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SECTION 1

INTRODUCTION

The decision to implement a data bus that dncorporates an optical
wavegulde instead of copper cable will typically depend on many factors,
The weight placed on any factor or set of factors will dictate the
approach selected, In some bus applications, system cost will be the
overriding consideration, while in others it may be to maximize the num-
ber of terminals vepardless of cost or other factors. In general, the

elements to be considered in the design of a data bus include:
] Architecture
. Data rate
e Modulation, encoding, detection
® Power distribution requirements
° Protocol, word structure
@ Bus reliability, maintainability
® Intertérmlnal transmission medium
o Cost
o Others specific to application.

This report provides an overview of fiber-optic data bus considera~
tions, specifically addressing a 32-port transmissive star architecture.
The format selected is tutorial, with the initial three sections pro-
viding o general exposure to optical-waveguide bus concepts., The fourth
saction addresses the electrical and optical performance of a 32-port
transmissive star bus. The last section is‘an introduction to the effects
of temperature on the performance of optical-wavegulde buses.

Appendix I provides a bibliography of pertinent references. Appendix 11

provides the bus recelver test results.
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SECTION 2

A COMPARISON BETWEEN OPIICAL-WAVEGUIDE AND
COPPER DATA BUSES

To compare the relative merits of copper cable and optical-
wavegulde cable, conglder first the information carrying capacity C. Tor
an ideal single channel, the maximum bit ~ate for a given signal-to-noise
ratio (S/N) is given by Shannon's relation.

C = Blog, (1 + s/N) &5

where B 1is the channel bandwidth. Maximizing B and S/N maximizes the
information transfer rate. Unfortunately, the physical properties of
transmission lines cause signals to attenuate more rapidly as the sig~
naling frequency increases. However, optical waveguildes substantially
extend the useful length of a transmission line for any given data rate,
as shown in Figure 1. The filgure shows typilcal performance of twisted-
shielded~palr, coaxial cable and premium graded-index optical wavegulde
(4 dB/km, 600 MHz-km range-bandwidth product).

The features of optical waveguide, coaxial cables, and twisted wire
pairs are further compared in Table 1. Optical-waveguide cables are
superior in terms of signal power loss, weight pey unit length, and
crosstalk isolation. Coaxlal cable is currently superior to the other
two medila in cost although the price of optical waveguide is rapidly
approaching that of coaxial cable.

Another factor that may be considered in system applications is the
inherent immunity to electromagnetic pulse (EMP) effects offered by

fiber-optic cables. Here again, fiber optics provides a definite advan-
tage over metallic cables. Available data indicate that a great penalty
is padd in fabricating coaxial cables to meet stringent EMP protection
requirements. For example, a 4-conductor coaxial cable was recently

K provided by Anaconda. The cable weighs 13,430 pounds per 1000 ft, has an
outside diameter of 2.14 in., and costs $15.00 per meter. Clearly, the

added cost and wedight of such a cable must be traded off against the
degree of EMP immunity desired in the system.

9
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Table 1,

o r————

A Compardson of Transmission Technolopy

Peatures

Iptieal
Waveguide

Coaxial Cable

Twintied
Wire Palr

Lonn o) nipgnal
power

spacing ot
ropuaters

Bandwidth

Physical
characteristices

Crosstalk
Isolation

Low=lons §iber
vable, O JB/kn
(Corniny #1190
Covpuide),
VodB/km at
400 MHz-km BW

Typically 8 km

G400 MHa=km
{Corning #1159
jorgulde); 1.5
Gliz=km (Phillips
graded index

f {bor)

jorning Corpuldey
17 1b/1000 1t
outer diameter =
0.2 in. (contains
6 usable Vibor
stramds), Mint-
mumt bend radius =
1 in,

80 to 95 dB/unit
Longth (multi-
fiber cable)

Cost Lfrom 80.90
per meter fon
uncabled wave-
guide. §2.16 per
meter for cabled
Fiber

RG=9710 10 dB/km
at 1 Mg BW,

30 dB/km at

10 Milz BW Ra=11/0
B odB/km at 1 M
DW, 21 dB/km at
10 MHae BW

Typically 1.6 to
2.8 km

Typically 300
Ml (Liwmited by
passband of
cable amplifiers)

JT 14127 (Tiwmes)
and RG-11/0, 96
1b/1000 ft;
RG=59/0, 32 1b/
1000 ft. Twin
wax (CN=11210),
90 1b/1000 f't
outside diameter;
0,48 in.

W 14123), 0.4
in. (RG-11/0),
0.24 {in.; RG-
59/U minimun
bend radius =
4.8 1n,

(T 14120)

Typically 50 to
60 dB/unit length
(bundled cables,
individually
shiolded)

$0.30/m Times)
$0.91/m (CX~
11230, Twin coax)
$0.21/m (RG-59/U)
$0.48/m (RG-11/1)

Ad paupe wire
paiv, 1% JB/km at
1 MHes Inereasos
vponent fally
with Trequeney
thervattor

Not applicable

Approg, 2 to 4
Mz (limited to
relatively short
distances)

26 pair cable
(GX=500),
293 1b/1000 ft

50 to 65 dB/unit
length (MIL-STD-
188C Requirements)

$4/m (20 cable,
CX~5066)
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SECTION 3

THE ADVANTAGES AND LIMITATIONS OF AN OPTLCAL WAVEGUIDE DATA BUS

Fiber-optics technology has matured rapidly in the past few years.
Part of this growth has been spurred by the implementation of glass
waveguide for long-haul telecommunication uetworks. Telecommunication
networks were finally made possible by the tremendous improvement in the
attenuation of glass waveguildes (shown in Figure 2) and the accompanying
improvement in f£iber dispersion (shown in Figure 3),

Despite the advantages of fiber optics and although the basie tech=
pnlogy is available, there are presently few operational fiber-optic data
buses in existence. Several developmental fiber-optic data bus systems
have been built as demonstration units., These couple four through eight
users (terminals) at up to a 10-Mb/sec data rate.

The concepts of the design of a fiber~optic bus system are well
known. The design is similar to the design of a polnt=to-point link in
that a link optical power budget and a link rise time budget are ini-
tially required, These budgets determine the appropriate sources, fiber,
and detector types required to meet the system performance goals. The
power budget consists of calculatilons of worst-case optical power losses
along the highest and lowest loss paths, The minimum recelved signal
lavel (sensitivity) determines what combinations of bit rates and error
rates are attainable with a particular bus design. Each optical
recelver must be able to operate at all signal levels encountered from
the highest to the lowest loss paths., The difference in loss between
the highest and lowest loss paths (expressed in dB) is known as the
optical signal range. The optical receiver sensitivity and the optical
signal range required are important parameters associated with initial
optical waveguide bus design,

Optical wavegulde bus topologies are constructed from two basic
designs: serial (shown in Figure 4) and parallel (Figure 5). Each has

its particular advantages for the system designer.

13
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Figure 2. Optical waveguide attenuation has been
dramatically reduced over the past
twenty years.
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The serial bus has the advantage that additional terminals may be
conveniently attached (assuming that adequate signal power is available).
Also, for ceriain distributions of terminals, a significant reduction in
the amount of required optical cable is possible. However, a single
point failure could disable most of a mulcidrop bus.

An increase in the number of allowable terminals results from
using a parallel bus. The graph of Figure 6 relates signal power avail-
able at each terminal to the number of terminals on the bus for both the
serial and the parallel bus arrangements. Typlcal values of receiver
sensitivity, coupler loss, and power input into the optical waveguilde
were used to generate the figure. A repeaterless bus requiring many
terminals is clearly best implemented in parallel form.

Uniformity of signal distribution and the ability to handle many
terminals makes the star topology attractive. By providing spare arms
for the coupler, future growth can be accommodated. In addition, the
parallel structure has the advantage of operating even if part of the
bus is damaged. Unless the coupler itself is disabled, only the terminal
on the incperative leg will be functionally disconnected from the bus.

Terminals attached to a multidrop serial bus must be capable of
handling a wide range of input signal levels., Signals arriving from
distant couplers undergo vepeated signal amplitude divisions and conse-
quently are very weak. 8Signals arrviving from nearby terminals are quite
strong; hence, recelvers must have a large dynamic range. Conversely,
signal levels at each terminal of a parallel bus are nearly independent
of the originating site. This reduces the dynamic range required in the
receiver and simplifies the receiver's design.

To implement a particular optilcal wavegulde data bus design, some
type of multiple-access coupler 1s required. These couplers include Tee
couplers, transmissive star couplers, veflective star couplers, and
bifurcation devices. Active Tee and star couplers with built~in electri~
cal repeaters add to the variety of couplers available. TIn most cases,
these couplers are developmental, Few off-the-shelf units are available.
Nonetheless, progress in the optical coupler area is so marked that

off-the~shelf N~por. transmissive star couplers ave not far off in the

17
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buture and vaunot legitimately be considered the Limiting quantity In
the 1980 plus timeframe.

On the other hand, witations do exist in the amount of apt leal
saurce power avatlable from present LEDs and semlconduct or Laser sources,
Source power is typleally in the ange of 300 pW to several wmilliwatts,
This power output is unlikely to increase substantially in the near
tuture, especially for oll-the-shelf components.

Since the trend in coaxial bus designg is towards higher data rates,
[t secems vreasonable to expect that the demand for higher data rates, aver
longer buses and with more terminals, will continue. To aptimize the bhus
data quality and traffic control, novel approaches to hus control will
need to he dnvestigated. Prosently, Hughes is Iavestigating the use of
a decentralized bus control, {n which control of an optical bus 1s
passed an a serial time-shared basis and the pratocol 1s designed to deal
with terminal Lailures, romoval or addltion ol a terminal (device) with-
out dnterrupting bus performance, and other automatic bus recavery
svhemes,

The next-generation optical-waveguide bus dosign will require more
attention to the communication aspeets of hus designs, such as bus
protocol, modulation, and error recovery, rather than to any specific
optical component. This s not to say that component fmprovement s
unfmportant, only that tt {s not the pacing item for future optical-
wavegulde bus performance.  Rertformance fmprovements will depend more on
the development of bus interface standards and modules compatihle with

standard commercial and military type interfaces.

19
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SECTION 4

TEE AND STAR COUPLERS
This sectien discusses the two most widely used passive couplers,

thae Tee {(or access) coupler and the star coepler, Other potential

geometries are mentioned briefly.

A, STAR COUPLERS3

1. Fugsed Fiber Star Coupler

The baslc concept of this coupler 1s illustrated in Figure 7. TFrom
a black-box standpoint, there are N input ports, each designated by a

unique unprimed number, and N output ports, each designated by a unique
primed number. Power Ii is launched ounto port i, and the power that exits
from any of the 2N ports is designated by 0j or Oj,. The taps are con-

sidered to be the N-1 output ports exclusive of the bus (or launch) out-

[

put port,

Below the stylized black box in Figure 7 is a list of the terms and
the mathematical definitions that are used to characterize these devices.
These definitions apply only when power is launched into only one of the
N input ports; consequently, each of these terms must be computed for
each of the N input portsg. Furthermore, these devices must exhibit H
symmetry in theilr operation. So to completely characterize them, they !
must be considered with power launched into the primed ports. To this |
end, the last term, called coupler symmetry, is unique in that it
singularly considers the effect of power launched in both directions.
Note that each definition is preceded by a minus sign so that each will

ultimately be positive. When a single number is given as the value of

a particular term in Figure 7, the number will represent the average of

? the values received for power launched into all ports. :
The basic design of the fused fiber coupler is illustrated in '
Figure 8. Two fibers are heated beyond the softening point of their

cladding material and then stretched. This produces a biconically

tapered region consisting of two longitudinal tapers separated by a

21
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h 1i or Ii' is the power launched into part i or ' {bus or lounch port )
0j or 0j' is the powar which exits frem port ) or '
? Aij is the froctiongl pewer al port j due to power launched into

port i, ie, Ay :_{%’. (jori may be primed)
i
bojoke ly2,~=~-~N

—

- BUS RETURN LOSS (db) = =IO log,, [Aii ]

TAP RETURN LOSS (db)

1]

=10 log,, [Afj— PR

n

BUS INSERTION LOSS (db) = —10 log, [Aii']

TAP INSERTION LOSS (db)

~ 10 ing,oEl ] j#

, PP
| TAP RATIO (db) = —10 log, %—:-3—] VA
t - g
A;[
COUPLING RATIO (db) = =10 109,4|S Aik'|: j#I
LK )
EXCESS LOSS (db) = =10 log,o [> Ak’
N
. . Aij'min| .
TAP UNIFOSMITY (db) = ~10 log,, AT I A
] [J'max |
COUPLER SYMMETRY {db) = -0 log [S;JJ

Figure 7. A schematic of a fused Fiber star coupler including
the definitions of various coupler terms.
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mixing zone., If the fibers are held in contact during heating and
gtreotehing, fusion of the cladding materials In and around the mixing
sone will ovcur,

Since the dimensions of the optical structure in Flgure 8 are much
greater than one wavelength, a ray-optic (multimode) analysis is sufficient
to describe the optical characteristics of these couplers, TFor simplicity,
a step-index distuibution is assumed in the optical [iber, but note that
the results are direetly applicable to graded core fibers.

Light enters the biconically tapered reglon [rom the left and is
trapped in the core of one of the optical [ibers, Ray-optie theory pre-
dicts a zig-zag path, which is denoted by the solid lines in Figure 8.
The effeet of the first of the tapered zones is to cause a steadily
decreasing angle 0, where 0 is defined as the angle between the ray and
the normal to the core-cladding iInterface. At some point (denoted by I
in Figure 8), 0 is sufficiently reduced to be below the critical angle for
total internal reflection at the core-cladding interface. The light dis
no longer trapped within the core and is converted to a cladding mode,
trapped within the cladding of the [iber by the cladding-air interface.
This cladding mode propagates =o the mixing zone, where coupling to the
other fiber(s) occurs.

In the mixing zone, the light mixes nearly equally throughout the
joint cladding and is approximately evenly divided among the individusl
claddings when the fibers separate at the end of the mixing zone (Poink Il
in Figure 8). At this point, the light enters the seecond tapered zone
of the biconiecally tapered region. From symmetry, the process of core-
to~cladding power conversion, which occurred in the first tapered zone,
is reversed in the second. At Point III, power is reconverted to the
core, where it remains as it exits from the conically tapered region.
Since the available power was split among all of the output fibers at
the end of the mixing zone, cladding-to-core reconversion occurs in all
fibers, and the goal of a fiber-optic coupler has been achieved.

The above description is greatly simplified. In actual practice, the
two tapered zones and the fused mixing zone overlap. Consequently, core-

to-cladding and cladding-to-core converslons are gpatially interspersed

24
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with mixing in the Joint cladding. The degree to which this occurs and
its effects on the optical characteristics of fused tiber couplers are
presently wider investigation and have yet to be completely determined.

There are two basic mechanlsms that contribute to losses in the
Tused fiber coupler: (1) overcoaversion in the tapered conversion zone,
and (2) ingutficient reconverstion in the tapered reconversion zone.
Scattering losses are also present but are negligible when compared to
those listed above.

Overconversion is caused by the same mechanism that causes light to
be converted Lfrom cove to cladding modes. Following Point I (in
Figure 8), power s trapped in the cladding by total internal reflection
at the cladding-air interface, However, since the taper continues after
Point 1, conversion continues to occur, causing a decrease in the angle
0', I the taper continues too far and 0! is reduced below the critical
angle for the cladding-air interface, then light will couple out of the
cladding into the surrounding medium, where it is lost.

The same effect can vcecur when these devices are encapsulated.
Since any practical encapsulant will have an index ol relraction greater

than that of aiv (N = 1.0), encapsulating the device will reduce the

air
critical angle at the outer cladding boundary. Therefore, rather than
reducing 0' below the eritical angle, encapsulation can have the effect
of railsing the eritical angle to the point where it is above 8', 1n
either case, the result s overconversion at Point IV and losses due to
coupling into the surreunding medium,

The second major loss mechanism is Insultlelent reconversion in the
tapered reconversion zone. Experimental evidence indicates that, under
cortain econditlons, the tapered conversion and reconversion zones are
not gymmetric. In other words, while thelr beginning and ending diame-
tery are the same, the two tapers occur over different longitudinal
distances, producing different taper angles. This asymmetry may be the
cause of Insufllicient or Impreper reconversion in the tapered reconver-
sion zone. The result would be power that remains in the cladding after
passing through the tapered reconversion zone. These cladding modes
are i{llustrated by the arvows in the ecladding following Point 111 in
Figure 8.
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2. Bulk Optical Reflection Star Couplers

The bulk optical star, or radial, coupler concept 1s shown In
Figure 9. Several [ibers are attached to one face of a mixing rod.
Light eaters the mixing rod, which 1s long enough to allow the light to
become approximately uniformly distributed after being reflected and
returned to the fiber end faces. Since ewch fiber is uniformly illum-
inated, each receives 1/n of the power, where n is the number of fibers.

In addition to the splitting loss, this coupler exhibits packing
fraction loss. The packing fraction 1s a geometric loss factor that is
due to the differvence between the cross-sectional area of the core and that
of the mixing rod. For example, Figurce 10 shows two packing arrange-
ments, hexagonal close-pack apnd linear close-pack, The packing f{raction

for the hexagonal close~pack is given by:

N2 D2
T - .d “core (2)
W \ ?
hex N DClad
where
N = the total number of fibers (3, 7, 19, 37, 61, etc.)
Nd = pumber of fibers along the smallest diameter
circle containing all fibers
D = diameter of the core
core
Dclad = diameter of the cladding.

The packing fraction for the linear close-pack is

4
T2 (3)

Clearly, large core to clad ratios and/or removal of the cladding mini-

mizes the packing fraction loss. In the case where D is

clad/Dcore
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Figure 9. A reflective star may be constructed by attaching
fibers to one end of a mixirg rod with a reflective
surface on the othey end,

9113=17

09000000

Figure 10, Packing [raction loss is due to the avea mismateh
between the fiber cores and the area of the mixing
rod,

approximately one, the hexagonal close-pack yields losses of 1.09, 1.19,

1.22, and 1.23 dB, respectively, for the 7, 19, 37, and 61 fiber config-

urations, while the linear close pack is a constant 1.05 dB. 1Tn addition
to the packing fraction loss, there is usually an excess loss that

relates to fiber attachment, mixing rod imperfections, and general con-

struction technique,

The transfer matrix for the reflective star may be approximated by

, : S i =
4437 (Ilosses> N Li=L0N, (4)
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where

l“z'\ix b F ’ (“: {d ':;‘II‘I)

N = number of radial arms,
This transfoey matrix ig

slightly over=simplified.

In reality, there are
variations from element to o

lement caused by nonuniform lipght distriby-
Elon and by variations in Fibor

attaehment. In determiaing receiver

dynamie range, these variations are Important and tnust be included.

3. Bulk Optical Iransmission Star Couploer

Another star configuratdion is the transmission star shown in
Figure 11, Here one side

serves as Input port
the other serves as output ports. The
centimeters) so mixing is ¢

transfer marviy for the % o

8 to the mixing rod and
rod must be long enough (several
mwhweatdm(mmmtsMeofcMamm. The
nsmissive star ig approximately

a jAd

‘ 1 i
1] <L1QS$GS) N i, i=1, 8 . (5)

9113~18

QUTPUT
FIBERS

INPUT
FIBERS ~ ——
R W

MIXING j L. -

ROD INDEX MATCHING COMMENT

Figure 11. The transmission star |
end of the mixing rod,
inputs, the other for op

1as fibers attached at each
One end servesg for optiecal
tical outputs.
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4. Planar star Coupler

An alternative to bulk star coupler design uses planas geometry,
Planar geometry is well guited to applications where a limited number of
fibers are to be coupled, By using a planar structure design, the many
advantages of photolithopraphic processing technology apply. A schematie
of a reflective planar star coupler design is shown in Figure 12, lMulti-
mode fibers are held in alignment grooves formed by selective etehing or
embossing techniques.  Because of the high precision and reproducibility
with which photolithograpliie and embossing teehniques can be performed,
these alignment grooves produce an alignment accuracy which is extremely
difficult to attain with a conventional approach, In addition, each
fiber may be readily examined and adjusted individually without dis-
turbing the other fibers. The fibers are butt coupled to channel
waveguldes, The channel waveguldes serve as iInterconnecting links with
the mixing region., Each channel gulde is expanded into a mixing region.
The mixing region allows the fields to expand so that the radiation
reflected from the mirrored end surface approximately miiformly 1llum-
inates the collection horns. A transmissive star may be produced by
replacing the end reflector at the right of Figure 12 with a mirror image
of the pattern., The transfer matrices for the planar star configurations

are identical in form to those of conventional star couplers (Eq. 5).
B, TEE COUPLERS

1.  Fused Fiber Tee “oupler

The optical Tee, or access, coupler allows a tap, or "drop," to be
made from the main optical bus. A common method for producing these
couplers is to stretch two single fibers as they are heated and the
claddings fuse together, This procedure forms a bilconical taper. As
light enters the decreasing taper, gulded modes are converted to cl=ad-
ding modes, During transmission through the fused region, a portion of
the optical power in the cladding modes i{s exchanged between the filbers.

The cladding modes are then converted back to core-guided modes as the
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Figure 12. A planar star coupler.
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taper Inereases at the output of the junction, During coupler construes=
tion, various parameters arve controlled to alter the fraction of the
power that is removed from the bus.

Figure 13 shows the coupler as a four-port deviee and defines
variables. Ports 1 and 3 are on one fiber, and ports 2 and 4 on the
other, The fraction of the input power Pin that exits at poxt j and
that was launched into port L is denoted by 331’ In the ildeal case,
shown In Figure 13, a3y do1s and ¢y would all be zero and the sum of
331 and 341 would be one. In any real sase, theve is excess loss Oi
when power is launched into port i. By conservation of energy, we have;

4

Zaij+ej=1 for i =1, 2, 3, 4 . (6)
J=1

The paramecers aij’ where 1 is not equal to j, are easily measured, The
power measurements are made extoernal to a cieaved Iiber end., Since the
normalizing (launch) power is finally measured by cleaving the fiber at
the innut port, the coefficlents are determined directly., Hode strippers
are used during the measurement process. TFor example, If power ILs

911320
Pin = 1 '
I (Backscatter) . R (Trunk)
. P il
a?] (ISOTation) aa'l (BFGDCh

a

ey (Excess Loss)

Figure 13. The generallized four-port optical Tee
coupler,
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launched into port 1, 351 1s measured with ports 3 and 4 terminated with
an index-matching fluid to prevent reflections., This coefficient, called
coupler isolation, is at least =35 dB down from the input port power.

The output cocfficients a3y and a,q are measured similarly. The coupler
is characterized by repeating the measurements using each port as an
input.

The 1solation oefficlents are non-zero due to bulk fiber backscat~-
ter and fused junction imperfection. The same basic mechanisms are at
play to produce a non-zero ay e Since these diagonal elements are dif-
ficult to measure, they are assumed to be approximately equal to the
isolation coefficients.,

The isolation coeffilcient is a function of the tap ratio and also
of coupler fabrication. The value of -35 dB is a worst case and is noted
only for equal power division. This coefficient decreases as the tap
ratio Increases and reaches a value of less than -50 dB for 15-dB
couplers,

All the measurements perfermed on the coupler can be combined into

a transfer matrix which completely describes the couplers. The transfer
matrix dis:

aij = ] (7)

B a 8 8
| )

where 0 (a) is the insertion loss of the trunk, B(b) is the insertion loss
of the tap, and § is the backscatter coefficient (or the isolation).
Experimentally, aij is found to be approximately equal to aji’ as
required by reciprocity. The equality of the small elements represented

by ¢ is an approximation for the backscatter and isoclation parameters.
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Furthermore, a pood coupler exhibits a o and b & 8 due to symmoetry and

homogeneity of oxeess loss wechanisms,  We use

as a first-order

'-g N 0 ;r

\ \ i3 W '
E J i w R \ § W

_ﬁ i\ § .\l—

approximation supported by experimental measurements.

Typleal pavaweters for an equal powor division coupler are o = 0,138,

I g B "4 13 1 -
B= 0,42, and 8 =3 x 1007,  The measurad Lap ratlo and excess loss for

a set of 36 fused-Tee couplers are shown in Figure 14,

P IR
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Flgure 14.

COUPLING RATIO, dB

Execess loss plotted as a function of tap ratilo
for 36 fused-Tee couplors.
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2. Planar Y Goupler

Planar optical acoess couplers are based on a proprietary masking
and diffusion process, The concept is 1llustrated in Figure 15, The
process holds great promise for low-cost, well-coutrolled, mass-
producible, multi-mode optical components. These devices have been
demonstrated in the laboratory.

Since the channel is determined by a masking operation, a wide
variety of geometries may be fabricated, The tap ratio of a planar Y
with equal area ports is established by the angle between the two arms.
1f the excess loss and backscatter are neglected, the transfer mavseix

for the device is:

0 1~ o

A, = i1~y 0 0 , (9)

where o 1s the fraction of the power that is tapped from the bus.

FIBER 9113-21

DIFFUSED CHANNEL

LASS SUBSTRATE

FIBER
‘ INTERFACE

Figure 15. A concept for productilon of planar ontical
Tee couplers.
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3. Planar Tee Coupler

Three planar Y couplers may be combined on a single substrate to
form a planar Tee, as indicated in Figure 16. The transfer matrix for
this configuration is

0 (1-B) (1~a) Yo
Ay~ (=) (1-8) 0 (I-y) B , (10)
0y B(L~y 0

where the fraction of the power tapped at ecach Y is given by o, B, and vy
as idndicated.

<A

:3,
Figure 16. Threc planar Y couplers are

combined to form a planar Tee
coupler.
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SECTION 5

A 32-PORT TRANSMISSIVE STAR CGOUPLER SYSTEM FOR
SPACECRAFT APPLICATION

This section analyzes a simple 32-port star system, The rosults
show that a LED source and PIN diode detector combination can provide
a sufficient margin to successfully operate a 10 Mb/sec NRZ-coded data
bus at a 10‘11 bit-crvor-rate (BER). Such a system is cxpected to con-
sume less than 380 mW of electrical power, making 1t a prime candidate
for spacceraft applications,

The system analyzed Is the simple one shown in Figure 17, It
consists of:

. A 32-port transmissive star coupler

o 32 sources and associated driver electroniles

® 32 detectors and associlated recelvers

) 128 connectors (one comnector at each port of the star

coupler, one ¢onnectoxr near each source, and one con-
nector near each receiver).

Both the optical and the electrical power budgets are determined.

8113.6
}

32 -PORT
TRANSMISSIVE
STAR COUPLER

Figure 17. A basic 32-port star data bus.
Each ®m indicates a single fiber
connector.
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Before analyzing the actual system, the theoretical value of detected
power required to achieve a given BER is determined. The theoretical
analysis begins with the equivalent circult of a photodetector and its
associated load resistor, as shown in Figure 18. In this model, Isig is
the - .imary (signal) photocurrent, which is related to the optical signal

power psig by the detector responsivity r according to

Isig =T Psig

ne
hv Psig (11)

|

where

n = quantum efficiency
e = electronic charge
h = Planck's constant
v_ = photon frequency.

All noise sources are assumed to be double-sided white noise sources.

-2 , .
The current ig is the mean-square shot-noise current, which is related

9113-3

NeYo \/""T"‘Té}%)\’/: o Ol

Figure 18. An equivalent circuit of a general
photodetector and its load resistor RL.
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to the total current IT flowing in the detector and to the detector
bandwidth B through

-2 .

The total detector current consists of three parts:

® Signal photocurrent Isig
] Photocurrent generated by any optical background, IB
] Bulk dark current IDB'

In any well-designed fiber-optic system, the optical background current IB
is negligible; hence, it is neglected in the following analysis. The
mean~square shot-noilse current can be written as
i2-c@. +rP_ )B . (13)

s DB sig

The equivalent circult of Figure 18 allows for intrinsic gain G in
the detector. 1If there is intrinsic gain, as in an avalanche photodiode,
there is an excess nolse factor F. The excess noilse factor 1s empirically

determined to be dependent on the intrinsic gain according to a power law
F=C s (14)

where x is an empirically determined constant.
The two remaining noise sources are surface dark current IDS and
Johnson (thermal) noise. Noise due to surface dark current is calcu-

lated using the formula

iDS = eIDSB . (15)
Thermal noise is found from
T2 - /R (16)
t L’
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where k is Boltzman's constant, T is the absolute temperature, and R, is

I
the load resistance.
Summing all these noisce currents, we f£ind the total mean-square

noise current to be:

-2 2
:Ln = [e (IDB + rPsig) GF + GIDS + ZkT/RIJ B . (17)

The signal current is

IS = GrPSig . (18)
The probability of an error occurring can be caleulated. The
probability of an error occurring while detecting a zero is
[>¢]
P (0) = 20’0) / exp di
a 2
I 200
T
I
=-% erfe _? s (19)
y20
)
where
2 2 _ 2KkT
o, = <%IDB G'F + eIDS 4 7§T> B , (20)

and exfe (x) is the complementary error function of argument x. The

probability of an error occurring while detecting a one is
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5 ”1/2 1‘ -(i b IE‘Dk
P (L) = (3"63:) oxXp x-w»-rm».mém’,..g, di
) » 20, "
- 1
I -1
m-% erfe ﬁiiff~lg s (21)
v?bl
where
2 2 2
01 = GO + ]’.’PsigBG FB . (22)

The simplest type of detection scheme is to sample the reccived
signal and compare it to a threshold level.  The threshold level ig cal~
culated by requiring an equal number of errors when detecting ones as
when detecting zerog, This occurs when

I

i

/ -
0
135

L

(23)

Substituting Eq. 23 into Eq. 19 yields the probability of error as a
function of the Q parameter:

=1 e [Q
P(0) == erfe =, (24)
e 2 (/é)

This functional dependence ig plotted in Figure 19, Substituting Eq. 18
into Eq. 23 and assuming a 509 duty factor we find the average signal
Power requdired to maintain a gilven pProbability of eXror to he

F = (%) (eQFB + é Go) . (25)
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Figure 19,

Probability of error from Eq. 25.
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This result, the main one from this analysis, can be used to estimate
the performance of a receiver, A typical commercially available PIN
diode detector is the HP-5082-4203. This detector s characterized by:

. Responsivity 0.5 A/W

» Risetime < 1 nsee

o NEP L4 % 1073 Wiz

° Dark current 0.15 nA at =10 V bias
¢  Effective avea 3% 1070 en? .

Since this 1is a PIN diode, there is no intrinsiec gain; hence, both G

and T are unity. Substituting into Bq. 20 and assuming a 10-MHz band-
width yields an rms nolse current UQ of 2 % 10“9 A. Substituting this
result into Eq. 25 gives the average signal power required to maintain a

loull BER. That average signal power is 2.8 x 10"8 W,or ~46 dBm,

A.  OPTICAL POWER BUDGET

The first step in the design of a fiber system is to ealculate the
expected distribution system losses and compare those losses with the
available power margin, Theoretically, we expect to be able to reeeive
10 Mbit/sec NRZ data at a lOmll BER 4f we have -46 dBm of optical power
falling on an optimized PIN diode recelver., Practically speaking, Hughes
has bullt receivers that provide 10-11 BER performance if -42 dBm of
signal power is available, A typical LED source (such as the Laser
Diode Laboratories IRE-150) provides 42 dBm; consequently, the discribu-~
tion system can consume not more than 44 dB.

The transmission star system shown in Figure 17 contains several

attenuation sources, including:

. Input coupling loss I given byi

o ST e TR

A
* 4 2
‘ I =10 log (~Source A <A
Acore (n + l)(NA)2 * Tsource core
= 10 log B ) B> A
(0 + 1) (NA) urce core (26)
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coupling.

where A gource and A pedre the cross-sectional areas of the
Bouree and fiber coves, respectively; n 1s the refractive
Indexs and NA is the numerical aperture.

A connector Insertion loss € occurs at four points in cach
signal path, For Deutsch single~fiber connectors, this
loss Ls 0.7 + 0,2 dB assuming graded=index fiber is used,

Fiber attepuation A glven by:
A= al o, (27)
where o is the fiber attenuation coefficient, and L is the

length of the system,

Star coupler insertion loss S given by:
§ =10 log M , (28)

where M 1s the number of ports in the star coupler,

Star coupler excess loss E is difficult to calculate and
congequently 1s usually determined empirically.

There will be an additional N dB of loss margin to provide
for the degradation of the source as it ages, port-to-
port variation in coupled signal power, output coupling
loss, ctc.

The total distribution system loss T can be found by adding the six
individual contributions,

T=1I4+N+CH+A+S+E . (29)

Notice that the greatest improvement in efficiency 1s possible in input

Eq. 26 indicates that minimum input coupling loss occurs for

a source with cross-sectional area matching that of the core of the fiber.
It also shows that a high NA and/or high core index fiber reduces the
Input coupling loss.
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For purposes of estimating system performance, three different

aouree, detector, and fiber combinatfons are connidered:

(1) Laser piode Laboratories IRE=150 LED source, HP=5082-420%
PIN diode detector, and QPG SI1-300 plastic=¢lad silica fiber,

(2)  Bell-Northern 40-3=30=3 LED source with fiber plgtail,
HP=5082-4205 PIN diode detector, and Corning 1025 fiber,

(3)  Hitachi ULP=-2400 laser diode source, HP=-5082~4205 PIN diode
detector, and Corning 1025 fiber.

The relevant specifications of cach of these components are listed below,
. Laser Diode Laboratories IRE-150 LED
Source wavelength 820 nm
Hinimum output power 1 mW at 100 mA
Source arca 230 by 230 um
Risetime 7 nsece
) HP 5082~4205 PIN diode
Responsivity 0.5 A/W
Risetime <1 nsec
NEP 1.4 x 1074 y//its
Dark current 0.15 nA at =10 V bias
Effective arca 9 x l()“3 cm2
. QPC SI-300 plastic-clad silica fiber
Core diameter 300 um
NA 0.35
Core index 1.46

Bandwidth 20 MHz~lm

Attenuation < 3.5 dB/km at 0,85 Hm
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® Bell=Northern 40=3=30=3 LED source with Integral {iber
piptail

Power output from pigtail 300 ul at 150 mA

Risetime + 12 noee

Fiber core Jdiameter 100 um
. Corning 1025 {iber

Core diameter 85 wm

NA 0.18

Corce index 1.48

Bandwidth 20 MHz~km

Attenuacion <10 dB/km at 820 um
o Hitachl HLP-2400 laser dilode

Source wavelength 820 nm

Minimum output power 1 mW

Source area 1 x 1 um

Risetime < 500 psce .

In addition to sources, detectors, and fiber, this system will
require single-~fiber connectors and star couplers. The best single-
fiber connecctors commerclally available today are Deutsch conncctors,
They are quoted at 0.7 £ 0,2 dB insertion loss when typical graded-index
fiber is used,*

Stay couplers are currently under intense development and prototypes
are coming onto the commercial marketplace., At least two types of
coupler are being investigated: planar and fusod.2’3 The planar star
coupler is manufactured on a glass slide using standard photolithographic
technlques to delineate waveguldes, Tused star couplers are made by
melting several fibers together while simultaneously pulling on them to
taper the fused region, Typlcal performance of planar and fused star
couplers excited with a HeNe laser are presented in Tables 2 and 3,
respectively.
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Table 2. Typical Planar Star Coupler Performance
Insertion Loss, dB Mean Port—to— Standard
Input Excess Loss, P 2 1 tion Deviation of
Port Outputr Port dB orL nsegé ° Port-to-Port
058, Insertion Loss,

1 2 3 4 5 6 7 8 dB
1 19.1]21.0 }19.5 {23.0|17.2{ 15.2 {15.9 | 25.5 9.4 19.5 #3.5
2 17.8117.9 119.1 {15.7 {21.0} 16.9 }18.7 | 21.4 9.2 18.6 *1.9
3 25.2123.4 }120.8 117.9 |16.7 1} 19.2 |19.3 ] 20.5 10.6 20.4 2.8
4 27.0]26.4 §25.4 123.1118.7} 16.4 |17.9 |17.6 10.9 21.6 4.4
5 19.01 20.2 }20.0 {22.4]20.8| 20.5 |20.6 {18.8 11.1 20.3 #1.1
6 20.7 }19.9 [{20.0 {22.5 {20.6 | 20.8 }19.1 ) 18.6 11.1 20.3 #1.2
7 14.6118.2 §21.6 {21.8 {22.2}22.1 {23.5|23.1 10.7 20.9 3.0
8 24.6114.6 |18.2 |121.9)22.4}23.3 {23.2}21.7 10.9 21.2 *3.3
10.5 20.3 2.8

(Average) (Average) {Average)
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Table 3.

Typical Fused Star Coupler Periormance

Insertion Ioss, dB e 5 Standard

¥ean Port—to- e -

Input Exzcess Loss, Port Imsertion Derviation of

Port Output Port dB - P Port-to-Port

Loss, 4B . N
Insertion Lloss,
1 2 3 4 5 b 7 8 éB
1 10.2}11.7} 11.9)11.3{11.5} 11.5 {11.7 ;11.5 2.3 11.4 G.3
2 12.3410.4 12.9)12.2|13.1{ 12.3 {12.8 |112.9 3.2 12.3 3.9
3 11.2}11.0} 7.2} 11.2|11.9| 11.4 {12.0{11.4 1.6 i0.9 1.5
4 10.7111.3} 11.0} 8.8 11.7{ 10.9 }11.7}11.8 1.8 1.9 1.7
3 11.3{11.7{ 11.7 | 11.3{10.4} 11.4 }11.4{11.6 2.3 11.4 3.3
) i1.2)11.2}11.6 11.2§ 11.5| 8.1 4{11.8)11.7 1.8 11.G 1.2
7 12.0}112.2}12.5)12.2}| 12.8] 12.2 | 10.9}12.3 3.1 1z2.2 .6
3 10.8{11.6) 11.0} 11.2 | 12.9) 11.3 |11.9| 9.4 2.0 11.1 5.5
2.3 1.3 1.8
(Average) {Average) {Average)
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The expected distributfon system losses and their expected varlances
for cach of the three source~fiber=detector combinat fons are presented In
Table 4. Note that any of these combinations can provide the required
alvitl power to transmit NRZ Jdata through the svstem of Flgure 17 at a
™ ng,

A sveond possible system confipuration is shown in Figure 20, This
system uses a reflection star coupler as well as access or Tee couplers.
It requires halt the Liber and half the fiber—to-riber connectors of the
system shown in Flgure 17.

Analysis of this system s straightlorward, The optimum coupling
ratio In the Tee couplers Is 3 dB, and the typical exeess loss of such
a voupler is 1 dB, Consequently, this system requires an additional
7 dB to overcome distribution system loss, Referring again to Table 2
we see that only Case 111, using the Hitachi laser, {s a viable system.
The Bell-Northern LED can be used provided we are willing vo aceept a
reduced system Lifetime., 1§ we allow only a 2.8=-dB margin for aging of =

the Bell-Northern source, this system has just enough margin,

B, ELECTRLIGAL POWER CONSUMPTION

In this scction, we calculate the expected electrical power con- !
sumption For each of the three proposed source-{iber—dotector systems.
The dominant power-consuming element for cach system is found to be the
soUrce.

The lavgest practical load resistor that can be employed in a
10 Mb/see PIN diode system is about 10 kil. (Lavger resistors cause sig-
nal power to be diverted from the load resistor by the stray capacitive
reactance located in the PIN diode junction.) Such a load resistor is

likely to be the parallel impedance of a resistive divider used to bias

i

a transistor. If we assume that FETs are used in the receiver to mini-
mize power consumption, then the power dissipated in the load resistor
is dominant. An upper bound estimate of the power cousumed in the
receliver can be found by caleulating the maximum power that can be
dissipated In a L6-kw resistor. If the supply voltage 1s 5 V, the

maximum power dissipatlion in the vecelver is about 2 mW,
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Table 4.

Combinations.

Expected Distribution System Losses for Three Source-Fiber-Detector

In all cases, an average received optical power of
~%2 dBm is assumed to be required for satisfactory system operation.

et e e s

Input

Coupling

Loss,
dB

Connector |

Loss,
fe3:1

Fiber

Attenuation,

dB

G

Star

cupler
Splitring,

4B

Star
Coupler
Ezcess,

48

Seurce

Degradation
Allowance,

dB

o

Hitachi HLP-240(

0s

i T

8.1

2.8

2.8

0.4

1.0

3.4

w
.
[y

et siisi e

a . . e P
Due to grea mismateh between fiber core and pi
there will be additional loss if the

55 4o no

3N
(22
£

ye




84 91194

Dy :

Sy

32-PORT
D . REFLECTIVE
2 STAR COUPLER

4 ¢ i

S32 — .

_>—)e«--—--)<-
. 032
Figure 20. A scecond system configuration
employing a reflection star
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The maximum power consumed by the source can also be aestimated.

The power consumed by MOS=FET drivers Is negligible, typleally in the

mlerowatt range.

IT we assume a 50% duty factor for the data, we can

caleulate the clectrical power consumed by cach of the three sources

{see Table 5). Table 5 also presents the maximum power consumed by a

terminal if it bangs up in the "ou" state and the maximum power consumed

by the system assuming all 32 sources hang up in the "on'" state.

C. THE EFFECTS OF TEMPERATURE ON BUS PERFORHANCE

Section 5.A discussed the effective power launched into a

fiber. Heve only the notilon
into the fiber is necessary;

is quite general.

that Po WW of optical power is launched

consequently, the discussion in this section

The fiber lengths are taken to be short enough that

fiber attenuation is negligible.

is given by

The optical power at the veceiver Ry

e tcd e
P, (M) ¢ (e (1)

P(1) =

N

(30)

where ep is the excess loss of the star coupler, and o(T) is the glass

fiber attenuvation as a function of temperature T.

The caleculations and

values used in Section 5.A ave typiecally valid for room temperature

{(v23°¢).

If this reference temperature is designated by To’ then

Table 5. Power Consumption of Three Typical Sources
Power Consumption, mW
Source 50% Duty 100% Duty Worst Case If
Factor Factor per All Terminals
per Terminal Terminal Turn On
LD IRE-150 250 500 16,000
BN 40-3-30-3 375 750 24,000
Hitachi HLP-2400 75 150 4,800
6815
52
s e




the relative bus performance as a function of T can be assessed from the
simple ratio PE(T)/Pf(TQ) = R(T):

g 4
P (T) , " tm £ (T)

A am \ [em \ (5D .

R(T) <pQ(TQJ><a(TO)> (C<To)> (ufm.‘Q)) ' (31)

The temperature range of interest is from -20°C to 60°C so that for the

launch power ratio we can use the values shown in Figure 21 for an
IRELO0OFB LED as typical of LED performance, The attenuation ratio for
a glass—-on~glass fiber ds given in Figure 22, The induced attenuation
coefficient will be considered to be zero from +10°C to +60°C since that
seems to be the trend indicated by Figure 22,
The connector loss C(T) here refers specifically to a Hughes-built

iber-optic ferrule,No. 1127361, without the connector body asscembly.
Prior experiments on temperature effects on these ferrules indicated
that considerable mechanical stresses could be induced at the glass
fiber/brass ferrule interfaces, However, a modification to the fiber
ferrule mounting approach permitted greatly reduced stresses with con-
sequent excess attenuation of 0.03 dB at ~20°C and 0.02 dB at +60°C.
The implication is that these special ferrules must be requested where
temperature shock ig expected to be part of the system application.

The remaining factor is the variation of excess loss with tempera-
ture., An dimportant distinction must be made here. The fused fiber=-
optic junction must typically be mounted on some fixture with subsequent
mounting in a connector housing. The materials used in the mounting of
the fused junction (e.g., epoxy, wax) will have a substantial effect on
the temperature behavior of this junction. For present purposes, no
mounting of the fused junction will be considered. It is assumed that
temperature has no effect on the tapplng ratio or excess loss. {(No
measurements to contradict this assumption have been made.) With these

assumptions and data, R (60°C) becomes:

80 1

R(60°C) = (o) (1) (0,99)4 (1) = 0.77 or -1.1aB . (32)
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The average signal power required to maintain a glven data integrity

1s:
- ‘ ) 2 Y
Psig i QT8 +‘H QO , (33)
where
1/2
2 2KT 2
9y [LI G rB+eIdSB+ RL B4I } . (34)

Here a new term Ina has been added, Ina is defined as the equivalent
pre~amp input noise current, A brief and simplified discussion of ampli-
fier noise yields an approximate formula for Ina'

Congider the amplifier noise for SiFET and bipolar transistor input
stages as shown in Figure 23, The impedance Z is the parallel combina-
tion of the input impedance of the amplifier and the output impedance
from the previous stage., A(w) is the current amplification of the stage,
and Seq is the frequency-dependent equivalent noise current speetral
density of a noise generator that gives the same output noise spectral
density as iInternal noise sources, The equivalent nolse current spectral

density 1s

Seq = Seql + Seq2 , (35)

where the first term is the contribution of the input, and the second is

the contribution of the output noise current spectral densities. Then

wchz + (RIN)_2
OU) S + 52 5 - ’ (36)
gm
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where 52 has been transformed to an equivalent input current source.
is the sum of deteetor and amplifier input capacitances. The mean-
squaced nolge eurrent is

:f 2; 1 v l
] £ e o) i .
n 2 boq(h>‘”

0

For a SIFET,

4kTO(mCT) , i
B emmmetees o D

B

a)

Y1

and

%Z = 4kTIgm ,

where 6 is 1/10 to 4/15, depending on the FET, and I' is 2/3, The ga

LT

(37)

(38)

(39)

te

current ig is generally quite small, and RIN can be made quite large.

Thus,

2, 81<T(L\C, )

g_m,
o s R

bL‘.(] g’

To minimize the noise; g /C should be maximized. The mean-squar
nolge current in the bandwidth B for a SiFLET i1 ig:
Fh
<2 _2.8kr 23 _ KT(20Cy )by’
in = 6y CT Wmax “*”WT*—.mﬂ‘J ’
FET B X B
or

R
- kT(21C, )" .

)

72 - \J/ : T g3/2

FET En
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Usiny typieal values of CT = 10 pP oand By © 0.006 mho, the rms noise
gurrent o

{2 w2 p)

ENE TS T R (43)
V Penr

which is about 1,6 0Ad for B o 10 M,
For a bipolar gransistor, RIN may be adjusted by varying the input

biay current iB:
kT,
Ryw ® oin (44)
B
Then Lt tollows that
5= 2 ety = 25 (45)
IN

The transeonductance By an be approximated by S/RIN, where [} is the
current gain, Substituting this approximation into the expression for
Sc) yi‘.)l‘lﬁ

) 2
8y = i, = 2eRly = ﬁkl B, (46)
IN

whore iC fs the collector current, This yields

4

2, 2 2
¢+ 1/R
. 2KkT - W IN
beq = RIN + 2k1RIN 3 . &7

The rms nolse current in the bandwidth B can be evaluated and minimized
by varying Rpe. The optimal value of Ry is /§7§”§¥§. To accommodate
the system bandwidth, the low-pass filter network consisting of RI and

N
CT should be such that

RpyCp S )yt (48)
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Acknowledging this but continuing to caleulate the minimum noise, one
obtains )

AkT 2wc'
11 =y z=:z*= B (44)
BIPOLAR

For CT = 10 pF and ¢ = 160, the rms nolse current is

9 1/2

. 16
N7 BIPOLAR

i s 2% 0B, (50)

which is about 2 nA for 10 MHz, If RIN I1s evaluated at 1/2 € ’TB’ then

the rms noilse current is increased to about 7 x 10 16 B, Since the bipolar

front=-end noise and FET front-end noise are proportional to B and 33/2
respectively, at high frequencies (above 14 MHz), the bipolar front-end
shows superior nolse performance. Using the lower value for a SiFET

preamp of 1.6 nA at 10 MHz, the required average power 3 can be

sig
caleulated for the two extreme temperatures (il.e., ~20°C and +60°C).

With ina = 1,6 nA at T = ~20°C = 253°K, we sce that

1/2
1 = [ e 1 (1)
V PBIPOLAR <To> nato

1/2
ng
= <;i§> (1.6 nA) at 10 MHz

300

= 1,46 nA at 10 MHz (51)

where the assumption is made that the transconductance of the FET is
fairly insensitive to T in the -20°C to +60°C range. Therefore, the
required o_ for an HP 5082-4205 pin detector is ’
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The required Ineident average optical power brix with § = 7 and
St S}
r(=20°0) = 0,95 nA/ul (s

D (=20°0) = el

— ) ~19, 0.7 . -9
sip PYGRELS) {(1*6 x 10770 (7107 + 2¢3.29 % 10 )]

= 0.6 % 1070 ¥ & <42 apm ac 10 wng (53)
A similar procedure 1s used to determine ﬁéig(+éo°c). For T = 460°¢
given wich Ina = 3.5 pA, we have

I

y {0; SO
eﬁgﬁuO()h

’(61§§T [(1.6 X 10"19)(?)1ﬁ7 + 204,13 x 10"9)}

= 5,26 x 107 W e ~42.7 apn

.

At first glance it might seem that ~42.0 dBm ds high in to
optical power, but one must recall that a BER of lﬂﬁll is required and

Input noise current was inelud
Taking the values for system 2, whic

rms of required

that the equivalent amplificr ed.

h employs the Bell Northern LED
source, -4,9 dBm into the fiber results in Pf(300°K) = =32 dBm ineident

on the detector., From Eq. 31, the relative buy performance at 60°C jg
found to be:
P(60°C) = (0.76) (0. 66 W) = 0,50 uw
= ~33 dBn
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and gimilarly for T = -20°C
. P(-20°C) = (1.15)(0.66 uW) = 0.76 uW

This means that, in the given temperature vange of -20°C to +60°C, the
incident optical power on the detector should vary by approximately
+1 dBm and both P (60°C) and §o(~2o°c) are well above the required -42 dBm
calculated for E;ig with BER = lOﬁll.

A last remaining item of iInterest is how the detector noise (i.e.,
the NEP) variles over this temperature range. If one designates the NEP
at room temperature as NEP(TO}, then using an approximate relation4 glves

us the NEP(T) at some other temperature,

[e]

5/2
NEP (T) =<-§-“—> NER(D) (57)

so that with NEP(TO} = 44 x 10“12 W previously calculated, we see that

5/2
NEP (+60°C) = @%%) 44 x 1072 W)

11 -

6.6 x 10 = =72 dBm (58)

i

and

NEP (~20°C)

it

5/2
253 ~12
<§§5> (44 x 10 W)

2.87 x 107 W = =75 dpm . (59)

i}

The conclusion to be drawn is that, for this bus structure over this

temperature range, no degradation of consequence should he anticipated.
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Do CONCLUSTONS

The analyvsis of the last scetion indicatoes that temperature will
play a very minor role in the design ol U'iber=optic data buses for
spacecralt, tver the temperature range of -20°C to +00°C, we expect no
more than 2-dB variation in the veceived sipnal-to-noise ratio.

The analysis of Seetfon 9.A van be used to determine the source
power required in a typical bus application, Consider again the basice
J2-port transmission star system of Figure 17. The source power regquired
to maintain a 1()"1'l BER at a 10 Mbit/see data rate for this system can
be determined,  Firsi, assume that Lhe source is an LED and that the
detector is optimized and requires =42 dBm of optlical power to operate
at o 10~11 BER.  Next, assume that the excoss loss of the star coupler
fs 3.0 dB independent of the number of ports in the coupler. Finally,
assume Lhat the eross=sectional area of the source exactly matches the
area of the Flber core and that the iber is plastic-clad silica with a
0.35 NA.  Then the input coupling loss is 8.1 dB. If low-loss fibor is
used, the distribution system loss is negligible for a spacecralt bus.
Connector loss is 2.8 dB, and 3.0 dB of margin is provided to account
for lifetime varlations of the source. An additional 6.8 dB of margin
is included to account for variations in input coupling, splitting in
the star coupler, variations in ingertion loss of connectors, ete.

This s a total of 23.7 dB. There is an additional attenuation of
10 log M caused by the splitting lactor in the star coupler. Conse-

quent 1y, the required source power 8§ Is

S = =42.0 + 23.7 4+ 10 log M (dBm) . (60)
for the cransmission star coupler, 1 a reflection star coupler is
used, access couplers will be required; however, two connectors can be

removed.  The required source power S' in this case can be caleulated

from

S!

1l

5+ 8 (dBm) , (61)
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where the extra 8 dB of attenuation accounts [or Lhe tap ratfos and
exeess loss in the acecess couplers.

The electrical power consumption of the throe sy .iems considered in
Section 5,A can also be estimated., Bq. 60 describes the optfcal source
power required to achieve a lO—ll BER as a funection of the number of
terminals, Eq. 060 and the functional dependence of optical power output
on the drive current for each of the three sources of Secotion 5.A are
combined to determine the required source drive currvent. The average
electrical power consumed is found from the drive current assuming a 50%
duty factor and a 5-V power supply., The result of this calculation is
presented in Figure 24,

The results of this analysis Indicate that a transmission-star
{iber-optic data bus serving 32 terminals is feasible. The system can
operate over the temperature range expected in a spacceraft applicatiom.
It is possible to implement such a system using an LED source and PIN
diode detector with ample optical power margin, This LED-PIN based
system is expected to consume less than 1/8 W of average clectrical

power per active transmitter-recelver pair.
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APPENDIX II 94-517/136

BUS RECEIVER TEST RESULTS

This a preliminary report documenting performance characteristics of a demon-
stration fiber optic data bus system developed by Hughes for JPL. The major
system components, shown in Figure 1, are; (1) the transmitter, (2) the star
coupler, and (3) the receiver., The measured average optical power levels at
critical bus locations are also shown in this figure. The characteristics of
each component are described below.

Transmitter. The transmitter includes an LED driver circuit, and a pigtailed
LED. The pigtail is terminated in a Hughes connector. The LED is type IRF160FB
from Laser Diode Laboratories.

The transmitter requires * 5V power supply. When the LED is driven with a

100 mA, 50°% duty cycle pulses, the average optical power level at the connector
is =11 dbm. It drops by 10 db when the drive current drops to 34 mA, At

30 mA, the optical power drops to -27 dbm. The graph of the drive current

vs the optical power output is shown in Figure 2.

Star Coupler. The 8 port fused star coupler includes 50 meters of step index

fiber in each of two opposite legs. The fiber contains a splice and is termin-
ated in Hughes connector contacts. The average optical power coupled into

the star is -13 dbm. The power at the output is -27 dbm. The 14 db loss in-
cludes: (1) 9 db power division loss in the star, (2) 2 db connector loss, and
(3) fiber, splice and excess star losses.

A shbrt graded index fiber terminated at both ends in Hughes connector contacts
is included between the star output and the receiver input. The loss through
this fiber "jumper" is 6 db, of which about 3 db is due to the modal mismatch
between step and graded index fibers. The "jumper" is provided fo simulate

the Tosses due to additional in-1ine connectors which may be réquired for some
applications.
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Bus Receiver Test Results Page 2
94-517/136

Receiver, The receiver inc}udes a pigtailed H.P. 4220 PIN diode and amplifier

circuits. The pigtail is terminated in a Hughes connector. The average optical
power level at the face of the diode is calculated to be -35 dbm. The receiver
requires +6V - G5V power supply and 230 mA of current.

The receiver block diagram is shown in Figure 3. The transresistance pre-
amplifier is of a cascade configuration. The post-amplifier differentiates

the incomming signal and further amplifies it. The digital circuitry decodes
the differentiated signal and provides TTL outputs. The C* comparator sets the
Tatch on the positive going pulse, while the C* comparator re-sets it on a
following negative going pulse. The magnitude of each pulse has to be at least
10 mV,

Figure 4 shows the operation of the receiver at 10 MHz and at 1 MHz. The upper
trace is the random NRZ data input to the transmitter and Tower trace is the
output (delayed in time) of the receiver. The corresponding signal levels at
the outputs of the pre-amplifier and the post-amplifier are shown in Figure 5.
The top figure illustrates the good high frequency response to support 10 MBPS
operation. However, Figure 5b shows that the selected bandwidth does not fully
differentiate the signal. Since JPL requested operation from 1 to 10 MHz, this
was compromized in order to achieve the excellent response at 1 MHz shown in
Figure 5c.

The responsé of the post-amplifier to a short burst of pulses at 10 MHz and
at 1 MHz is shown in Figure 6. Note that the transient response at 10 MHz is
such that the C™ comparator would have to be set very close to zero in order
to catch the first bit. However, normally a 1% to 2 bit sync pulse would be
used, and under those conditions, no bits should be missed.

Figure 7 shows the measured bit error rate vs average optical power at the
receiver. Random 10 MBPS NRZ data was used at the input to the transmitter.
The measurements show receiver sensitivity of -39 dbm for error rate less than

onhe in 109 bits. Under those conditions, the receiver dynamic range is 16 db.
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A new pre-amplifier design, currently under fina) sta

ges of development at
even better performance,

Preliminary measurementis
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RECEIVER BLOCK DIAGRAM

FIGURE 3.
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