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POWER LOSS DISTRIBUTION

Figure 14. Computer drawn fan projections for (a) axial and off-axis
illumination (b) before and (c) after 5 reflections. An annular power
concentration, similar to those in Fig. 12 is visible in (c).
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Figure 13. Meridional ray fan (a) and end projection (b).

TABLE II
POWER LOSSES AND POWER MARGIN

Source Power o dBm'

Laser-fiber coupling loss -4 dB

Fiber loss (10 dB/km) -5 dB
,.

Connector loss (4 @ 1 dB) -4 dB

Fiber-detector coupling loss -0 dB

Star power division: 1/19 -11 dB

Star insertion loss -10 dB

Total ,losses -34 dB

· . Power at Detector -34 dBm

Min. Power Required
(NRZ, data, 150 Mb/s.
BER = 10-9) -47 dBm

Bi-phase encoding' power penalty -5 dB

"Pulse on a pedestal" power penalty -3 dB

· . Power Required -39 dBm

· . Power Margin + 5 dBm

SYSTEM PERFORMANCE

laser modulation31, referred to as"pu~se on a pedestal",
(===3 dB) yield a net required power of -39 dBm. Thus the net
power margin is "'5 dB. This is somewhat small for comfort. It
could be 'substantially increased by using lasers with improved
linearity of light output versus drive current. Such nonlinear­
ities, called "kinks", which are due to transverse mode instabil­
ities, or "mode hopping", and are present in most lasers com­
mercially available at this time, cause data-dependent re­
sponse, resulting in an increased probability of intersymbol
interference. To avoid this problem, our lasers are modulated
over a reduced current range within which adequate linearity
is available. Elimination of kinks would' permit the laser to be
operated at its full rated power, increasing the minimum
source power and reducing the incomplete modulation power
penalty.

The Fibernet experiment has carried 150 Mbits/s pseudo­
random, data over a 1/2 km distance, through the 19-part star
coupler, with zero errors detected in a .test sequence .of
2 X 1011 , pulses (about 22 min at 150 Mbits/s). In recent
measurements at 100 Mbits/s, the system fiber length was
increased to 1.1 km by looping one branch through a fiber
cable installed in underground conduit. between two labora­
tory buildings at the Xerox Palo Alto Research Center. The
additional cable and two additional connectors contributed
sufficient loss to require operation at the reduced data rate; a
BER of 1.1 X 10-9 was measured. Pulse dispersion measure­
ments through the long fiber link confirmed that its band-

ee)(b)

Table II summarizes. the nominal power loss distribution in
Fibernet. We assume a minimum source power of 0 dBm
(1 mW). Thus, since the passive fiber optical system losses
total -36 dB, the net available receiver power is -36 dBm.
The minimum receiver power required for an ideal NRZ pulse
code modulated 'optical signal at 150 Mbits/s is approximately
-47 dBm1 ,3. The power penalties associated with the biphase
encoding/decoding process30 (===5 dB) and with incomplete

These power inhomogeneity effects can be qualitatively
explained geometric-optically as follows. Consider the merid­
ional fan of rays in Figure 13. If the rod is sufficiently long
that most rays have undergone reflection, then the point of
emergence of an arbitrary ray is equally likely to be at any
radial' position across the rod, and the vertical line projection
of the fan seen at the right is thus an analog of the output
power distribution due to the fan. If many such fans are
considered (Figure 14a), it is clear that geometrical optics
predicts an ,-1 power distribution for axial illumination,
explaining the bright central spots in Figure 12. Figure 14b
shows the same fans injected off-axis, before reflections at
the mixing rod surface have occurred, and Figure 14c shows a
computer plot of the same fans after 5 such reflections. An
annular power concentration, similar to, those see~ in Figure
12, is clearly visible. Other computer simulations, not shown,
prove the generality of such an annular distribution for· other
illumination radii and numbers of reflections, confirming the
geometric-optics origin of the effect.

In practice, the coupling coefficients between all ports
(other than the two axial ports) are within 2 dB of the mean
coupling value; the axis-to-axis coupling coefficient between
the two axially located ports is about 5 dB higher than that
average. Such an anomaly, which might be of consequence in
other experiments, creates no problem in our systems applica­
tion.
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Figure 15. Calculated false alarm and miss probabilities vs. output
threshold for an avalanche detector; no and n1 are the numbers of
primary photoelectrons for O-bits and I-bits,··respectively.
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ERROR PROBABILITIES

width is in excess of 300 MHz; hence the 1.1 kIn long
Fibernet is not fiber bandwidth limited at 150 Mbits/s.

It should be noted that BER's of the order 10-9 are more
than satisfactory in this system application because error
detection is provided in the packet handling procedures,
and packets are re-transmitted in the event of an error. For
packet lengths of order 103 bits, a BER as high as 10-6

would still only require retransmission of one packet per
thousand.

Webb, McIntyre and Conradi32 give an approximate
expression for the probability of observing m output electrons
from an avalanche photodiode given n injected .(primary)
photoelectrons which can be written after normalization as

, _ [ (m-nM)2 ]

• exp 2u2[1+(m-nM)/UA.l

where A = (nFe )1/2/(Fe-l), a2 = nFeM2, k is the ionization
ratio, M is the mean gain, and Fe ~ kM + (2 -1/M)(1 - k) is
the excess noise factor for electrons.

To calculate error probabilities we consider the "false
alarm" case (a "0" registers as a "1") and the "miss" case (a
"1" registers as a "0"). If n1 and no are the mean num,bers of
primary electrons for a "1" bit and a "0" bit, respectively,
then the false alarm probability is given by

co

Pfa(mt) = ~ Pno(m),
m=mt

It should be pointed out that Figure 15 does not include
the effect of amplifier noise; when such noise is taken into
account, error rates rise. Additionally, Figure 15 assumes a
particular value of average gain M. When amplifier noise is
considered, there exists an optimum value of M, in general
different from the one assumed in Figure 15, at which the
detector noise equals the input equivalent noise of the ampli­
fier. In ,spite of these limitations, it is of interest to examine
Figure 15 for consistency with the error rates observed in the
Fibernet experiment, viz. <10-11 at 150 Mbits/s. The optical
power received at the detector corresponds to n1 ~ 4000.
With a modulation ratio ~:1, no E;; 1000. Thus, Figure 15
predicts an error rate of <10-14 , consistent·with experiment.

and the miss probability is given by CONCLUSION

mt-1

Pmiss(mt) = ~ Pn1 (m),
o

where mt is the detection threshold for the output electrons.
,Figure 15 shows Pfa and Pmiss as a function of threshold mt,
using representative values of the ionization ratio k (.02) and
the mean gain M (100), for a range of values of no and Til.
This figure illustrates the effects on error rate and optimum
threshold of average power changes and incomplete laser
extinctio~ (pulse on a pedestal). For example, if n1 = 250
and the modulation ratio is large (no < "'4), the error tate is
<10-9 and the optimum threshold (where Pfa =Pmiss SO that
Pfa + Pmiss is minimum) is just over 104 electrons/bit. If the
modulation ratio is less, say 4: 1, then no ~ 31 ; the error rate
rises close to 10-6 and the optimum threshold is "'1.3 X 104 •

This increase in the error r.ate can be compensated by ac­
cepting a power penalty and increasing the power level of both
the "0" and "1" /signals. For example, a 3 dB increase to
n1 = 500, no = 62 lowers the error rate below 10-11 at a
threshold of "'2.5 X 104 .

There are several well-known attributes of fiber optics
which might lead one to choose to use fiber optics rather
than coaxial cable for a local computer network. These include
a higher Bw-L product, potentially lower cable.costs, reduced'
installation costs because of the lack of need to conform to
local electrical wiring ordinances (no conduit, for example)
and the freedom from electronic interference problems. These
must be balanced against the additional component com­
plexity that fiber optics introduces. The final choice, as always,
is determined by the technical requirements and economics of
each application. It seems· clear, howeve'r, that a passive local
computer network requiring Bw-L products significantly in
excess of a few MHz-kIn will require a fiber optical network of
some form.

The Fibernet experiment has demonstrated the practicality
of a 100 Mbit/s-km local·. computer network using today's
technology. The network configuration adopted in this experi­
ment is only one of several possible, and ,was selected because
it permitted the largest number of terminals t.P be connected
by a completely passive medium. Recent exp~rimental work
on low insertion loss fiber optic tees suggests that a passive
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linear system, as illustrated in Figure 1, may soon be able
to support a competitive number of stations. Additionally,
it is not clear that the electronics of an active repeater ring
such as Halo, or an active star repeater network, could not
be made reliable enough for use in a local computer net­
work. The appropriate system configuration, like the decision
to use fiber optics or coax, will be determined by requirements
and economics.

ACKNOWLEDGMENT

We would like to acknowledge contributions by J. W.
Goodman, R. E. Norton, A. B. Nafarrate and M. D. Bailey.

REFERENCES

1. S.:e. Mlller, "Photons in fibers for telecommunication," Science
195, 1211 (1977).

2. B. Oguchi, "Light in telecommunications-present status and future
prospect," Keynote Address, Technical, Digest of 1977 Inter­
national Conference on Integrated Optics and Fiber Optics (IOOC
(77), July 18-29, Tokyo, Japan.

3. T. Li, "The future of optical fibers for data communications,"
Proceedings of the Fifth Data Communication Symposium, Snow­
bird, Utah, 1977, IEEE Cat. No. 77CHI260-9C, 5-1. (1977).

4. L. L. Campbell, "Review of fiber optical communications,"
Fiber and Integrated Optics, Crane, Russak and Co., Inc., 1 (1),
21-37 (1976).

5. T. Hornak, "Viewpoints: on fiber-optic communications,"
Hewlett-Packard Joumal29 (3), 24 (Nov. 1977).

6. L. Roberts and B. Wessler, "Computer network development to
achieve resource sharing," AFIPS Conference Proceedings, 36,
1970 SJeC, AFIPS Press, Montvale, N.J., 543-549 (1970).

7. V. G. Cerf and R. E. Kahn, "A protocol for packet network inter­
communication," IEEE Transactions on Communications, COM­
22,5,637-648 (1974).

8. S. D. Crocker, J. F. Heafner, R. M. Metcalfe, and J. B. Postel,
"Function-oriented protocols for the Arpa computer network,"
AFIPS Conf. Proc., 40, 1972 SJCC, AFIPS Press, MontVale, N.J.,
271-279 (1972).

9. G. H. Barnes, R. M. Brown, M. Kato, D. L. Slotnick, and R. A.
Stokes, "The Iniac IV Computer," IEEE Transactions on Com­
puters, C-17 (8) (August 1968).

10. R. M. Metcalfe and D. R. Boggs, "Ethernet: distributed packet
switching for local computer networks," Communication ACM 19
(7), 395 (July 1976).

11. M. C. Hudson and F. L. Thiel, "The star coupler; a unique inter­
connection component for multimode optical waveguide com­
munications systems," Appl. Opt. 13 (11), 2540 (Nov. 1974).

12. B. Kincaid, "Fiber optic data distribution systems utilizing variable
tap ratio optical couplers," Appl. Opt. 16 (9), 2355 (Sept. 1977).

13. B. S. Kawasaki and K. O. Hlll, "Low-loss access coupler for multi­
mode optical fiber distribution networks," Appl. Opt. 16 (7),
1794 (July 1977).

14. B. S. Kawasaki, K. O. Hill, D. C. Johnson, and A. U. Tenne-Sens,
"Full duplex transmission link over single-strand optical fiber,"
Opt. Lett. 1 (3), 107 (Sept. 1977).

15. -A. Kach, "fiber network having a passive optical coupling' element
for optoelectronic transmission of data between addressable sub­
scriber stations," U.S. Patent 4,027, 153 (May 1977).

16. D. H. McMahon and R. L. Gravel, "Star repeaters for fiber optic
links," Appl. Opt. 16 (2), 501 (Feb. 1977).

17. S. Yajima, Y. Kambayashi, S. Yoshida, andK. Iwama, "Labolink~
an optically linked laboratory computer network," Computer,
52-59 (Nov. 1977).

18. T. Ozeki and B. S. Kawasaki, "New star coupler compatible with
single multimode-fiber data links," Electronic Lett. 12- (6), 151
(March 1976).

19. G. B. Hocker, "Unidirectional star coupler for single-fiber distribu­
tion systems," Opt. Lett. 1 (4), 124 (Oct. 1977).

20. A. F. Milton, "Star coupler for single mode fiber communication
systems," U.S. Patent 3,937,557 (Feb. 1976).

21. D. J. Farber et al, "The distributed computing system," Proc. 7th
Ann. IEEE Computer Soc. International Conf., 31-34 (Feb. 1973).

22. D. J. Farber, "A ring network," Datamation 21 (2) 44-46 (Feb.
1975).

23. J. E. Fulenwider, "Optical crosspoint switching matrix for an
optical communications system," U.S. Patent 3,871,743 (March
1975). .

24. R. M. Metcalfe, "Steady-state analysis of a slotted and controlled
aloha system with blocking," Proc. 6th Hawaii Conf. on System
Sci. 375-380 (Jan. 1973).

25. R. _M. Metcalfe, "Packet communication," Harvard Ph.D. Thesis,
Project Mac TR-114, (Dec. 1973).

26. L. Kleinrock, "Performance of distributed multi-access computer­
communication systems," 1977 IFIP Congress Proceedings, 7t

547 (Aug. 1977).
27. Model ll-11-1A, Tescom Corp. Minneapolis, Minn., U.S.A.
28. E. G. Rawson and A. B. Nafarrate, "A transmissive star coupler

for single-fiber cables; mixer rod poweJ." distribution inhomogene­
ities," Proc. ,Conference Laser and Electro-Opt. System, San
Diego, California (Feb. 1978).

29. Specialty Glass Products Inc., WlllowGrove, Pennsylvania 19090,
U.S.A.

30. Y. Takasaki, M. Tanaka, N. Maeda, K. Yamashita and K. Nagano,
"Optical pulse formats for fiber optical digital communications,"
IEEE Trans. on Commun. COM-24 (4), 404-413 (April 1976).

31. S. D. Personick t "Receiver design for digital fiber optic com­
munication systems, II," B.S. T.l. 52, 875-876 (July 1973).

32. P. P. Webb, R. J. McIntyre and J. Conradi, "Properties of avalanche
photodiodes", RCA Rev. 35,234-277 (June 1974).

*
Eric G. Rawson (M'74) was -barn in Saskatoon,
Canada. He received the B.A. and M.A. degrees
in physics from the University of Saskatchewan
in 1959 and 1960 where he studied the emission
spectra of aurora borealis, and the Ph.D. degree
in physics in 1966 from the University of
Toronto, where he studied Brlllouin scattering
of light by gases.

From 1966 to 1973 he was at Bell Labs,
-Murray Hill, N.J., where he worked on display
optics, lens design, graded,-index optics, light

scattering from fiber waveguides, and electron optics. Since 1973 he has
been at the Xerox Research Center in·Palo Alto where he has worked
on display optics, acousto-optics, and fiber optics.

Dr. Rawson is a member of the Optical Society of America and the
Society of Photo-optical Instrumentation Engineers.

*
Robert M. Metcalfe received his MS and PhD'
degrees in Applied Mathematics, specializing
in Computer Science, from Harvard Univer­
sity in 1970 and 1973 respectively. He received
'his BS in Electrical Engineering and' his BS in
Management, both from MIT in 1969.

_Bet.ween 1970 and 1972 he worked at MIT
Project Mac on the Arpa Computer Network.
Smce then he has been working on computer
comn:ninication for Xerox Corporation,: fust
at the Xerox Palo Alto Research Center and

now at Xerox's Systems Development Division. Dr. Metcalfe is Con­
sulting Professor of Electrical Engineering at Stanford University where
he lectures ,~n distributed computing.


