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N. Also, since an imaging system is used to couple light 
from input fiber to output, efficient power transfer can be 
facilitated through proper selection of the transverse mag
nification. The transform lens will automatically focus the 
light vertically and can be used to direct power onto the 
output axis. 

This configuration is convenient, since only one lens is 
required in the output optics of the entire N x N switch. 
For applications where output fibers have insufficient nu
merical aperture to collect the light, we can use a conven
tional photodetector regeneration technique or use a sepa
rate transform lens for each input port and an Nx1 fiber
optic power combiner. 

We have verified the performance of a 1x4 switching 
element for an 8 μm core input fiber and 62.5 μm core 
output fibers. For an optical wavelength of 633 nm, inser
tion loss ranges from 2-6 dB and worst-case signal-to-
crosstalk ratios are about 30 dB; for reasons outlined 
above, the loss and crosstalk do not increase significantly 
when the number of ports is increased. Experimental 
switching times are about 1 μsec when 30.9 M H z of RF 
bandwidth is used; this 1 μsec reconfiguration time can be 
maintained for more output ports by increasing the RF 
bandwidth of the A O cell by about 10 M H z for each addi
tional port. 
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16-channel heterodyne broadcast 
network at 155 Mb/sec 
R.E. Wagner, R. Welter, W.B. Sessa, 

and M.W. Maeda, Bellcore 

There has been considerable interest this year in ex
ploring heterodyne reception techniques for use in fi

ber distribution networks, especially broadband-ISDN 
networks. These will likely be implemented using conven
tional fiber technology, but could later be upgraded using 
heterodyne receiver technology. Heterodyne systems pro
vide several key advantages: the ability to transmit many 
channels simultaneously, to tune the receiver to select a 
single channel, and to detect smaller signals. The current 
thinking is that B-ISDN networks will use a double-star 
topology, employ a SONET digital transmission standard, 

and also include broadcast video. 
Three years ago, preliminary experiments with a 10-

channel heterodyne system were conducted,1 using a vi
bration-isolated laboratory bench and manipulators for 
aligning each laser. A recent demonstration 2 - 3 performed 
in early 1989 concurrently with other similar demonstra
t ions 4 - 5 takes the technology one step further. It shows the 
practical feasibility of heterodyne broadcast networks us
ing commercially available components with rack-mount
ed equipment. 

We have demonstrated a heterodyne lightwave broad
cast network that transmits 16 digital video channels each 
modulated at the S O N E T rate of 155.52 Mb/sec. 2 The 16 
signals are transmitted individually to a 16x16 fiber star 
coupler, where they are combined and split into 16 output 
fibers. A heterodyne receiver at one of the output fibers 
can be tuned to select a desired video signal. 

Each of the transmitters incorporates a commercially 
available DFB laser package, with the laser devices select
ed to have linewidths of less than 30 M H z and wave
lengths that fall within a 1 nm band centered at 1540 nm. 
The laser package also includes an optical isolator with 30 
dB of isolation, plus a thermoelectric cooler element. The 
temperatures of the laser packages are adjusted to set the 
optical frequencies of the individual lasers for a 10 G H z 
channel spacing. To prevent the optical frequency of one 
laser from drifting into the assigned frequency band of an
other, the laser frequencies were locked relative to the 
1509.554 nm absorption line of ammonia gas. Frequency 
control was achieved using a personal computer to moni
tor a scanning Fabry-Perot interferometer and to set the 
temperature and drive current of each laser, stabilizing it 
to within 200 M H z of its assigned optical frequency. 

The lasers are modulated in a Frequency-Shifted-Keyed 
(FSK) format with a special Alternate Mark Inversion 
(AMI) code. This code was selected to avoid the degrada
tions in system performance that typically occur with DFB 
lasers due to a non-uniform F M response. 

The heterodyne receiver used a balanced polarization-
diversity configuration to prevent deep signal fades that 
would normally be caused by polarization changes at the 
receiver input. It was designed to accommodate an IF 
linewidth of 100 M H z , which required each laser to have 
a linewidth of less than 50 MHz—easily achieved with 
typical DFB lasers. The receiver was tuned by changing the 
temperature of the local oscillator laser to select the de
sired signal. 

With 6 dB of margin in the network and 10 dB for the 
fiber (40 km at 0.25 dB/Km), there is 12 dB remaining for 
a second star coupler with a 16-way power split, thus po
tentially serving 256 subscribers simultaneously. Still fur
ther splitting was demonstrated by putting an Er-doped 
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fiber optical amplifier before the 16-way splitter.3 The op
tical amplifier provided 22 dB of gain, allowing power 
splitting by another factor of about 100 and simulating 
the ability to serve more than 25,000 subscribers with the 
16 channels. 

This demonstration, together with the others men
tioned, brings closer the time when heterodyne technology 
may be used in commercial applications. 
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SCATTERING 

Optical oceanography: The role 
of microparticles in attenuation 

of marine light 
R. W. Spinrad, Office of Naval Research 

Historically, the treatment of optical oceanography 
has been limited to studies of relatively large (i.e. 

>1μm) organic (phytoplankton) and inorganic (sands, 
silts, and clays) particles. These particles have been consid
ered the dominant variables in the attenuation of light 
(natural or artificial) in the sea, and their respective spec
tral absorption and scattering curves have been the focus 
of numerous applications of inversion techniques. Ulti
mately, the goal of these studies, irrespective of whether 
they are primarily theoretical or experimental, is to make 
use of characteristic optical signatures to define the partic
ulate content of oceanic water masses. In this way, ocean
ographically significant processes such as primary produc
tion, current dynamics, and sediment transport can be 
provided with a unique tracer, since suspended particles 
are considered quasi-conservative in most marine environ
ments. 

The pitfall in the classical approaches to ocean optics 
has been ignorance of the very small (i.e., at the lowest 
limits of Mie scattering size ranges) particles. In the open 
ocean, these particles can be extremely abundant in the 
form of bacteria. While they are typically less than a mi
cron in equivalent spherical diameter (compared to length 
scales of order 10 μm for most algae), their optical cross-

section is quite large by virtue of their high concentrations. 
While larger phytoplankton cells may occur at densities of 
10 3 m l - 1 , marine microbes may exist in concentrations of 
order 10 6 m l - 1 . Thus, the order of magnitude advantage in 
diameter (and two orders of magnitude advantage in indi
vidual cross-section) held by the phytoplankton is more 
than compensated by the three orders of magnitude ad
vantage in number of particles held by the bacteria. (How
ever, the assumption of an equivalent scattering efficiency 
factor may be a source of error in this comparison.) This 
source of optical variability probably had gone undetected 
so long due to the difficulty in isolating the small particle 
component of the size distribution. 

Recent studies in the field and in the laboratory have 
demonstrated that marine bacteria are, in fact, an impor
tant variable in the description of the optics of the sea. 
Research off the coast of Peru has shown that intermediate 
(with depth) maxima in turbidity are well correlated with 
the occurrence of bacteria.1 In fact, the existence of a "lay
er" of bacteria at approximately 250 meters depth ac
counts for a decrease in the transmission of a collimated 
beam of 660 nm light of about 1.5% per meter path-
length. The resulting specific beam attenuation coefficient 
per bacterial cell in these waters is roughly 2.5x10 - 8 m-1 

cell-1. 
In a similar laboratory study, it was discovered that 

even while total volume of biological particulate matter 
went unchanged in a tank of sea water over several days, 
the shift in population from a few large phytoplankton to 
many small microbes resulted in significant (i.e., 30%) 
change in the total beam attenuation coefficient.2 This 
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