shown below:

TX RX Total

LED (mW). 10 1 11

Circuits (moW) 60 119 179

or 190 mW per TX/RX pair

Assuming a duty cycle of 100% for a module, the total dissipation of the inter-

connection function for the on-wafer design is. 190 (16) or 3.04 W. In the off-wafer
configuration the dissipation on the wafer itself is (. 179) (16) or 2. 864 W, with the

remaining 0. 176 W dissipated along the outer edges of the substrate.

3.2.5 DATA RATES

When high data rates are required, the packaging design for a high-speed opti-

cal data link becomes particularly critical in terms of placement of, and intercon-

nection between, transmitter/receiver devices and their associated drive circuits.

In this application, the on-wafer concept does not present a problem because It

allows very close pxoximity of the appropriate LED to the drive circuits. Using

both monolithic and hybrid circuit technology, the physical separation between the

two is insignificant taking up a total area of less than 0.0156 in 2 . Therefore, it is

the off-wafer design approach that must be given serious consideration both in

terms of mechanical placement of the chips, and in the design of the microstrip

line connecting the TX/RX device to the circuits. Parameters such as impedance

matching, cross coupling and isolation can seriously affect the data transfer rate

independent of the device (LED/PD) performance. An in-depth study of those para-

meters was investigated specifically with regard to the proposed off-wafer design

and is discussed in detail in Subsection 3.3 of this report.

I 3.2.6 MECHANICA OPTICAL ALIGNMENT

The optical alignment of the modules to the light guides in the side panels of

the proposed concept are pormanently fixed into the design. This is true of either
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the on-wafer or the off-wafer approach. Standard design tolerances and machining

techniques can be employed to achieve this, such that no initial, routine alignment,

or adjustments are necessary.

Depending upon the diameter and distance between mating optical interfaces,

a certain amount of misalignment is tolerable. Therefore, with proper manufac-

turing tolerances very little degradation in coupling efficiency will occur.

3.2.6.1 Transmission vs Displacement

The transmission of light through a junction of light pipes or optical fibers Is

a function of the alignment of one pipe relative to another. Considering

displacement as the only variable, the amount of light being transmitted is a func-

tion of the amount of displacement of one pipe relative to the other.

It is assumed in this consideration that the pipes have the same diameter, that

there is zero distances between the ends of the two pipes, that the pipes at the

point of contact have perpendicular end faces, and the axes are aligned. Also, it

is assumed that the distribution of light is uniform within the core of the light pipe,

and that the core diameter is the diameter to be used. Under the above assump-

tions, it Is reasonable to expect that the amount of light transmitted through the

junction is proportional to the common area of the Intersection of the two circles

representing the adjacent ends of the two pipes. The coupling efficiency is

expressed by the ratio of the areas A to B as illustrated in Figure 3-11.

B ]D

d B - Area of Fiber Core
A - Area of Intersection of Fiber

Cross-Sections

Normalized Displacement diD a
Coupling Efficiency A/B - E

Figure 3-11. Fiber Core-to-Displacemont Area Relationship
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2D -12A=T (Cos a-ai 1-a)

•rD 2
B -

4

E-A-2(Cos a-a a•l -a2)B r"

This analysis is used to produce a curve of relative transmission as a function

of normalized displacement (Figure 3-12). Experimental results are plotted on the

same curve to show how well practice conforms to theory.

1.0-

0.8"

C

R 0.6-

.S0.4-

0

0.2
So

0 0.2 0.4 0.6 0.8 1.0

Normalized Displacement (dWD)

Figure 3-12. Fiber-to-Fiber Coupling Efficiency vs Normalized Displacement

3.2.7 SUMMARY AND CONCLUSIONS

Here again, the detailed evaluation of specific problem areas associated with

the on-wafer approach demonstrate that this is a viable, but less efficient and

more costly scheme. The off-wafer design offers a 50% increase in coupling

efficiency. The use of IR transparent substrates such as spinol, or sapphire, to

implement the on-wafer coilcept is optically acceptable; and pr%,cssing these ma-

terials for microelectronics applications is currently feasible and practical. From

a thermal consideration, the low-dissipation circuits associated with the optical
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t interconnection function, when properly spaced and bonded to the module wafer,

impose a negligable thermal load on the module. Also, the area required for these

circuits and LED devices on the module is insignificant (approximately 0.28 in 2

out of 7. 1 in 2 total area) and should not effect the total useful area of the wafer for

other functions. Good design practice and normal high-quality fabrication toler-

ance limits can be used to obtain an acceptable optically aligned package with no

* .periodic adjustments required.

In summarizing, this section considered several important mechanical design

aspects associated with performance and cost for both the on-wafer and the off-wafer

approach. A decision to pursue one design over the other will depend primarily on

the functional performance required (data rate ard number of lines) and secondly,

the development schedules and costs involved.

3.3 ELECTRICAL CONSIDERATIONS

The electrical considerations relative to the AADC relate to the choice of on-

wafer and off-wafer approaches. The appliability of these to the AADC and the

merits and problems of these approaches on an electrical basis are discussed in

this subsection.

3.3.1 ON-WAFER APPROACH

The on-wafer approach, as far as electrical considerations are concerned, would

be the best approach. Speed limiting interconnections would be eliminated, since the

olectro-optic conver3ion dovic."3 could be placed at the site of the circuit. Circuit

design would also be somewhat simplified since only the parameters of the conver-

sion devices themselves would have to be considered. Although this approach is

the superior electrical approach and would yield the highest speed of operation it

must be tempered by the optical, thermal, and space requirements on the substrate.

The optical requirements placed on the substrate material would impact the

i j present design and higher Itivel packaging of the wafer. Materials which are optically

compatible do exist and wkiro tested within the scope of this program. A feasible

approach to the packaging utilizing these materials has been described in this report
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but a fabricated model of this type could not be approached within the scope of the

program.

Space requirements of the LED and the photodetector would also reduce the usable

substrate area due to their required physical size. Although this may be acceptable,

it must be a consideration since 32 devices equal in size to the diameter of the trans-

mission medium are being considered for the AADC program.

3.3.2 OFF-WAFER APPROACH

There are two considerations which were addressed during the electrical analysis

of this approach, impedance matching and shielding. The performance of these param-

eters is almost entirely dependent upon the physical configuration, therefore genera-

tion of an optimum design required investigation of appropriate techniques.

In the off-wafer approach, the high speed digital signal is transferred outside of

the hermetically-sealed package via some form of printed circuit conductor. This

conductor is a transmission line, and, as such, must be configured using the con-

straints of transmission line design. An Ideal transmission line allows current and

voltage signals of various frequencies to travel to the load at the same phase velocity,

with the same attenuation, and with no reflections occurring any place along the line.

Reflections and re-reflections of a pulse on the transmission line can cause erroneous

results in the digital processing circuitry.

Some techniques for carrying signals throughout a system are shown in Figure

3-13, which depicts "strip line," "printed circuit" techniques which can easily be

fabricated on a substrate.

Figure 3-I3a shows an open system where the narrow conductor carries the sig-

nal and the ground plane provides the shield. Figure 3-13b shows a semishlielded

system called '1ri-plate" or "strip line."
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2) Impedance Matching - Allows a more efficient energy transfer of electri-

cal signals and eliminates reflections on the signal line. Reflected sig-

nals act as additional digital data causing erroneous results in the com-

puting systems.

Shielding and impedance matching are interrelated since they are determined by

common physical parameters such as conductor spacings, dielectric material type

and thickness, and conductor width. Much has been written describing the coupling

between different line configurations at high frequencies and extensive theoretical

analysis of cross talk and coupling between adjacent lines has been performed, (Ref-

erences 2 and 8). Based on these theoretical and empirical works, a design can

be formulated and order of magnitude numbers for characteristic impedance, iso-

lation, and other system parameters can be determined.

In the following subsections, data will be presented to give an idea of the relative

order of magnitudes of impedance matching and isolation encountered in carrying a

proposed 200 MHz signal to and from a LED mounted external to the LSI wafer.

These numbers will then be related to signal-to-noise ratio (SNR), gain require-

ments, and various high speed AADC applications.

3.3.2.2 Characteristic Impedance

The electrical version of the off-wafer approach to the AADC package is shown

in Figure 3-14. In the analysis of this package, we will first consider characteristic

impedance of the line pattern, To eliminate signal reflections the characteristic im-

pedance Ze of the line pattern must equal the input (Zi) and output (Zo) circuit im-

pedances. The impedance of the conductor Is a function of the conductor width,

the spacing between the conductor and the ground plane, and the dielectric material.

The triplate configuration, that of a conductor buried in a dielectric covered by

two conducting ground planes, is the preferred configuration because it offers more

isolation between closely-spac d lines; also lines adjacent to the signal line can be

made ground. The triplate pattern allows mounting of external supports, etc., (such

"as the wafer cover) without electrically affecting the characteristics of the signal line.
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Figure 3-15 is a curve which represents the conductor's characteristic impedance

for an open and triplate geometry as a function of conductor width for T = 0.70 inch

(Reference 6).

The significant conclusion from Figure 3-16 is that lines of the proper charac-

teristic impedance can be built that have the low characteristic impedance of an LED

* and a receiver load resistor. When the line is terminated in its characteristic impe-

dance, there are no reflections. The goal then is to design the transmission line so

that its characteristic impedance matches the load presented by the transmitter/

receiver diodes circuitry.

t

ContactMetallurgy

L ED/PD Cover

* ,
-Sealing Ring

Sealing Ring Metallurgy
(Shield/Ground Plane)

Dielectric
Shield Lines-- '

V/Rx Circuits
- Wafer

U Dielectric

All Shield/Ground Plane

Sigiial Lines Substrate
-I (LED/PD Mountingj Pads)

'B Figure 3-14. Electrical Transmission Line Configuration, Off-Wafer Design
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(U "Glass Epoxy Dielectric
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••=TI riplate
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Figure 3-15. Typical Characteristic lmpedanct as a

Function of Conductor Width
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Figuire 3-1G. Isolation ve LI.nc Spacing for a *Tripiao Shield Arrangailumt
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3.3.2.3 Crosstalk and Isolation

Another factor to consider is shielding of the signal lines, to prevent cross-

coupling and crosstalk. The shielding provided by a signal transmission scheme,

such as triplate techniques, depends on several factors; among them, the length of

the line, line capacitances, line inductances, the dielectric of the mediums or med-

ium between conductors and ground plane, and the physical separation of the signal

lines. It is difficult to accurately determine by analysis the crosstalk or isolation

be'ween adjacent channels on the AADC chip because It is difficult to specifically

define the physical characteristics of the model. Variables, such as the iength and

the characteristic of the connecting member between the wafer and the conductor

line, will involve dependent technologies such as bonding to silicon, line patterns,

sizes, and locations which are not immediately available. What can be done Is to

determine what isolation is required for the AADC application based on signal levels,

probability of false alarm, driver/receiver characteristics, and signal-to-noise

ratios, This value can then be compared to measured Isolation values for a triplate

"configuration.

A SNR of 16 dB yields 0. 9999 probability of detection and 10-6 probability of false

alarm (Reference 7). The worst case configuration for crosstalk In the dam channels

on the alumina substrate would be a transmitter driver line adjacent to a receiver

diode line. Spacing between these channels would be snmll, 0.25 inch, and the dif-
ferenco in signal level would be largo. Typical values for such au arrangmUnt

follow.

The exercise below was conducted to determine if the off-wefor approach provided

adequate shielding for the isolation required.

Model SNRI 16 du

Transmitter light 0. 3 mW @ 10 mA

System light losses 10 d14

Light Energy at detector - 0. 03 niW

Signal current in receiver line

(wsSumo 0.35 AAV respoasivity) 0.0105 x 107 A
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Assuming a 5041 system, yields power levels of:

Receiver signal power = (1. 05 x 10-5)2 (50) = 5. 5 x 10-9 W

Transmitter signal power = (10 x 10-3)2 (50) = 5 x 10-3 W

A ratio of 16 dB SNR at the output of the receiver amplifier requires that the receiver

signal power be - 40 times higher than any noise. (This noise would consist of noise

already on signal, thermal noise in the load resistor, and noise gtierated in the 1re-

ceiver amplifier.)

5.5 x 0-9= 0. 137 x 10-9 W tolerable noise
40

If we assume that the majority of the noise is due to crosstalk from the adjacent

signal line, then the minimum isolation required is

5 x 10-3 (W transmitter) 3.65 1
0.137 x 10-9 (W tolerable noise)

or approximately 76 dB isolation.

The requirement for a 76 dB isolation can be readily achieved by noting the

measured values for the system illustrated in Figure 3-16. The data was taken by

injecting a 120 MHz signal into a signal line and measuring the percentage of signal

that appears In an adjacent terminated signal line. It Is noticed that 76 dB isolation

can be achieved by a signal line separation of 0.2 inch. Considering that the aver-

age line length in Figure 3-16 Is 8 Inches and the maximum length for the off-wafer

ar: -roach is 0.5 Inch, the Isolation should be far better. No crosstalk problems are

anticipated In the off-wafer technique.
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Section 4

LIGHT SYSTEM LOSSES - PROPOSED AADC CONFIGURATION

S-As mentioned in Subsections 2.1, 3. 1, and 3.2, the optical losses in the sys-

tem are dependent on device packaging considerations, interface losses, alignment,

etc. All of these parameters must be optimized to yield an optical interconnection

with minimum loss. The optical path for the AADC module-to-module intercon-

nection is illustratnd in Figure 4-1. Since the lengths of fiber optic are very small

light attenuation in the fiber can be neglected. The major optical losses will occur

at the interfaces and numerical aperture limiting of the fiber rods.

LED f
Fiber Optic Rod r Fiber

Optic

PD)4
Si guro 4-1. ,iodule-to-Mo~lule Optical Interconnection

Subsections 4.1 and 4.2 will discuss those losses and Subsection 4. 3 will establish

an overall optical efficeincy for the Interconnection system.

* •: 4. 1 NUMEI'ICAL, A1•i'•1Ttl•.

Light propagates through a fiber optic by totv I Internal reflection at the core!

cladding interface. In order for a ray of light to meet this requirement, it must be

incident upon the fiber within an acceptance ang'e given by the relation,
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1/22 2

arcsine (n2 - n1 )
n

where: 8 - acceptance angle

n= core refractive index = 1. 62

n = cladding refractive index 1. 52

n3 = air refractive index 1
3

The numerical aperture Is defined as the sine of 8. Figure 4-2 Illustrates the path

of a ray (Ray 1) bound by the core/cladding interface, and, for the parameters il-

lustraled, has an acceptance angle of 340. For short lengths, however, considera-

tion should be given to that light which is confined within the fiber by the cladding/

air interface. The cladding/air Interface yields a theoretical acceptance angle of

greater than 900. Physically, the acceptance angle Is limited to 90'. Ray 2 in

Figure 4-2 depicts a light ray bounded by the cladding/air interface.

Ray 2

Ray 1 Air n 1

Core
.n • 1.62

Clad 0
(12 %1 1.2

Figure 4-2. Light Transmission in an Optical Fiber

Matching a Lamborttavi light emitting diode (small compared to fiber rod size)

to this particular light pipe results in the following relative distribution of light:

1) Reflected off front surfaces of rod - aI• (loth ends)
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2) Contained in core 28%

3) Bound by cladding - 61%

In practice, oil on the cladding, dirt, touching of adjacent fibers, etc., all

cause an irregular surface condition which results in the loss of the light bounded

by the cladding/air interface. A single piece of masking tape (1 inch) on a 3-inch

glass rod has been seen to cause a 50% reduction in the light output through the rod.

Some of this occurs normally in all fiber optic cables due to epoxy in terminations,

• touching fibers, cable shield, etc., and is observable and defined as coupling loss.

However, only 28% of the light from the LED will be transmitted by the fiber optic

rod unless precautions are taken to ensure a clean cladding/air interface. If this

is done, 61% of the light will be transmitted through the rod.

4.2 FIBER-TO-FIBER COUPLING EFFICIENCY

It is desirable to predict the amount of light collected when two light pipes or

(fibers) are separated by some distance, with alignment being maintained. This

section will describe approximate relationships which can be used to predict this

effect. The results of the calculation will be compared with experimental values.

It is not intended to obtain exact formulation, but only approximation methods to

give usable results.

The following factors are used to compare experimental and analytical results:

1) Source - LEDs - The distribution of the radiations from different

LEDs can be approximated by a cosn 6 function. A plot of the dis-

tribution where n=l, n-7, and n-13 Is shown in Figure 4-3. A

Lambertian source has a distribution of cos 9, The measure out-

put of a light emitting diode source is compared with the cos 9

function In Figure 4-4.

2) Light Rod or Fiber - The light rod or fiber to be compared with

analytical computation is one with a cladding. Such a rod or fiber

transmits light through the core dependent upon the numerical

aperture (NA) of the rod or fiber. It is assumed for this analysis

that the output end of a fiber has the same distribution as the input

4i9A• ! , • . . . .,. . ... . .. .. ... • . . ,• " . . ..
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to the fiber. The two light pipes separated by a distance (d) have

the same. diameter (D). The distance is normalized as a function

of fiber diameter (d/D).

The following subsections give the theory of illumination received from finite

sources with different distributions:

1) From a Lambertian source into a hemisphere

2) From a source of distribution cosn B into a hemisphere

3) From a Lambertian disc source to a point on a parallel surface

4) From a Lambertlan disc to a parallel coaxial disc.

300 200 100 0 100 200 300

.NA 0.42

4000 NA 0.56 40

)0o 1, Co 50"

60 60

70" 70'

80" BOO

S90" 90'

j Figure 4-3. cosn8 Source Light Distribution
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Th ight emtd into aE heApphroxibyta Lambertian sogtisrce(iburti-o)cn

be obtained by utilizing the following groundrulos:

1) Small area of source at center of hemisphere-a

2) Intensity in direction makting an angle

with the normal to the source area - 13a cos 0

3) Solid angle subtended by a narrow angular

ring making angle 0 with the norinal - 2 r aiti 6 d 0

The flux (dli) emitted within the ring defined above

Is the product of the intensity and the solid angle

dF 2 I la sin08 cos 8d 0 (4-

"N ~51



IntegratinV to obtain the total flux emitted into the

hemisphere gives

77.

2
F-f27T Ba sin8 cosG dO (4-2)

0

7rBa

The total flux radiating from a disc of radius r is

F ir2 r2 B (4-3)

The flux emitted within a cone defined by a given numerical

aperture can be found by changing the limits of Integration

of Equation 4-2.

F � 2 r2 B [�2�] (NA nsin9 ) (4-4)

22 2
ir r Bsln 80

The fraction db of the total fluN which Is accepted �vltbin a

cone of half angle a In given by
,1

It sIn� Q (4-5)

RdU

I
tigure 4-5. Lambertian Siurco B,�uIiatIng into a llen�Is�)here
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4.2.2 FROM A SOURCE OF DISTRIBUTION 005" 6 INTO A HEMISPHERE

Consider a distribution given by the n'th power of the cosine,

Ba cos~

Integrating to obtain total flux in a hemisphere gives

7r/2
F 2v Ba sin800Csn 8d 0

0

2vr Ba
- - (4-6)

n+ 1

The total flux radiating from a disc of radius r Is

2 2
F 2rrB(4-7)

The flux within a half angle (a) cone is

2 2
F 2V, r B (n+1-)(48
F + (1- Cos a)(-8

The fraction of the total flux accepted within a cone of half angle a is

n+1
R=(lcos a) (4-9)

Equation 4-5 is a special case of formula 4-9 with nml.

4.2.3 FRlOM A LAMBERTIAN DISC SOURCE TO A POINT ON A PARALLE L DISC

Figure 4-6 shows the geometry and defines the angles for this discussion. By

the inverse square law, the illumination of the surface at P having a normal of angle

*with PQ being radiated by a Lambertian source at Q having a normal of angle B

with PQ (seo Figure 4-6) is given by

(D~acos0) (b cos, )/s 2

whore-.

I a Is a small area at P

and

b Is asmall area atQ.
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Q, Z
Figure 4-6. Lambertian Disc Source to Parallel Disc

This expression reduces to the following when 8 0.

2 2
Ba bcos /s

When the source becomes larger, the above expression must be Integrated over the
source area to obtain the illumination at P.

The illumination at P (Figure 4-6) by an anulus of radius x and width dx is given by

2 2 2 2
bd 2 rx d%/(d + x

where a = 27rxdx

2 d2SCos 2 -
(d + x

2 2 2a •'(d" •" "

The total illumination at P from the disc of radius r is given by integrating the above

expression.

r d2 2 -2
I 2y Bd Jx(d +x dx

0
22 2

-Br /d + r (4-10)
•: 20

... rB sin 0

Note the Similarity of the above result to the results obtained In Subsection 4.2. 1.

in a similar manner, when the source Is not Lambertlan but has cosn 0 distribution

the result As

2 n+1
l!-w" 13.- (1 - cos 0)

n+1
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When the receiving element is not on the axis of the radiating disc, but a distance p

from the axis, the illumination becomes
•. d2 2 2

B d-r +p
2 [1 %4(d2+ r2+P2)2-4r2p2

4.2.4 FROM A LAMBERTIAN DISC TO A PARALLEL COAXIAL DISC

By Integration over the area of a receiving disc, the flux which reaches any disc

from another parallel disc radiating according to the cosine law is

V2 B 2 2 2) 2 22+ 2 2 2_(2-2
F F= - (r, +r2 + d (r 1 +r 2 +d (4-1r)

Equation 4-11 is an exact formula, however, it cannot be used as given for the coup-

ling between two fibers because of the numerical aperture constraint imposed by

the fibers. Consequently, approximate formulae are developed below as they apply

to the coupling efficiency between fibers. The above theory is used as the basis for

the approximate formulae.

The formulations given in the previous subsections can be used to predict the

amount of light transmitted from the end of one light pipe to another light pipe of

the same diameter at a distance (d) from it. See Figure 4-7.

SFiber Fiber

!-I-

A B

Figure 4-7. Light Pipe Interface

When d is such that sin 0. Is le.44 than the numerical aperture of the fiber, then

every point at ot feceives light from the entire aperture at A. At separations greater
than the Awlvc distance Equation 4 -10 cant be usedg to give an appropriate value of the

1ý4 light receivedi at H.

• FVor a Lainberttan source,: the intensity of a point at U is

I (at 13) v 14 sin- 014a
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1'he flux which can be received by the fiber at B is

F (at B) = 7r Br sin a
(r = radius of fiber)

The total flux which is radiated at A is given by

F (radiated at A) =i Br sin (4-12)

whure sin 8, = NA of the fiber

For d > do the normalized light (NO) received by the fiber at B Is given by the

ratio of Equation 4-11 divided by Formula 4-12
2sin2a

NO = sn (4-13)

where tan 8 r/d

tan O- D/do

For distances less than do, that is, when every point on the aperture at B does

not receive light from the entire aperture at A, the approximation is made that the

light received decreases linearly with distance.

This is expressed by the following equation for d < do.

NO d II - (NO)x] (4-14)

9

sin' Ox
where (NO)x .

tan Ox.t r/do

Relationships 4-13 and 4-14 for a Lambertlan source are plotted in Filgure 4-8. The

solid line is the analytical curve ; the points marked x are the experimental points.

The calculations were n•ed for a fiber of 0. ,G mtnwrical aperture (NA). Tho curve

changes with NA as is shown in Viguru 4-9.

For a source with distribution of the form cosn 8, relationships similar to 4-13 and

4-14 can be derived. These are given, by
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ford 5 do

"T- NO= (1-cos n+)

. (i1- cosn1 Go) (4-15)

and

for d < do
!- d

NO=1- j [1 -(NO)x]

whereV. n+l

(NO)x = (- cos + 1Ox)i (1 - cos~n+l o (-6

1.0-
S" 0.8- Lambertian Source

miNNA ý 0.56
; 0.6"
UJ

"c 0.4-

S0.2-

02 L.0 2.0 3.0 4.0

Nowmalized Airgp (diD)

Figure 4-8. Fiber-to-Fiber Coupling Efficiency vs Air Gap

0.0.
.0.7,

i 0,6. NA C 0,42DID.
S0.3. A*or

S~0.2-.
0.1-, •
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Figure 4-10 shows how the curves change as the source distribution is different.

Analytical curves are plotted for cos 8, cos 7 8, cos 1 0 and cos1 3 8 distributions

of the source.

1 .0 -
o

0.90.8- NA =0.56

0.7-

o 0.6-
NW 0.5- Cosos3

S0.4- Cos7 0

z 0.3- os! 110
Co,2-

0.1-

0.0-
0.2 1.0 2.0 3.0 4.0

Normalized Airgap (d/D)

Figure 4-10. Output vs Air Gap for Different Source Distributions

Again, It should be pointed out that the analytical curves are on~ly approxtinations.

It is possi'hi to do much moro precise calculations, but the time involved is not war-

ranted since the source distribatlns are not precise mathematical functions. It is

surprising that the results were aw goo4 at shown in the curves. Better results should

be poselblo by nunterical techniques.

Only morildonal (not skew) rays were used in the valytical methods. The nor-
-?ali•at ion of the output into tih second fiber eliwinated the loss due to PtresnoI

refectlin at the surfaces and alse., provided a bettor comparison of analytical and

oxperimontal results. It is assumed that source distribution Is w.-tintainod within the

eor• of the fiber within its t1A.

4. 2. fl SUMMARY

Analytical re-sults on coupling efficioncy 'As a fut tve4!i.-. •4cit• -)etwoen fiber

rods show that the efficiency can be express.0 lit.wxity -foe stroll *e.IParqUon (1 ,i-

i:5ij
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than the fiber rod diameter). For separations less than the diameter, more than 50%

of the light is coupled between the fiber rods. For 90% efficiency the spacing should

be about one-fifth of the fiber rod diameter. The efficiency is somewhat better for

lower numerical aperture fibers and for source distributions which give more peaked

outputs than Lambertian sources.

4.3 OPTICAL INTERCONNECTION EFFICIENCY

The optical efficiency of the interconnection in the off-wafer configuration is ap-

proximated by the relation,

E (NA)2 P6 PFC 0(D LA (4-17)

where

NA = Fiber rod NA = 0.56

p Fresnel transmission coefficient = 0. 95

PF = Fiber bundle packing fraction = 0.75

C 0  Fiber rod to photodiode

Coupling efficiency;: 0. 85

D L =Displacement efficiency 0.90

A L Airgap efficiency -0.90

This relation tonsiders the pertinent areas of optical loss for the configuration Illum-

tr'z•,d in Figure 4-1.

As discussed in Subsection 4.2 the percentago of light collected by a fibor rod

from a Lambertifa. source is equivalont to the square of tho NA (neglecting Frentl

reflection losses). For fn NA of 0.56 only 31.4% of the light is collected. For a

typical fiber rod with i core refractive Index of 1.62, the Fresnel transmission co-

efficient is 0. 94. Since othere are six surfaces (s(0, Figure 4-1) the sixth power of

Sthe Freanol tranantissioir coofficient is used. The fiber optic bundle, which WS used.

in the side panels has a typicdl packing fraction of 75% (core- area/tot•l area), A

typical coupling coefficient for a fiber red/photodiodo interface is 85% provided the

pbztodiode is placed very close to the fiber. This can be achieved in the off-wafer

configuration. if a 10% aligmevt tolerance Is placed on the fibor-to-'iber •ter-
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face at the edge of the module, a 90% coupling efficiency can be achieved (see Fig-

ure 3-12). Also, allowing an airgap of 20% of the fiber diameter will yield a coup-

ling efficiency of 90% (see Figure 4-8). The quantity DLAL is squared in Equation

4-17 because there are two airgaps in the off-wafer configuration (Figure 4-1).

Putting the appropriate values for the parameter in Equation 4-17 aind perform-

ing the indicated operation yields an optical coupling efficiency of 9.5% (- 10 dB).

Consequently, with a minimum of caution and without using any optical techniques

to improve the efficiency an optical loss of approximately 10 dB can be expected.

By using a large NA fiber and refractive index matching techniques this value can be

improved substantially.

This same coupling efficiency may be achieved with the on-wafer approach if a

one piece light pipe with no losses at the right angle bend is developed for that ap-

proach.
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Section 5

OPTICAL MODEL - AADC

The latter portion, or phase, of this program effort was devoted to designing,

building, and testing a representative LIT intercommunicating mockup.

5.1 PURPOSE AND GROUNDRULES

The purpose of the mockup was to demonstrate light channeling capability for

this application and evaluate potential problems associated with the concept as pro-

posed. The basic groundrules required that the model incorporate a minimum of

two LSI type modules and that it demonstrate operation of at least one duplex data

link.

5.2 DESIGN AND DESCRIPTION

The high-speed LIT model was designed to simulate a small five-module LSI

type AADC machine. It is equipped to accept three active and two passive modules.

The modules are configured to approxitmate the size and shape of the actual proposed

AADC modules. A standard baokpanol typ ari-angemerft is provided in the base of

the unt into which printed circkit board' ty reveptacles are mounted to allow the

modules to be plugged into common power arnd grourd terminations. The recep-

tacles also provide mechanical pojariztit'n for each of the active modules. The

passive modules are positioned between each acutiv-e module to increase the distance

between Interconuunicat lg modules, thus dinmplifying fabrioatlon of the %wit side

xauels and the fiber optic cables. Data Input,,enat4taXand load switches, as well as

a power input receptacle are mounted into the front iover of the unit. The roar

cover has the eight LED displays mounted into it, liitoiro 5-1 illustrates the unit

with one module renmved. Transparent plastie ceitera are faistaned over each -of

the fiber optic cable wells provided in each side panel."A clear eoVer is also fas-

tened to the top of the unit to allow viewing -. the principal of operation.

S-
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Figure 5-1. High-Speed LIT Model - AADC

A
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5.2.1 MECHANICAL AND OPTICAL DETAIL

The basis of the optical intercommunication concept between modules is in the

design of the side panels and the respective diode blocks that are mounted on each

module. The design closely parallels the off-wafer concept discussed earlier in

this report.

The inside surfaces of the side panels have vertical slots machined on 0. 938-

inch centers to accept a 0.062-inch wide printed circuit card. The circuit card

(in simplified form) represents the module substrate. It also provides the mount-

Ing for all associated discrete circuit components and the diode blocks. The grooves

maintain spacing between modules, but more important, they provide for the hori-

zontal alignment between the TX and RX LEDs and appropriate optical cables that are

plugged into the outside of each side panel. Each optical cable is the same length

and is terminated at each end with a shouldered ferrule. Hence, the cables can be

plugged into any set of holes within the drilled hole matrix provided in each side

panel. This was done to demonstrate both the building block and common parts

features that can be built into this type of machine. Vertical alignment of the LED

cable interface is provided automatically by appropriate registration of the diode

block to the backpanel support plate whenever a module is inserted and seated into

the unit.

The three active modules are equipped with appropriate transmitter and re-

celver LEDs mounted in special holders attached along both vertical edges of the

module. All associated drive, logic, and timing circuit components are mounted

onto each individual card along with their appropriate LEDs such that each module

is electrically a stand-alone assembly. The modules are approximately 4. 00 in2

excluding the projecting power tab. A close-up view of a module is shown in

V Figure 5-2. The overall unlt package size nmeas•ires 5.0 inches wide by 5. 1 inches

"high by 7. 0 inches long.

3
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Figure 5-2. Module- High-Speed LIT Model, AADC

5.2.2 ELECTRICAL SYSTEM

The electrical system consists of three active modules which interface with

each otbW via fiberoptic data links. Each module contains a single printed circuit

card and all components associated with a module are mounted on their own cards.

Nt .lectrical wires carrying data or clock signals run between the three cards. The

three modules comprising the electrical system are the input module, the clock mod-

t:to, and the output modulo. Coni1guration of the system is shown in Figure 5-3. In

Figure 5-3 the three horizontal, close-spaced lines running between the light trans-

mitter and receiver blocks represent the fiberoptic links.

The Input module contains a parallel-to-serial eight-bit shift register In which

data is entered via the eight data switches mounted on the front panel. The trans-

rmitter and receiver circuits used throughout the system convert logic signals to

light pulses (T blocks) and light pulses to logic signals (11 blocks).

Control of the data transfer from the input module to the output module is accom-

plished by the clock module. This module contains a 20-4111z clock oscillator and

two sets of control logic. "The control logic circuits are used to generate two series,

or bursts, of eight clock pulses for operating the input and output shift registers.

The timing between the start of the two series of pulses is critical, and is dependent

64



on the propagation delay in the data between the input and output shift registers.

Propagation delay times will vary between components and therefore cannot be ac-

curately established during tha design phase. However, provisions are built into the

circuits to set the timing between the start of the two clock bursts.

Input Clock Output
Module Module Module

T I

I I

Enabl Contrl Control
I Logic Lotil

back ~ ~ ~ ~ ~ Clc paC o ipa ftedt onro.

Anput i

po Shif nightb prleshif sFigure -3.Dytea Lm cadDaaFo

. i " The output module contains a serial-to-parallo| shift remgister for reconstructing

. • "the data word to Its original form. Eight light emitting diodes are mountaed on the

S: -baok panel for display of the data word.

~5. 2,.3 SYSTEM OPERA•TION

i ! A data word Is entered into the system by placing the eight data input switches in

S• their appropriate I or 0 position and then depressing the citable/load switch to the load

• -L, !position. This inserts th-elbght-bit parallel word into the input shil ftregister. When

the enableload switeh is depressed to the enable position a pulse is generated and

• rtransmitted to the clock module. The control logic takes over and the first series
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of clock pulses is generated and transmitted back to the input module. The clock

pulses, as they enter the input shift register, shift the stored data word out in serial

form. The data is then transmitted over the data line to the output shift register.

Here the data must be shifted out as soon as it arrives. This is done by the proper

timing of the second set of clock pulses transmitted to the output shift register.

After the input data has been shifted out, the data is now stored by the register and

can be read by the light-emitting diode word display.

5.2.4 CIRCUIT DESCRIPTION

5.2.4. 1 Clock Control Circuits

A simplified logic and data flow diagram is shown in Figure 5-4. This figure

will be used to describe the system logic.

When the enable/load switch is depressed to the enable position a capacitor dis-

charge circuit generates a short-duration light pulse which ib transmitted to the

clock module. At the clock module this pulse is detected and converted to a 50-us

wide logic level pulse by the clock enable receiver circuit. This pulse is used to

start the clock control logic into its sequence of operation.

The output of the enable receiver is fed to one input of the nand gate, GI. When

a pulse from the 204111z clock oscillator Is coincident with the enable pulse at 01, a

pulse appears at the output of G1. This pulse is used to set the Q output of the

SN54S74 flip/flop to an up level state. As long as the Q output is in an up level,

clock pulses are gated through the wind gate, G2. The clock pulses leaving G2 are

transmitted back to the input module where they shift out the data stored in the input

shift register. The Q output of the SN54S74 flip/fiop remains in the up level only

long enough for eight pulses to be transmitted, otherwise thedata a.tored in the input

register would be shifted out repeatedly. Return of the Q output to a low level is

accomplished by resetting the flip/flop with a pulse that occurs Just after the 8th

clock pulse is transmitted, through G2. The SN6490S decade counter is used to pro-

vide the required reset pulse. The count sequence of the SN5490S is given in Figure

5-5a. The D output, at which a pulse occurs after the 8th count, is used to reset
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the flip/flop. Timing of the reset pulse can be obtained from Figure 5-5b. The

same pulse used to reset the flip/flop is used to reset the counter, making it ready

to receive a new series of pulses.

A second set of eight pulses is generated in a manner similar to the set just

described. This group of pulses is transmitted to the output shift register, but is

delayed by an amount approximately equal to the propagation delays incurred through

the data link circuits. This delay is necessary because the data must appear at the

output register just before the clock signals arrive. On breadboarding these cir-

cuits a delay in the order of 100 ns was found to be needed.

I The delay in generating the second group of clock pulses is accomplished by

selecting one of the decade counter outputs to set the Q output of a second flip/flop

circuit. This flip/flop is used to control the gate time of G3. A second decade

counter is then used to reset the second flip/flop back to its initial state after the

8th pulse has been gated over G3.

The count sequence given in Figure 5-5a shows the various outputs that can be

used (either singularly, or in combination) to start the second group of clock pulses.

Since the counter operates at the 20-441z clock rate, each successive count provides

a delay in 50-ns steps. An additional 18 to 20 its delay results from the propagation

time between the input and the desired output pulse. Thus, from output B we can

obtain a delay of approximately 120 ns, which provides the required delay time.

From output 13 we note that two pulses are generated before the counter is reset

(Figure 5.-b). This does not cause any problem since only the first pulse received

by Lhe SN54S74 triggers the flip/flop. Additional inputs are inhibited until the flip/

flop has been reset.

A chart showing the overall systemn timing sequence is shown in Figure 5-6.

fi



Output
Count

D C 8 A

3 0 01 1
4 0 10 0
5 0 10 1
6 0 11 0
7 0 1 1 118 1 00 1
9 1 0 01

a. SN5490S Count Sequence

400 ns

Input

I ~ ~~~~Output 0 FII'ip/Fto1 Reut Pulse)-. - P !0n

b. SN5490S Input-Output SwitchiNg

F igure 5-5. Count Sequence and 1/0 Switching

Uc&W Ckso Outat.

0o utouqt

0 0 00'a 0 0 ITvfWW0a*,W111

Dalta ý%Il~tId Own
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5.2.5 POWER REQUIREMENTS

The AADC requires three power supplies for operation. The power require-

ments and special precautions are as follows:

Connector Pin Voltage Current Cable Color

A +5 A.2 V 1 A Yellow

B +5 return* White

C -5 V 50 mA Blue

D -5 return* Brown

E -50 V return* Red

F -50 V 10 mA Black

G do not use Green

*Do not cotmect together or apply an external ground to the

AADC unit.

I II
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Section 6

SUMMARY

-. 6.1 SIGNIFICANT RESULTS

* A summary of the significant items discussed in this paper are as follows:

* 1. A survey and evaluation of state-of-the-art LED light sources

indicates that diode structures, specifically the type used for

laser operation produce faster risetimes than do conventionalI LED structures. This appears during operation of the laser

in a spontaneous emission mode where the risetime improves

as a function of increased current density. Conventional LED

structures do not appear to exhibit this same improvement

with increases in current density. The results of this eval-

uation ind'cate that, with further materials and device devel-

opment, the fabrication of very short risetime LEDs for use

in high data rate communication systems is possible.

2. A current evaluation of PIN diode applicability to optical data

links indicates that state-of-the-art PIN diodes exist that

meet the requirements of spectral response, spectral sensi-

tivity, and risetinie to allow speeds up to 200 Mlh, in the

AADC application. The devices are compatible with circuiR

load resistor requirements and can be used with amplifiers

suitable for use in a digital computer environmient.

3. A study of optical device packaging and interconnettion con-

copta establisluhed development of a feasible optlcal/mechan-

bat systets approach. The 4ystem utilizes a one-reciver

for one-transmitter concept on the module, with communi-

cation between modules accomplished via fiber optic cables

* I located along both sides of the modules. Further develop-

ment of the modulQ configuration suggested a trade-off
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study of both an on-wafer LED and off-wafer LED design.

The trade-off results indicate that thQ, off-wafer concept is

the most efficient and cost effective approach. However,

selection of either concept is primarily dependent upon the

data rate required and prevailing economic considerations.

4. An operating 20-MHz optical data link inodel was constructed.

The model simulates a small five-module LSI type AADC

machine. The model employs off-the-shelf integrated cir-

cults in logic-in logic-out interface and allows manually

selected inputs to be transmitted through the modules via

the light guiding techniques proposed in this report.

6.2 RECOMMENDATIONS

Based oi the results of the work reported here, 'It is recommended that future

development be done. in the following area-..

1) Preliminary results o! the rhietimoe daLa taken an heterostruoture-

LEDs Indicate that risetimes of less than 2 ts can be achieved.

Further work however, mniý be done in device developmanl und

characterization.. The work must alsu,- (omnwvexate on optimizing

the device optical power output as v•di .e spoed.

2) Dual mode operation (samo duthAe canO 60 dymacioally switched from

emission to dutt•h-r oea"ton o by appropritate electronic circuit con-

trol) of the GaAs dioe wit' situifioantly redue opstical complexity

anl allow fur niore flexibility. Considerablo devIlopment work on

this typo of devtfrt is sifill roquired. Foasibility has bLen demon-

* stratod (.Reeren)e ?4 at reluced sds, .

3) The paekaging anti nit.,ning of the diode itself should be considereid

in more detail. Emnphasis should be given t.to optical offidin-ey,

thermal dent. ntercomwction tehniques, device moouting, etc.

*1hiis Moe will yield a dwviee suitable for the AADC module optical

2 InterconnoctloI7
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4) The design and development of a second level package (AADC module)

iworporating the off-wafer optical communication technique. This

will allov development of prototype hardware which can be used for

Sevaluation of performance and potential problem areas.

5) Further consideration amd dasign should be accomplished in the final

(unit) level of packaging. This includes design of the overall struc-

ture with cooling provision, optical fiber interconnection, and fixed

alignment features, etc.

The above list of recommendations is intended to take the optical communica-

tion technique proposed for the AADC, from a laboratory feasibility stage to a pro-

totype model. The intent of the model will be for exploratory evaluation in a mili-

tary environment.

IT
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