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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 Syatems
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 Il 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 intorcommunication between large scale integrated (LSI) modules
as typically proposed in the Navy Advanced Airborne Digital Computer (AADC)
development program. ‘The task culminated with the deve!opinont and fabrication
of a functional five-module model. Contractual effort covered a 12-month period
beglnaing 2 March 1972,

1.1 PERFORMARCE DEVINITION

The performance of this rescarch and develepiment offort was divided into »fou'r-
‘subtasks. Subtask 1 invelved an updated survey of appropriate devices and invos-
tigation of lager and PIN diodes for'ap;ﬁicabiﬁty to the data link, Seétion 2 of this
_veport explains this effort and gives the resulté, Subtask 2 encompassed a study
of all levels of packaging, from the basie devise up to the module and final vait
Alevc&l‘ This study was cbnf igured around the basic unit and module design as pro~
posed for the Naval Air Systems Conunand per Contract Nes, N_ODOlQ»’i 9-C-0504
dated 3 Docember 1971, Sections 3 and 4 deseribe this effort. ' '

Subtask 3 contained in Section 5 of this veport describes the basic philosophy

 and dosign details assevisted with the hardware phase of this program.  This in-

cluded the design and bufld of a state-of-the-art, solid state five-chansel operat-
ing model capable of perﬁ;rming‘ olght-bit puarallel to serial and serial to parallel
transformation aivhg single and duples data links. The fourth and final subtask
was the analysis, summarization and documentation of all pertinent inforwmuation

and data acerucd as a result of this effort and compiled in this report in Section 6.




1.2 SIGNIFICANT RESULTS AND CONCLUSIONS

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

tual effort are as follows:

1)
2)

X))

4)

5)

Established a feasible optical/mechanical systems approach
Developed an extremely efficient and compatible optical/mechani-
cal/electrical configuration that virtually eliminates the need for
avalanche detectors

Concluded from an on-wafer /off-wafer module configuration trade-
off study that the off-wafer approach is the most feasible, efficient,
and cost effective approach in the existing and near-future time frame
depending upon data rate required

Successfully completed the fabrication of a fully functional 20-MHz
prototype high-speed optical data link model. The model simulates

a five module (LS! type) computer employing optical intercommunica-

tion betweeon operating modules

Deter mmed that heterojunction ug,ht-emitting diodes (LLDs) ‘©an pro-

duce faster risetimes than ordinary LED structures.

- Concluded that improvements in LEDs and F/0 cablos are desirab!é

particularly if high data rates are required.

te
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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)

2) 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 diodel, 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 higher than 40 MBs, Both LEDs and photodiodes (PDsj will be discussed

in more detail in Subsections 2.2 and £, 3, respectively.

The efficiency of signal transfer from the light~emitting diode to the photodiode
is determined by the conversion efficiency of botli devices and the optical losses
agsociated 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 cpnﬂguration, as well as the optical packaging of the {ndividual devices.
Figure 2-1 illustrates the optical flux reccived at a detector from an uncollimated
LED (Lambertian source) as & function of separation distance. The flux at the

detector is calculated using physical uptics (refer to Subsection 4.2, Equatfon 4~11)
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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 (ypical AADC module
separation), only 4. 5% of the light is incident upon the detector., Such large ios-
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, Thig 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 {s un-
defined. Evaluation of spontancous emitting diode structures shows that all these
requirements can be filled; however, in PN junction LED structures there is a
speed versus lght 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 LED STRUCTURES

The diodes tested were: 1BM GaAlAs diode 16- by 16-mil chip, 4 mil thick,
The chip was center contacted and mounted on a T046 Header and voated with
epoxy. Texas Instruments' GaAs TIL0Y Domed Flip Chip on a silicon substrate
mounted on a T046 Header with no cpoxy coating,

The IBM diode was slow with 28 ns risetime with no improvement in risetime

with changes of current from 3 A to 20 A.  (See Figurv 2-2)




,f’ > ¥ Drive Currents Equal:
b - @ 3.25A
5.75 A
,_.m 850 A
2 10,75 A
k" % 1350 A
3 ] 16.0C A
- 19.25 A

A
1.,\. PR N 4 RN B8 \ PO TR
A Figure 2-2. Light Pulse Output of IBM GaAlAs LED
F
1 The Te .us Instruments' TILO09 diode had a risetime of 5 ns from pulse start to
A' f" midpoint and 30 ns from mldpoint to pulse peak. No improvement in risetime was
noted from ~ Ato 20 A, (See Figure 2-3.)
;;? Drive Currents Equal:
14 2.50 A
R .- 5.00 A
® 8.00 A
s 3 13.50 A
e 16.50 A
. ';}! 19.50 A

l-‘l'gure.znfi. " Light Pulse Outpue of Texas Instruments T14,09 LED

2,2.2 é:VALUA'i‘lON Oi-‘ LASER STRUCTURLES

- Laser dlodes were tosted in & nonlasing (srontaneous emission) made by alter-
ing the metallurgy of the diode chip itsalf, The diodes tested wore single hetero-
junction {SHy lagor diodo 4- by 1Z-mil chips which we e conter contacted {ke the
IBM LED and mounted on a TO46 RNeader with no epoxy coating. The light output

was measured on the axis of noemal stimulated emission output.
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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)

e AR AL s b e T e

Drive Currents Equal:

5.00 A
725 A
9.25 A
11.25 A
13.76 A
16.50 A
19.50 A

Figure 2-4., Light Pulse Output of IBM SH'Laser Structure Dicde 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 spontancous and stimulated emission shows that until
the transition from spontaneous emission the risetime follows the trend seen in

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

o iareorptrsrs

T ataenat .

Figure 2-5. Light Pulse Output of IBM LOC Structure Laser L-21-10 with
Drive Curront 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:

he‘“ﬁ’_' \ *@Q}‘}.‘ : . 10 A

. )\m ‘i‘i;t'\:&f' :\% 9A
W'\'W\\ 8A
‘mw‘u% W 6A
R 5A

Flgure 2-6. Light Pulse Output of IBM LOC Structure Laser L-21-10 with
Drive Currents of 10 A, 9 A, 8A, TA, 6A, and5 A

Observations made using an avalanche detector and a high-gain amplifier to
observe threshold show that the stimulated emission pulse at threshold {s always
narrower than the spontaneous emission pulse. As the current density is in-
creased, the rigetime of the spontancous emisston will improve, the stimulated

pulse will widen, and the risetime of the stimulated pulse will {mprove.

Typical risctimes of laser pulses from LOC structure laser diodes are less
than 2 ns, Figure 2-7 {8 a typical example of stimulated emission pulse risetime,
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 eval-

uations.

2.2.3 EVALUATION TEST EQUIPMENT
The following test equipment was used in collecting data:

1) Pulse Driver - Hugging Laboratories Nanosecond Pulser, 9615
2) Photo Detector - ITT Biplanar Photodiode F-4000, F4602 Holder
J) Photo Detector - T1 Avalanche Photodlode TIXLGS

b w4
1.."33"&’_‘?-'-?':-'&:7?.’.«'&&@7:“‘9»...—_ .-




4) Wideband Amplifier - Avantek UTA-219M
5) Oscilloscope - Tektronix 7904, Vert 7TA19, 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 3 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
risctimes of 1.2 ns may be accuracy limited by the test equipment used and could

bo faster than the moasurements indicate.

Figure. 2-7, Light Pulse Output of IBM LOC Structure laser L-21-10
Showing Stable Risetime of Stimulated Emission Mulse

2.2.4 SUMMARY OF LIGHT EMITTER EVALUATION

It appears that diode structures of the types used for laser operation produce
faster risetimes than ordinary LED diode structures in the spontancous emission
modes, [t also appears that risetime does not improve with increases in current
density in ordinary LED structures but does improve with increases in current in

laser structures,

9




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 deunsity.

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 digital 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 cirouit lines in the AADC will not significantly affect
the detector since they are short in length and their physical élze is controlled
mainly by the LED; however, coupling losses due to tmercohnactions 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 ohing, and the amplifier requirements will hé controlled by the thermal
noise generated by this resistor which in turn will reflect a minimum sensitivity
vequirement for the detector. ' '

2.3.1 PIN DIODE SPECTRAL RESPONSE

The PIN diode spectral x‘ésponse closely matches the region {n which the most

officlent GaAs and GaAlAs LEDs are achieved. The response remains relatively

constant with varfations in reverse bias conditions and in spectal cases has been

10
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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/Wto 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-
tag: 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 thc PIN devices,

2,3.3 PIN DIODE RISETIME CAPABILITY

The LED, projected for use in the AADC, seot the reasonable speed limit at
about 200 MHz maximum, With this in mind, it can be shown from manufazturer's
data that the PIN device will effectively fill the need. More conservative compan-
ies specify risetimes of PIN diodes in the area required between 2 ns to 4 ns while

more optimistic companies choose to state 0.8 to 1.0 ns,

Since the load resistor used in conjunction with the detector must be consid-
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 pI’ 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 sfnce the R-C time constant of the diode junction and load resis-

tor {8 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, spactral sensitivity, and risetime. The devices are compatible with the

o
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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 Gaj_yAlgAs diode used as a PD detector has a photo response versus wave-
length of incident light distribution which is similar to the LED spectral distribution
as shown in Figure 2-8, This effect is due to the optical properiies of a material
with a graded band gap. When light having the same spectral distribution as 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-electron pairvs which create
a phot,ovolmge. Light with a spectral distribution and peak energy othor than that
produced by the junction in electro-luminescence is absorbed away from the june-
tion where the Al concontration and band gap are higher, Thus, using the {zmdvd
band gap structure an tdentical pair of diodes can be used to transmit and recefve
information without interference from another pair having a different peak emis-
sion and detection energy. The emission spectrum of the LED and the detection
spectrum of the same diode, while overlapping considerably, do not coincide
exactly, This mismatch is caused by the heating of the p-n junction in the forward
biag mode. Since the dovices have a typical power efficiency of ~ 3%, most of the
olectrical power into the LED is converted into heat. It has been experimentallvy

determined that the peak wavelength of the diade shifts at the rate of 1.3 A per “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 cannbt be used because of the high datu rates required.
GaAlAs diodes have not been optimized for photodetection operation and, conse-
quently, have high capacitance. This capacltancé 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.

14
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Section 3

OPTICAL DEVICE PACKAGING AND INTERCONNECTION CONCEi’TS .

There are several possible ways of configuring the L.SI module in the AADC in
both the first and second ._level of packaging to accommodate optical interconnection,
However, the apparent xhultiplicity 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 utilizatiot_l of near

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

Many of the optical interconnection configurations as presented in the previous
reportl. 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, ete, Therofore, it was
decided that a system that was as closely compatible with the oxisting AADC pack-
-aglng configuration as possible, and utilized state-of-the-art and ncar stato-of-tho.
art design and fabrication concepts, was the most desirable, |

3.1 OPTICAL INTERCONNECTION SYSTEM CON FIGU'RATION
A system that does have this potential and also appears to be the mosicfﬁ-—

cient, and cost effective, is a simplex, one recsiver for one transmitter, n_m.ltiu
plexed serial data transmission systom, '

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

“copt places both the source and the detector devices on a module with light trang-

mission directed along the face of the module vin a light pipe system out to the
vertioal edges of the module. From this point it passes across a small fixed air«
gap to a fiber optic recoptor housed in the unit side panels located along cach side
of the nodules. This receptor directs the signal to the npprbpriatc receiver in a
preselceted module. Henco, the side pancls can be programmed with & matrix of

15




light guides to interconnect any series of modules desired. In an optimized system
the use of a heterostructure LED in place of separate receive and transmit diodes

in the modules would allow complete intercommunication flexibility between mod-

ules,
~
Input/Qutput Typical LS| Module
Conversion Module (Off-Wafer Configuration
Shown)
L -
Electrical
Inputs -
e
= ]
i i)
- 1
A 1
|
1
R
e >

Optical Interconnections

Figure 3-1.  AADC Idedule Optical Interconneection Convept
At least one module in a machine, which we will refer to as a “conversion
moduie," would be utilized to convert all input and output signals from electrical
to optical data and vice versa, This motule obviously should be located adjacent

| to the 1:0 vonnector end of the uait, “A bottom panel or printed circuit {(PCB) dis~
tribution panel would be Tocated across the bottum of the maodules for the purpose
of carrying power and ground to each module via plug-in eleetrical connectors,
$t e there will generally be no more than six to cight contacts required for this
function, the insertion and withdrawal forces ndrmally associated with eloctrical
interconnections is stgnificantly minimized, The power connector may either be
: ane-picce, located in the conter of the module, or two smaller connectors posi-
o Lioned at ¢ither edge of the module. The latter configuration does not interfere




with the existing proposed locacion for the module inlet cooling air plenum, Figure

3-2 illustrates the possible power contact locations,

|_ Power Input

Contacts
N an
i Tl

=

Alternate Power Contact Location

Figure 3-2. ‘Moduic Power Contact Location
With the groundrule of onc transmiller lor one receiver, (wo possibie configu-
rations for the location of the transmitter and recciver dlodes within the modulo

become avident,

3.1.1 ON-WATER CONFIG"RATION

The first and probably maosl appavont concept is veferved (v e the "on-wafer!
approach, This concept places the LED, together with its wssocinled drive ehr-
cuils, directly onto the silicon wafer, Heve TTL o FCL civeults ¢an be gonerated
airectly onto an epitaxial silfeon waler surface with the LED in leadloss invertad
device (LID) form attached Lo the waler using appropriate hybrid bonding tichniques.

Four possible corfiguratior . to this appronch arve exnmined, In each casge the LED




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 a 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 t-ypical cbnfigura-
tien,

Sealing Ring
and Cover

{ED and Associated
Drive Circuits

/

Y Wafer
R R / -

E a "I\ T R RRE TS QOENS o .;\:_» -Substra‘e

«— Heat Exchanger

43 Figuve 3-3. Basie On-Wafer Concopt
- 4.1,2 OFF-WAFER CONFIGURATION
% The other or alternate concept Is the off-wafer approach. As the term implies,

this approach places the LED devicos outside of the wafer seuled cover area, Here
the devices, efther as chip or LID type packages, (see Figure 3-4) are bonded to
appropriate tand pattorns provided just outside the hermetically soaled cover area.
They are rmuoteiy connected to associated drive olrcuits on the silicon wafor via
strip-line or tri-plate type printed wiring Hines. This systom is built up by sand-
wiching alternate layers of metallurgy and insclating materials direc.llyr onto the
base alumina (AlgOy) substrate. The final sealing ring metallurgy is placoed on

top as shown in Figure 3«5,
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| - | Chip Type LED Package LID Type LED Package
- s (Off-Wafer) (On/Ofi-Wafer)

AT

D e AT R e
" -

Figure 3-4, Proposed Hybrid Type LED Packages

o

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 sim!
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 this concept.

P i\ skt oA ‘.Ww-""-"' A

3.1.3 SUMMARY AND CONCLUSIONS f

When parameters such as optical efficiency and fabrication complexity, deg@l-
opment time and cost, and mechanjcal complexitly are considered, the off-wafor
approach is significantly more dosirable than the on-wafor,

> . .
B i ot 4 A

The on-wafer approaoh howc .'or. doos offer significantly highor speed capa-
bility, limited only by the pcr:ormanou ax the lager/LED selected for a particular

system, 'I‘h;s is uttt lbumd primm'ilv to the very low-lead capacit}mcos made
possiblc hy the ultm-short laad lengthb inmmnt with this pac ~u,ing approach,

frhu off-w.xfer appro.uh is capable of m,hleving dnta mtps up to 250 Mtiz.

: ﬁ:- B .{ﬂowevor pt’up&x‘ clecrtrical tmnmmsnton dosm‘n must be q:{llzcd to interconnect
ST ’_‘LE...-. §aaasocmwd clmu(is. I _ /

»
/

T’aia subsecuon descrlbed develapmem of a candidat(. optical interconnccilon
' }mglpg oougepl It also dcscrlbod two pusmblc methods for configuriag the
e : s

K
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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

these concepts are illustrated in Figure 3-7.

Three of the LED mounting configurations examined place the source or re-
cejver 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 III-V compounds used to construct the emitters and receivers gener-
ally intended for use in this application emit at wavelengths of between 0, 66 and
0.91 pm, The transmittance of silicon is between 1,2 and 156.0 pm. Therefore a
window or hole must be provided in the silicon wafer to allow the ljght to pass
through the wafer, |

3.2.1 INFRARED TRANSPARENT MATERIALS

Since neither the silicon wafor nor the alumina subatrate, as initially proposed
for the AADC module, are transmissive at the dosired wavelength, a suitable sub-
stitute material must bo found. Theve are many matorials that are IR transpareat,
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Air Gap 0.020 inch : 0.020 Silicon n=3.49
' LED

I DN

Light Guide Rod

0.040 Spinel n=1.72

N\

1.000 inch o|™~0.040 Plexiglas n = 1.586
Typical

0.020 Epoxy n= 1.56 LED '

B NN

Light Guide Rod

0.040 Spinel n= 172

0.040 Plexiglas n= 1,586

0.020 Epoxy n = 1.56

W/W

B NN

0.040 Plexiglas n = 1,586

0.020 Spinel n =172

{d) 0.040 Alumina

) Crown'Gtass n=1567

Figure 3-7. LED Mounting and Light Guide Configurations
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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, howeve;', prop-
erties such as thermal expansion, index of refraction, thermal conductivity, and
melting point were also importaht performance parameters. Both spinel and sap-
phire have very good transmission characteristics (82% to 85%) within the 0.7 to
0.9 pm 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 3-8, 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. Th'is
same gap was maintained when measurements using an interstitial material (micro-

scopy immersion ofl, n = 1,515) were taken to simulate bonded interfaces,

90 -
80}~ / \
70k +f* | t‘

= ' A
60| \

50}-

Transmission {%5)

30}-

|

|

{

|

]

40}~ | \

|
|
|
20-'
|

10}

0 aAaald iy l L L | l J
1.0 20 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
0.94
0.8+
0.74
0.6+
0.5+

0.4

Normalized Intensity

0.34

Spinel/Qil

Spinel (0.018 inch thick)
(two surfaces polished)

0.2+ /
Sapphire
{0.035 inch thick)
0.1+ {one surface polished)
0 Y Y T ~
0 4 8 12 16 20 24

Distance from Point Surtace (cm)

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

3,2,2 OPTICAL INTERFACES

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

and the {ndirect path required to got tho LED conergy out to the unit side panels,

26
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The first approach is to provide a hole in the silicon directly under the diode
and mount the silicon wafer onto a synthetic crystal substrate such as spinel or sap-
phire. This would replace the existing Al9O4 substrate (see Figure 3-7a). How-
ever, the problem that arises with this design is that the output from the &iode 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 Pigure 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 wafor. 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
sflicon wafer rather than the alumina substrate with a spinol or possibly a sapphire
wafor. Here 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 example the light
guide material shown both normal to, and parallel to, the wafer is a crown glass,
The glass was substituted to show that efther glass or- acrylics may be used for
this purpose, This is important if the module oporating or processing require-
ments dictate oexposure to relatively high temperatures (greater t_hnn 150°C). The '
total transmission efficiency in this oxamplo {3 cssentially tho same with eithor
material,
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3" Table 3-1

L= COMPARISON OF PROPERTIES OF SPINEL AND SAPPHIRE
S WITH OTHER ASSOCIATED MATERIALS

- Alumina | S Gl Gali

- S umina ap- ass um

Characteristic 96% Spinel phire Silicon |. (Crown) | Arsenide

: Chemical Formula .‘\1203 MgO A1203 A1203 ) GaAs

] 3 Expansion Coeffi- :
- clent (10-8/°cy |7.3 7.45 8.4 |3.5 9.5 5,93
.' Index of Refraction |0.578a 1.727a 1,772 }11.4b 1.586 3.30

Transmission 0.17 to 0,3to |1.2to 0.35 to

, Range (um) 6.5¢ 0.3 to 5.0d 5,0d 15,00 3.0e

i .| Thermal Conduct-

1 ivity Cal/cm-s/

| ,' °C @ 25°C 0.088 0.068g 0.10 |0.80 0,002
i . Melting Point °C  |2072 2135 2040 | 1412 ~780 1238
‘. Dielectric Constant 9,6 8, 4f 9.4 to {18.0 ~4,0 11.1f
; 4» 11.4f
i a. at 0,58 um e.  95%

. b, atl.4pum - f. 1MHz@25°C

. | ¢. > 10% g 0.035@ 100°C

X d. 82%

Although the LED in those oxamples is shown as a discrote device, it is possi-
ble that a suitable device could be generated directly onto tho epi-spinel surface
f along with the assoclated circuits. '

v

‘ Other approaches very similar to the above were considered, Tho exception
g ) i being that tho light guide would bo located on the top side (wafer side) of the sub-
' N gtrate rather than the bottom, However, the combination of material expansion
rates and the cost to achie‘ve a good flat surface, such that a good reliable seal

ety

PR——

Ry

! could be maint: ined botween the cover and the substrate, was considored an over-
1 riding factor against this approach, '
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§
’ i L
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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, ¢, 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 45° mirror surface on the
light guide rod, Although the light guide rod may not 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 45° mirror

3) Transmission of light through light guide rod.

Fresnel reflection losses at normal incidence are given by

(n1 - mz
R=

(nl. . n)2

where ny 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-wafor desigm are tabulated in Table 3-2.

The size of the bundle of light which enters the acrylic rod 18 governed by
the goometrical configuration of material batween the LED and the 45° reflector.,
The amount of light collected from a Lambertian LED is proportional to the
square of the numerical aperture of the beum transmitted by the system. This s
not a symametrical beam, and the minimum and maximum angular acceptance angle
by the 45° reflector have been determined. The average of these two values has
been used to dotermine 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% niore cfficiont than the on-wafer approach.
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L Table 3-2
: TRANSMISSION THROUGH INTERFACES (%)

Interface Configuration
Off
a b ¢ d Wafer
LED/Air 75 - - - -
LED/Epoxy - 20 90 - 90
LED/Spinel - - - 93 -
Air/Spinel 93 - - - -
Epoxy/Acrylic - - 100 - 100
E Epoxy/Spinel - 100 - - -
8 Spinel /Acrylic 100{ 100 | - - -
3 Spinel/Glass - - - | w0 -
i Acrylic/Air 95| 95| 95| - 95.
i 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
45° mirror in the system

R

Table 3-3
TRANSMISSION AS A FUNCTION OF GEOMETRY

, »
38
. "
i
.
i

c Configu- Cone of Light - .

? " : ration Half Angle Average

Max. | Min. | Avg. NA | (NA)?

¥ a. 16.3 | 10.3* | 13,3 | 0.365 |0.13

L b. 19.4 | 11.7° | 15.6* | 0.427 |o.18

{ - .

; c. 45* 18 31.5* 0.829 | 0.69

b :

o d. 19.1° | 11.5° | 15.9¢ | o.414 Jo.17
) ' off-wafer 1.000 | 1,000
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Tuble 3-4
LD LI "OLLECTION FOR S ANCH CONFIGURATION

Confizu | (Geomen {Fresnel Losses) ¢« of LED Lambertian
- "w S rv; Tresne LOSSeS
= - 3.” L Emittance) Relative Total
ration I'runsmission Transmission . .
into Acrylic

a, 137 GH'/ 8.6'%

b. 18% S3 15.3%

c. 69 BN 38. 7%

d: l‘l‘t: "b'l 150 0%
off -Wufer 100t 83 85, 0%

In order for all the light refleeted off the 45 reflector to go through the light
guide rad by total internal reflection, it must huve a numeriecal aperture greater
than the maximum NA of the bundle us given in Table 3-3,  For the sides of the red
surrounded by air, thore is no probiem, However, at the guide rod-spinel inter-
face, if a cement is used, the index of refraction of the cement used must be con

siderably lowor than that of the guide ved matérial, For example, using a coment

dndex of 1.5 gives an NA of 0,515 which will satisiy configurations a, b, and d, but

not ¢, Three possible mothods may be considered for this transmission medium.

1) Acrylic rod using low index cemont,
2)  Cladded vod with high NA (lassy

3)  Reflective coating hehveen the vad and spinel.

Total internal reflection is prefevrad, i possible, since it is highly efficiont if

surfaces are kept extremely clean.

3.2.3 MATERIALS COMPATIBILITY - OPVICALSENVIRONMENTAL

A3 previously stated, materials, pavticularly for the light gaide seetion of the
modele assembly, wust be selected primarily for their total internal reflecting
properties. Also, theie ability to withstasd moderately high tempurstures, their
processability, and their resistance o abrasion, particularly at the exit interface,

is important. When these factors are consiaered, clad glass appears to be the
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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 rhaterials 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 pfocessing
properties. However, they are not stable at high temperatures (130°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/°C) in either a low

or high temperature (200°C) environment, This compares with a coefficient (a) of

9,0 x 10-6/°C 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 pane. 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 175°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 mater:nlé dx‘é well suited,td"h}rgh ~
temperaturc and other environments as specified in MIT. E-—-5400E. Bo;h_ spinel
and sapphire have higher melting tomperatures than does sﬂibon:(i*efer tc Table'
3-1), therefore, they are very suitable for most applloilble bonding or soan_hg ieoh-

niques,

3.2.4 THERMAL CONSTRAINTS
The placement of the LEDs and the necossary driver and roceiver circuits

onto the module imposes an additional thermal load on the wafer. This might limit
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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/RX
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 specifications (ref. AADC report Contract No, N001970-C-0504 dated
3 December 1971) is as follows:

FPor the transmitter function the thermasl density is:

P, 000Ny g2

2
(8)(10) Sin

9
Since this exceeds the thermal density specification of 3 W/in” set forth for the

AADC w;xfor, thon the minimum free area required for this function is:

Power Required 170)(101
'l‘hcrmal Dansity Limit .3 W/in® 1

« 0,023 fn° {0,126 by 0.168 area)

'l‘hm*efore if the designated TX functions are spaced on A, 188 finch centers along

lwth axes then a favorable thermal density tlmt is wall bolow tho spaciﬂed 8 W/in°

T |, dimit can bo nchxeved.

P m)(m) i 0o

2
2 A -4
(o 188)(0.188) in~  (363)(10)

= 2 W/in

:a-
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For the receiver function the thermal de.sity is:

3 -2
‘é » §= (14)(10) —- g W/in2
i (156)(10)
G ! { R
y 3 i . The mounting area required for this circuit to meet the 3 W power density limit is

.t B 044ﬁ1mﬂ= 2
E . - <——-—1 (_3W 0.047 in” 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 similax to the

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

Sacssirapine’

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-Water Design)

b mstat e enttate o
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(4
LED/Circuit Location
(Ott-Water Dosign)

Figure 3-10. Typical LED/Circuit Layout on Module

33




A breakdown of the typical total dissipation required for optical interconnec-
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tion in both the on-and off-wafer approach is shown below:

i 1D am Lae el -

e

4,
5 ccimthatr e

X RX Total

LED (mW) 10 1 11

3

. Circuits (mW) 60 119 179

or 190 mW per TX/RX pair

£
'v . _ E Assuming a duty cycle of 100% for a module, the t{otal dissipation of the inter-
' S ’ connection function for the on-wafer design is . 190 (16) or 3.04 W. In the off-wafer
1 B . ' configuration the dissipat;on on the wafer itself is (. 179) (16) or 2. 864 W, with the
. romaining 0.176 W dissipated along the outer edges of the substrate.

3.2.5 DATA RATES ,

WQe\n high data rates are required, the packaging design for a high-speed opti-
cal datamlink 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 proximity 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 in2, Therafore, 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 commecting the TX/RX device to the circuits. Parameters such as impedance

D AR e BRI TS
. M )

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

independent of the device (LED/PD) performance. An in-depth study of these para
moters was investigated specifically with regard to the proposed off-wafer design
and s discussed in detail in Subsection 3.3 of this report.

3.2.6 MECHANICA OPTICAL ALIGNMENT
The optical alignment of the modules to the light guides in tho side panels of ‘
the proposed concept are pormanently fixed into tho design. This is true of cither i
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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 misalignmént is tolerable. Therefore, with proper manufac-

turing tolerances very little degradation in coupling efficiency will oceur.

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 ancther. 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 6fficiency is
expressed by the ratio of the areas A to B as illustrated in Figure 3-11.

N\ T
0
b B8 - Area of Fibor Core
A - Area of Intersection of Fiber
- Cross-Sections

Normatized Displacement = d/D = a
Coupling Efficiency = A/B = E

Figure 3-11. Fiber Core-to-Displacement Area Relationship
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A =§D- (Cosdl‘a— a\/l - az)
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A 2 -1 2
E"B"W(COS a—a\/l—a )

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.

Coupling Efficiency

L
A | ¥ 1 ] Ll 1 L T L

0 02 04 06 0.8

Normalized Displacement (d/D)

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

3.2.7 SUMMARY AND CONCLUSIONS

Here again, tho detailed evaluation of specific problom arcas associated with
the on-wafor approach demonstrate that this i{s a viable, but less officient and
more costly scheme. The off-wafer design offors a 50% increase in coupling
efficioncy. Tho use of IR transparent substrates such as spinel, or sapphire, to
implemont the on-wafer concept is optically acceptable; and procossing those ma-
terials for microclectronics applications is currently feasible and practical. From

a thormal consideration, the low-dissipation circuits associated with the optical
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: 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
¢ 1 circuits and LED devices on the module is insignificant (approximately 0. 28 in2
" out of 7.1 in total area) and should not effect the total useﬁﬂ- 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

R =
PR,

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

-1 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 applmabillty of these to the AADC and the

merits and problems of these approaches Ao'n an electrical basis are discussed in
this subsection, '

3.3.1 ON-WAFER APPROACH

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

e i pt e a2 s D SPUMRLLEe At S D L

be the best approach, Speed limiting intercqx’mectlons would be eliminated, since the

cloctro-optic conversion devicss could bz placed at the site of the circult, Circuit

design would alsc be somewhat simplifind since only the parameters of the conver-
. slon devices themseives would have to be considered, Although this approach is
the superior electrical approach and would yield the highest speed of operation it

must be tempored by the optlical, thermal, and space requiremonts on the substrate,

The optical requiremah& placed on the substrate material would impact the

! 1 prosent design and higher lovel packaglag of tho wafer, Materials which are optically
) compatible do exist and ware tested within the scope of this program, A feasible
. i approach to the packaging utilizing these materials has been deseribed in this report




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 he 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 deplots "strip line, ' "printed cirouit" techniques which can easily be
fabricated on a substrate, '

Figure 3-13a shows an open system where the narrow conduoctor carries the sig-
nal and the ground plane provides the shield, Figure 3-13b shows a semishiclded

systom called "tri-plate” or "strip line, "
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3 . A and Shield
4" b. Triplate System
‘ _' Signal Conductor
1 | - / Ground Plane
i . and Shield
.i-
- ; /
z
- b
:. = Dielectric, E
-
i Figure 3-13, Transmisslon Line Systems
3.3.2,1 Shielding and Impedanco Matching
There are two primary considerations to examine when high frequency digital
signala are transmitted over printed circuit, wire, or coax systems, These are
shlelding and impedance n;atohlng.
1) Shielding - Prevents the land, or conductor, from picking up spurious
d signals from outside source radiation,
: L
39




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 mé.tching 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 refloctions the characteristic im- |
pedance Zo of the line pattern must equal the input (1) and output (Zo) circuit im-
pedancos, The impedance of the conductor Is a function of the conductor width,
the spacing between the conductor and the ground plane, and the dicleotric material,

The triplate configuration, that of a conductor buried in a diclectric covered by
two conducting ground planes, is the preferred configuration because it offors more

Isolation betwoen closely-spaced lines; also lines adjacent to the signal line can be

made ground. The triplate pattern allows mounting of external supports, ete,, (such
a8 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 ﬁhat 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.

Contact
Metallurgy
/P
LED D\ : Cover
)
Sealing Ring

Sealing Ring Metallurgy

L / {Shield/Ground Plang)

.. Dislectric

Shield Linus

Dieloctric

Shield/Ground Plane

“* Signal Lines Subistrate
(LED/PD Mounting Pads) o

Figure 3-14. Elcctrical Transmission Line Configuration, Off-Wafer Design
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Characteristic Impedance (ohms)

200+

—

[47]

o
i

1001

T=0.070 inch

Open System (Glass Epoxy Dielectric, ¢ = 5)

\ Glass Epoxy Dielectric

N Alumina Dielectric (¢ = 9.6)

T

001 002 003 004 0.06
Conductor Width {inches)

Figure 3-15. Typical Characteristic Impedancs ag a

Function of Conductoxr Width
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Shield L ines (0.028 inch)

Signal Lines (0.028 inch)

AN

sround”” / C:}/\CI \c
Plane \< 10032 inch
/ D
Epoxy Glass D
1001
90-1
80+
70+
.. 601
@
)
& 60+
8
8
404 Frequency = 120 MH:
v Length {average) = 8.inches
impedance = 50Q
. 304
204
10+
0.1 0.2 03 04
' Distance D (inches)

Figure 3-16, Isolation vs Line Spacing for a Triplate Shieid Arrangement
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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-
fum 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, 5999 probability of detection and 1076 probability of false
alarm (Reference 7). The worst case configuration for crosstalk in the data channels
on the alumina substrate would be a transmitier driver line adjacent to a receiver
diode line. Spacing between these channels would be small, 0,25 inch, and the dif-
feronco in signal level would be large.' Typical values for such V:m arrangemont
follow, ' '

The exercise below was conducted to determine if the off-wafor approach provided
adequate shiclding for the isolation required, ' |

Model — SNR = 16 dB
Tragsmitter light = 0.3 mW @ 10 mA
Syatem light losses = 10 dB 3
Light Energy at dotector = 6,03 mW
Signal current in receiver line '
(assume 0,35 A/W responsivily) = 0,0105 x 10~3 A
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Assuming a 50§} 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 generated in the e-

ceiver amplifier,)

-9
5-5_:_._._._010 = 0,137 x 10-9 W tolerable nolse

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

signal line, then the minimum isolation required is

5x10-3 (W transmitter)  __ .. .7
0.137 x 10-9 (W tolerable noise) ~ o 60 X 10

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 thai the aver-
age line length in Figure 3-16 is 8 inches and the maximum length for the off-wafer

ap-'roach is 0.5 inch, the {solation should be far better. No crosstalk probiems are
anticipated in the off-wafer technique, '
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Section 4

LIGHT SYSTEM LOSSES - PROPOSED AADC CONFIGURATION

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-

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

s mg},.

’frE 1. . 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.
- e 1)
E - LED 1
o ‘ . Fiber
3 £ : .

iber Optic Rod —-h— Optic
R | PD
- ’ J
13 i :

Wgure 4-1, Module~to-Module Optical Interconnection

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

an cverall optical efficiency for the interconnection system.

4.1 NUMERICAL APERTURE

Light propagates through a fiber optic by totsl interna! reflection at the core/
cladding interface. In order for a ray of Hght to meet this roquivement, it must be

incident upon the fiber within an acceptance ang'e given by the relation,
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where: 8 =  acceptance angle
n, = core refractive index = 1,62
n, = cladding refractive index = 1,52
ng = “air refractive index = 1

The nqmerical' aperture is defined as the sine of 8. Figure 4-2 {llustrates the path
of a ray -(Ray 1) bound by the core/cladding interface, and, for the parameters il-
lustrated, has an acceptance angle of 34°, 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 90°, Physically, the acceptance angle is limited to 90°. 'Ray 2in.
Figure 4-2 depicts a light ray bounded by the cladding/air interface. i

Ray 2
Ray 1 Airn=1

N j

Core
ny= 1,62

/

Clad -4 V _ x V

ﬂz = 1,62

Figure 4-2. Light Transmission {n an Optical Fiber

Matching a Lambertian Hght emitting diode (small compared to fiber rod size)
to this particular light pipe results in the following relative distribution of light:
1) Reflected off frout surfaces of rod - 11% (hoth 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 fi‘ber optic cables due teo 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 ensuvre 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 oxact formulation, but only approximation methods to

give usable results,

The following factors are used to compare experimeontal and analyticul results:

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

"LEDs can be approximated by a cos® 8 function, A plot of tho dis-
tribution where n=1, n=7, and n=13 is shown in Figure 4-3, A
Lambertinn source has a distribution of cos 8, The measure out~-
put of a light omitting diode source is compared with the cos 8
function {n Figure 4-4, '

2) Light Rod or I'tber — The light rod or fiber to be compared with |

analytical computation {8 one with o cladding, Such a rod or fiber

transmits light through the core dependeni upon the numerieal _
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
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': 8 3 to the fiber. The two light pipes separated by a distance (d) have
é | the same diameter (D). The distance is normalized as a function
S of fiber diametcr (d/D).

ke el

The following subsections give the theory of illumination received from finite

sources with different distributions;

" 1) From a Lambertian source into a hemisphere

k- ; 2) From a source of distribution cos™ 8 into a hemisphere

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

'} ' ’ - 4) From a Lambertian disc to a paralle! coaxial disc.
e 30° 20° 10° 0 10° 20° 30°
el =1 y /
L N
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Figure 4-8, Cos"@ Scurce Light Distribution

.....

Bcrronnan )



BT
S

o .4%“‘ '." ‘4) ‘
- 'Q(~ “ " ‘(A”‘
RN

90° - = L lgo°

Figure 4-4. LED - Approximate Lambertian Light Distribution

4.2,1 FROM A LAMBERTIAN SOURCE INTO A HEMISPHERE

.
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The light emitted into a hemisphere by a Lambertian source (Figure 4-5) can
be obtained by utilizing the following groundrules:
1) Small area of source at center of hemisphere - 4
3 2) Intensity in direction making an angle 8 |
- ] with the normal to the source area . - Ba cos 8
' 3) Solid angle subtended by a narrow angular

~ ring making angle @ with the normal ~2mweinfdé

The flux (d¥) emitted within the ring defined above

is the product of the intensity and the solld angle
dFf = 29 Basing cos 8 d @ : (4-1)
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Integrating to obtain the total flux emitted into the

hemisphere gives

o
2
F = f21r Basin8 cos8 d 8 (4-2)

0

r Ba
The total flux radiating from a disc of radius r is

F = w2rlp (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.

2]

y 18- :
| vzrzB [sin 8.] 0 (NA = nsin 6 ) (4-4)

9
= 71'“1‘21% sin?' 8.
The fraction (R) of the total Qux which is accepted withina

cone of half angle a is given by

3
- sin a (4-=5)

fe- R Sin 0

Figure 4-6. Lambertian Source Radiating into a Hemisphove




4,2,2 FROM A SOURCE OF DISTRIBUTION COS™ § INTO A HEMISPHERE

Consider a distribution given by the n'th power of the cosine,
‘r " Ba cos” 6

; xe Integrating to obtain total flux in a hemisphere gives

Bod /2

F = f 27 Ba sin § cos” 8 d 8
0

27 Ba
S -9
‘e The total flux radiating from a disc of radius r is
b 2 2
P ' _2r r B -
L s F=—H (4~T)
s The flux within a half angle (@) cone is
N . 2 2
_2rrB, (n+1) _
F = e} (1 - cos a) (4-8)
The fraction of the total flux accepted within a cone of half angle a is
i R = (1 - cos™ L) (4-9)
Equation 4-5 is a special case of formula 4-9 with n=1,
' 4,2,3 FROM A LAMBERTIAN DISC SOURCE TO A POINT ON A PARALLEL DISC

Figure 4-6 shows the geometry and defines the angles for this discusslon, By
the inverse square law, the illumination of the surface at P having a normal of angle .
¢ with PQ boing radiated by a Lambertian source at Q having a normnl of angle @
with PQ (see Figure 4-6) is given by '
(Ba cos 8) (b cos ¢)/s2

whero:

als a small area at P
and

b is a small area at Q,
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Figure 4-6, Lambertian Disc Source to Parallel Disc

This expression reduces to the following when 8 = 4.

Bab 0082 9/5;2

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
bd® = 2mx du/(@® + %)

where a = 2wxdx

d2

cosze= R
(d” +x)

2 2
82 = (™~ x7)

The total {llumination at P from the disc of radius r is given by integrating the above
expression,

_ ' r
[+ 23w de fx(d2+x2) 2dx‘
0

= wBrz/dz + r2

(4-10)
=B slnze

Note ihe, similarity of the above result to the results obtalned In Subsection 4,2, 1.

n a similar m'nnnpr, whon the source is not Lambertian but has cos® 8 distribution
the result is ‘
' n+l

faw B
irr-B "1 (1-cos @)
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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

P

\[(“dz +12 4+ p2)2 _4r2 p2

m
I=-§B 1

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
2
‘B 2 2 2 J 2. 2 22 2
F= - (r1 +r2 +d) - (r1 +r2 +d) ~4r1 Ty

2 (4-11)
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 predioct 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,

Fiber i' d 4‘] Fiber

Figure 4-7. Light Pipe Interface

When d is such thni- sin 8. is loss than the numerical aperture of the fiber, then
every point at B receives light from the entire aporture at A, At separnueﬁs greater
than the above distance Equation 4-10 can be used to give an appropriate value of the
light received at B, J | | | ' |

For a Lambertian source, the intensity of a point at B is

"
lat Py=w Bsin™ @




I'he flux which can be received by the fiber at B is

F (at B) = 172Brzsin2 8
(r = radius of fiber)

The total flux which is radiated at A is given by
. 2 2 .2
F (radiated at A) = & Br sin §, , (4-12)
where 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
- sin®g

NO
sin2 8.

(4-13)

where tan @ ~ v/d

tan 8. - D/do

For distances less than do, that is, when every point on the aperture at B docs
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 {ollowing eduntion for d < do,
No=1=§- (1 - NOyx] d-14)
0 : - _
2
sin @x

9
sin” 8.

tan 8x = r/do

where (NO)x =

Relationships 4-13 and 4-14 for a Lambertian source are plotted in I?iguré 4-8, The

solid line is the analytical eurve; the poluts marked x are the expurimont:il points,
The calculations were made for a fiber of 0,56 nunierical aperture (NA), The curve
changes with NA as is shown in Figure 4-9, '

For a source with distribution of the form cos" 8, relationships similar to 4-13 and
4- 14 can be derived, These are given by

[ St
i i




ford 5 do
n+1
NO = (1-cos @) (4-15)
(1- cos™*? 6.)
and
for d < do
d
NO=1- & [1-NO)x]
where
n+l
N0y = 2008 8% (4-16)
(L~cos = 6)
1.0
Z 0.8 Lambertian Source
L NA = 0.56
g 064
W -
£ 044
[<3 o
8 0.2-
0.0 —- . - .
0.2 1.0 20 3.0 40

Normalized Airgap (d/D}
Figure 4-8, Fiber-to-Fiber Coupling Efficiency vs Air Gap
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Figure 4-9, Fiber-to-Fiber Coupling Efficiency for Difforent NAs
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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’ 8, cosil § and cosl3 @ distributions R

PR TN

? i of the source.

3\ - 1.0 N

0.9

0.8+

S 3 074

- 8 061
k. ; o

| ‘&" 0.5+

I g 0.4+

| 2 03-
18 0.2-
1 hi 0.1+
E' oL T 0.0 T T 1] Y 4
1. * 0.2 1.0 20 30 4.0
19 4 Normalized Airgap (d/D)

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

i .
'» . Again, it should be pointed out that the analytical curves are only spproximations,
. 1

1t is possibla to do much more precise caleulations, but the time involved {s not war-
ranted since tho source distributions are not precise mathomatical functions, It is
surprising that the results were as good as shown in the curves, Hetier results should
'ba possibie by numerieal techmquasc : |

Caly meridional {not skow) rays were used in the enalytical methods, The nor-
mallzatton Qf-tho autput tnto the secoml fiber climinated the loss due to Fresnel
| refiection at the surfaces and ale: provided a buttor comparison of analytical and
oxpartmontal resuits, Rt is assumed that source distribution is waintained within the
coro of the fiber within its NA, | ‘

4.2.5 SUMMARY |
Anaiytical results on coupling efficioncy as ¢ function i spucing betwoen tiber ' i
rods show that the efficicncy can be express Sizwa&f{yfoc small szzparal"icnﬁs-‘_(_laa& L ‘
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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=ma)%. 8- pr. c, - (DLAL)2 @-17)

where
NA = Fiber rod NA = 0,56
P
PF = Fiber bundle packing fraction = 0,75
Co = Fiber rod to photodiode
Coupling officiency = 0,85

]

Fresnel transmission coefficient = 0,95

DL = Displacement efficioncy = 0. 90
AL = Alegap efficiency = 0,90

This relation considers the pertinont areas of opiical loss for the coafiguration illus- -
trcad in Figure -1, '

As discussed (n Subsection 4.2 the pexcentage of light coll_aﬁtud by s 'f{bér rod
from a Lambertian source is equivalont to the square of the NA (neglecting Fresnel
reflection loases), For an NA of 0,56 only 31.4% of the light is collected, For a
typical fibor vod with a core refractive index of 1.-62. the ;-‘rosuél transmissibn co-

officient is 0.94. Sinee there are six surfaces (soo Figure 4-1) the sixth power of

‘the Fresnoel transmissior eoétﬁu_mm is vsed. The fiber optic bundie, which I3 used.

in the side panels has a typioal packing fraction of 75% (core arca/total area), A

. typical coupling coefficient for a fiber rod/photodiods ;meéface is 85% provided the
* photodiode is placed vory close to the fiber, This can be achioved in the oﬂ‘wn{c'r_ _
configuration, 1f a 10% alignment tolerance is placed on tho ﬁbgr—to«‘il_béi‘ inter- -

- -




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 Dy Ay 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 and 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 approximaiely 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 & 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 & small five-module LSI

type AADC machine, It is equipped to acoépt three active and two passive modules.
The modules are c‘onﬂguréd to approximaie the size anq shape of the actual proposed
AADC modules. A standard backpane} ty‘p@ a:*sangemerft is provided in the base of
the unit into which printed clircuit boar_d‘ type régep@cles are mounted to allow the
modules to be plugged into common pewér' and gi‘oaﬁd terminations., The rccep-
tacles also provide mechanical polarlmtim mr m:wh of the active modules. The
passive modules are positioned between aach ,xcti\e mmiule to increase the distance
botwsgen intorcommunicat ing modulea. {hus ﬁiuxpiifving fabrication of the unit slda _ ’
panels and the fiber optic cables. Data mput. enable nnd loud switches, as well as
a4 power lnput rocoptacle are mounted mto tho front vover of the unit, The rear
cover has the eight LED dispiays mounted into m Figare 5-1 illusteates the unit '
with one module removed. Transparent plastic covers are fastencd over each-of

the fiber optic cable wells provided in each side panel.” ‘d-clear cover is also fas-

tened to the top of the unit to allow viewing of the p;fitxcipal of operation.
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) . 5.2.1 MECHANICAL AND OPTICAL DETAIL

4, The basis of the optical intercommunication concept between modules is in the
Eoe design of the side panels and the respective diode blocks that are mounted on each
: i 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-

(s
° -
L R e e

inch centers to accept a 0.082-inch wide printed circuit card., The circuit card

= r - (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
r plugged into the outside of each side panel. Each optical cable is the same length

3 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 bullt into this type of machine, Vertical alignment of the LED
cable {nterface 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 cquipped with appropriate transmitter and re-
coiver LEDs mounted in special holders attached along both vertical edges of the
module, All associated drive, logic, and timing circuit components are mounted
onto cach individual card along with their appropriate LEDs such that each module
is electrically a stand-alone assembly, The modules are approximately 4. 00 in

excluding the projecting power tab, A close-up view of a module is shown in

Figure §-2. Tho overall unit package sizo measures 6.0 inches wide by 5.1 inches
high by 7.0 inchos long, '
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Figure 5-2. Module— High-Speed LIT Model, AADC

5.2.2 ELECTRICAL SYSTEM

The clectrical system consists of three active modules which interface with
each oth~+ 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,
Ne¢ slectrical wiros carrying data or clock signals run between the three cards, The
three modules comprising the clectrical system are the input module, the clock mod-
ule, and the output module, Conilguration of the system is shown in Figure 5-8. In
Figure 5-3 the three horizontal, close-spaced lines running between the light trans- -
mitter and recetvor blocks ropresont the fibéropuc links,

The {nput module contains a parallel-to-serial elght-bit shift register in which
data is entered via the eight data switches mounted on the from panel. The trans-
mitter and receiver circuits used throughout the system convert logie signals to

light pulses (T blocks) and light pulses to logic signals (R blocks).

Control of tho data transfer from the input module to the output moduie is accom-
plished by the clock module, -This module contains a 20-MHz clock oscillator and
two 8ets of control logic. The control logic circuils are used to generate two series,
or bursts, of eight clock pulses for operating the input and outpat shift registers,
The timing betweoen the staxt of the two series of pulsos is eritical, and is dependent
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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 tke design phase, However, provisions are built into the
circuits to set the timing betwecn the start of the two clock bursts.

Data Line
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Module | Module Module
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. : Clock Controt ]
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Data ‘
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E:: Shift ' Shift : LED
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| Olswplay
|
i
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T = Light Teansmitter
R = Light Recelver

Flgure 6-3, System Logic and Data Flow

The output module contains a serial-to-parallol shift registor for reconstruoting
tho data word to its original form, Eight light omitting diodes are mounted on the
back panel for display of the data word,

6.2.3 SYSTEM OPERATION

A data word is entered into the system by placing the eightdata input switchoes in
their appropriate 1 or 0 position and thendepressing the enable/load switch to the load
posltion. This inserts the elght-bit paraliel word fnto the input shift vegister. When
the enable/load switeh is depressed to the enable position a pulse is generated and
transmitted to the clock module. The control logic takes over and the fivst 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 is transmitted to the
clock module. At the clock module this pulse is detected and converted to a 50-ns
wide logic level pulse by the clock enable receiver circuit, This pulse is used to
start the clock control logic into its sequence of oparation. '

The output of the enable recelver (s fed to one input of the nand gate, Gl, When
a pulse from the 20~MHz olock oscillator I8 coincidont with the enable pulse at G1, a
pulge appears at the output of G1. This pulse is used to set the Q output of the

- 'SN54874 flip/flop to an up level state. As long as the Q output is in an up level, '

¢lock pulses are gated through the nand gate, G2, The clock puises leaving G2 are
transmitted back to the input module where they shift out the data stored in the tnput
ghift register. The Q output_bf the SN54874 flip/fiop remxiins in the up level only

" long enough for eight pulses to be transmitted, otherwise thedata stored inthe input
rvegister would be shifted out repeatodly. Roturn of the Q output to a low lovel is
accomplished by rosetting the flip/flop with a pulse that occurs just after the 8th
elock pulse is transmitted through G2, The SN5490S decade counter is used to pro-
vide the rcdmrod reset pulse, The count sequence of the SN5490S is given in Figure
5-5a. The D cutput, at which a pulse occcurs after the Bth count, is used to resct
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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,

The delay in generating the second group of clock pulses is accomplished by
sclecting one of the decadv 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 beon gated over G3,

The count sequence given in Figure 5-5a shows the various outputs that can be
used (either ‘singumrly. or in combination) to start the second group of clock pulses,

Sinco the ‘60unter operates at the 20-MHz clock rate, each successive count provides

. a delay in 50-n8 steps, An additional 18 to 20 ns delay results from the propagation

~ time botween 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 B we noto that twe pulses are generated bofore the counter is reset

{Figure 5-0b), ’i‘h!s‘; does not gause any problem since only the first pulse recelved

- by the SNG64574 tﬂggars.ﬁm flip/flop. Additionn]l inputs are inhibited until the flip/
flop bas been reset, |

A chart showing the overall systom timing soquence is shown in l-'Q;uro 5-6.
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9 1]0]0}1

a. SN5490S Count Sequence

i— 400 ns i
Input
1 2 3 4 5 6 7 8 9 10

bome tpg < 2003
1

S

Qutput D {Flip/Flop Resat Pulse)
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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 £0,2V 1A Yellow
B +5 return* White
C -5V 50 mA Blue
D -5 return* Brown
E -50 V return* Red
F =50V 10 mA Black
G do not use Green
*Do not connect together or apply an external ground to the
AADC unit,
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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 conventional
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.

A current avaluation of PIN diode applicability to optical data
links tndicates that state-of-the-art PIN dindes exist that
meet the requirements of spectral response, spectral sensi-
tivity, and risetime to allow apeeds up to 300 MHz in the '
AADC application. The devices are compatible with cireuit
load resistor requirements and can be used with amﬁlifiars

suitable for use in a digiial computer environment,

A study of optical device packaging and Interconnection con-
cepts established development of a foasible optical/mechan~
ical systeris approach. The system utilizes a one-receiver

for one-transmitter coneept on ’t}w module, with communi-

- cation hetween modules accomplished via fiber optic vables

located along both sides of the modules, Purther develop-
moent of the modul= configuration suggested a trade-off
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study of boch an on-water LED and off-wafer LED dssigu.

‘The trade-off results indicate that the off-wafer concept is
» the most efficient and cost effect(ve' épproach. waever,

selection 6f either concept is primarily dependent upon the

data rate required and prevailing economic considerations.

An operating 20-MHz optical data link mnodel was constructed.
The mode! simulates a small five-module LSI type AADC
machine. The model employs off-the-shelf integrated cir-
cuits in logic~in logic-out interface and allows manually
selected inputs to be transmitted through the modules via

the light guiding techniques proboéad in this report,

6.2 RECOMMENDATIONS

Based op the rosults of the work reported here, ‘it is recommended that future

development be done. in the inllowing areas:

1)

Proliminary results of the risetime data tuken on heterostruoture

LEDs indicate that risetimes of less than 2 ns can he achisved,

Further work however, must be done in device developmant and

characterization, The worh must slsv mm*mfma vn uptimizing

 the device optical power cutpt as wm 2 spacd,

3)

Dual mode operation (same :m*i&;eaﬁ (T%) f.éynamically gwitched from
emission to dotestor opovation by appropriate electronic cireuit con-
trol) of the Gads dmrée will sigmilicantly reduce optical complexity
and allow far ttore ﬁéxibﬂii}a Considerable development work on
this type of deviee is \1 vequired.  Feasibility has been dmmm-

- gtrated Lﬁeiemmnr 2) at resduced speads,

The pﬁt}kagihg and mounting of the diode itself should be vonsidered

i more ditail. Emphasis should be given to optical efficioncy,

thernnl desism, interconnection technigues, device mounting, ote.
This effort will yicld a davice suitable for the AADC'modulc uptical

{nterconnociion.
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4y The design and development of a sebond level package (AADC module)
" itcorperating the ofi-wafer optical communication technique. This
will allow development of prototype hardware which can be used for

- evaluaticn of perforinance and potential problem areas.

5y - Further consideration and dosign should be aceomplished 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. '

Tha above list of recommendations is intended to take the optical communica-
tion technigue 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.
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Attt et B
& W ventiation of the use of vptical communteations for intesconnecting AADC modules is pertoried. Both system and
—ptielecrronie device studies are performed. An lnvestigation of various It sources (prinsartly Iight emitting diodes (LEDy)
and njes tion laser diodes) and photodetectors (silicon and gecmaninn photodiodes (PDs), phototransistots, ¢te.) is per-
forined, amd the properties »f thiese devives are analyzed. The musd dppropriate lght emitters for near term applivations are
GaAs LEDs and heterosteucture {w Latge Optical Cavity) injection Jasers for future applications. Silicon PIN photedindes
et the prosent photodetectons’ requirements Tor the AADC, ot svelanchie photodivdes can be used whete photocurtent
s iendiinr latger Bandwidtha are requited. A sty of mounting techniques for the LEDs and PDs is pettormed with regrect
te the smechanival and optical properties of the devices. This investigation yielded two general configurations, orwater and
off-walor, Byen though the on-wafer approach may result in somewliat higher speed eapability, the wmechanical and optical
vonplanity svolved indicates that tise off-wal'er nwunting of the optoclectronic devices is presently a smore feasible and
cestnnical appreach. Various conceptual designs of eptically interconnecting the AADC muniules are investigated. A cas-
didate configuration is establidied whete the optical path extends from the oploelecttonic devices to the edge of the axwlule
vid a Ight guide and is routed to another wodule via fiber oplics which is located in the side panels. A theoretical analysis of
the fight conpling tosses at the fibeeTibet interface i performed and expetimiental data taken. The lght coupling losses as a
futtction of au gap and misalignment indicate that feasonable tolerances will aot substantially affect the voupling officiency.
A prottype moded ol a Tive module AADC was fabricated and eated.. The wmodel contains llu«: optically active modules.
and Jata s transfereed at a 20.MHZ rate The model is discussed K
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