
Satellite, Surface, and Subsurface Optical Communications

Item Type text; Proceedings

Authors Mooradian, G. C.

Publisher International Foundation for Telemetering

Journal International Telemetering Conference Proceedings

Rights Copyright © International Foundation for Telemetering

Download date 19/05/2023 15:29:10

Link to Item http://hdl.handle.net/10150/609940

http://hdl.handle.net/10150/609940


SATELLITE, SURFACE, AND SUBSURFACE
OPTICAL COMMUNICATIONS

Dr. G. C. Mooradian
Naval Ocean Systems Center

San Diego, CA 92152

Abstract

Optical communication in the atmosphere, space, the marine boundary layer, and
underwater are being investigated for a variety of applications. Three classes of optical
communications systems will be addressed: OCULT (Optical Communications Using
Laser Transceivers), ELOS (Extended Line-of-Sight) optical communications and satellite
to subsurface optical communications. OCULT is a 10.6µ high rate reciprocal tracking
heterodyne laser communications system designed for nearly all-weather duplex video
bandwidth communications to horizon limited ranges. Of special interest are effects of
coherent propagation through fogs and turbulence. The ELOS system is a 1.06µ optical
aerosol scatter communications system for ranges of 30 to 300 miles. Scattering
measurement at 40 to 80 miles through the marine boundary layer will be presented. The
satellite to subsurface communication efforts deal with blue/green transmission from a
satellite, through the atmosphere (including clouds) to a submerged receiver, exploiting the
blue/green “window” in ocean water. The multiple forward scattered and diffusion
transport of serm-plane waves through clouds and ocean waters will be discussed.

Introduction

The use of optical frequencies for communication applications is being pursued in a
wide variety of propagation channels in the atmosphere, space, the marine boundary layer
and underwater. Three classes of optical communications systems will be addressed:
OCULT (Optical Communications Using Laser Transceivers), ELOS (Extended Line-of-
Sight) optical communications, and satellite to subsurface optical communications. These
three classes of optical communications systems represent distinctly different approaches
utilizing totally different technologies (from coherent 10.6µ technology, to blue/green
technology) addressing distinctly different requirements.

OCULT is a 10.6µ high rate reciprocal tracking heterodyne laser communications
system designed for nearly all-weather duplex video bandwidth communications to horizon
limited ranges. This system has evolved beyond the laboratory and was tested at sea



between two ships late in 1976.(1) During this test the following was demonstrated: full
automatic tracking and acquisition in a full spectrum of ships motion; transmission of one
video, four 20 kHz analog, and one 20 kb/s digital channels both ways simultaneously; and
the capability of automatic high precision station-keeping (relative bearing of ±0.05E,
range ±5 yds). Of special interest, however, are effects of coherent propagation through
fogs and turbulence. In this system application, high channel availability and high data rate
are the most critical system requirements.

The ELOS system is a low data rate system operating in the near infrared (1.06µ)
utilizing atmospheric scatter in the marine boundary layer for communications ranges of 30
to 300 miles. Here the driving requirement is an over-the-horizon communications
capability without use of a relay.

The satellite to subsurface communication efforts deal with blue/green transmission
from a satellite, through the atmosphere (including clouds) to a submerged receiver,
exploiting the blue/green “window” in ocean water. This very low data rate system
exploits one of the two alternate windows in the electromagnetic spectrum, the other being
extremely low frequency Electromagnetic radiation. Due to space considerations only a
summary of the results of the investigations to date will be presented and these will be
limited primarily to propagation issues.

OCULT

An experiment was performed in which the propagation effects of a seabased
environment upon a reciprocally tracking 10.6µ optical heterodyne communications link
were studied. While the OCULT system was designed as a wideband communications
system, it proved to be a uniquely valuable experimental tool for optical propagation
investigations.

 The objective of this four month experiment was to investigate the propagation of
coherent 10.6µ radiation through the marine boundary layer, including turbulence, haze
and fog.(2) The experiment was divided into three measurement phases as follows:

- Clear air turbulence

- determine wavefront angle of arrival and amplitude fluctuation behavior(3,4)

- determine improvement in average carrier-to-noise ratio (CNR) with high rate
reciprocal tracking (to 200 Hz)(5)



- Variation of CNR with optical thickness (J) in fog

- determine effects of particle size distribution, small J, etc.
- determine improvement in CNR with high-rate reciprocal tracking
- correlation of CNR with meteorological visibility

S Off-axis behavior in both clear air and fog

- determine angular brightness function in turbulent and turbid atmospheres (i.e.,
coherence diameter)

- determine effects of receiver variable field-of-view
- investigate possible doppler spectrum spreading vs. angle of arrival and
- off-axis radiance available for collection vs. J.

The propagation path chosen was an 18.2 km link across San Diego Bay (Figure 1).
Continuous recordings of temperature, relative humidity, visibility, wind speed, wind
direction, and particle-size concentration were taken at the Point Loma terminal (MET
Station 1 in Figure 1) of the OCULT propagation link, which is designated as the primary
OCULT transceiver. This terminal is 24 m above sea level and is approximately 18 m from
the edge of the bay on a small cliff. Surface pressure was recorded at the NOSC
atmospheric remote sensing facility located 3.7 km north of the Point Loma terminal.

Figure 1. Instrumentation of 18.2 km
OCULT propagation path.



The height of the sensors is 33 m above mean sea level. Moderate to strong
orographically induced mechanical turbulence can be expected at the Point Loma site from
winds over the cliff and the peninsula. The meteorological measurements must therefore be
considered as point measurements and do not necessarily represent the conditions along
the entire OCULT propagation link. For this reason, and in order to establish some
measure of the homogeneity of path properties, meteorological data were obtained from
existing Naval Weather Service facilities at the Naval Air Station North Island (NASNI)
(MET Station 2), and at the Naval Air Station Imperial Beach (NASIB) (Met Station 3).
The latter is approximately 1 km inland from the other optical transceiver site. Neither of
the latter two sites had the capability to measure particle-size concentration.

Moderate to strong turbulence can be expected at times at both ends of the path. At the
Imperial Beach end, the sand and asphalt provide a heat sink to produce considerable
warming of the air in contact with the ground. At the Point Loma end, the presence of the
cliff produces localized mechanical turbulence.

A much simplified block diagram of the OCULT system receiver is given in Figure 2.
The incoming beam goes through a calibrated manual pointing system, the fine angle (x
and y galvanometer) optical tracking system, and the 22:1 zoom lens to the nutator. The
nutator, which operates at 2 kHz, serves to move the beam over the surface of the detector
in a circular pattern, permitting an angle of arrival error-voltage signal to be derived. From
the nutator the beam goes through the beam splitter, where it is combined with the local
oscillator to impinge on the PbSnTe detector mixer. The received electrical signal is then
amplified and filtered at the IF frequency. The diode detector output yields the amplitude,
and the phase-lock loop yields the frequency of the incoming signal. Both have a 10 kHz
bandwidth. The AGC (automatic gain control) circuit has a frequency response between
zero and 10 Hz with a roll-off of ~3 dB per octave above 10 Hz.

For the purposes of this experiment, the signals available for recording were as follows
(the letters correspond to those shown on Figure 2):

a. Detector Output (IF) – measurement of CNR.

b. Fast AM port: Proportional to the high-frequency (10 Hz to 10 kHz) portion. of the
amplitude of the received signal fluctuations.

c. Fast FM port: Proportional to the frequency of the received signal, averaged over
the detector surface.



Figure 2.  Simplified block diagram for optical heterodyne receiver.

d. Position-error ports: Proportional to the fine-angle tracking errors in x and y. (If the
tracker is not engaged, this yields the angle of arrival of the wavefront to the limit of
the receiver field-of-view.)

e. Slow AM port: Proportional to the low-frequency (zero to 10 Hz) portion of the
amplitude of the received signal.

f. Galvanometer position ports: Proportional to the x and y position of the fine-angle
tracking optics. (When the trackers are engaged, this yields the angle of arrival over
an even larger range.)

The fast and slow AM ports, the galvanometer position ports, and the position-error
ports were the primary measurement points used for this experiment. The slow AM (AGC)
port was recorded on a strip chart recorder. The other three ports were fed into an audio
power spectrum analyzer with oscilloscope display and were recorded on Polaroid film.

Due to space restrictions the results of the experiment will only be summarized:

- The concept of the dominance of the coherent, direct beam in propagating through a
turbid media over an 18.2 km path has been demonstrated for a limited set of
conditions. This demonstrates that 10.6µ coherent propagation through a particulate
scattering media is limited only by extinction.



- The largest attenuation measured through fog/haze was ~7 dB across the 18.2 km
path with a visibility of < 1.6 km.

- High rate reciprocal pointing and tracking between two coherent optical
transceivers has been shown to be important in improving the average signal levels
for propagation through the marine boundary layer and reducing fluctuations. This is
true for fog and haze as well as clear paths. Improvements in CNR of up to 20 dB
were seen for clear air turbulence and up to 10 dB for fogs.

- The angular brightness function has been measured for propagation through the
marine boundary layer. Agreement with the theoretical angular brightness function
derived from the mutual coherence function was obtained. This yielded a coherence
length for the incident wavefront which was limited only by the receiver aperture
(variable up to 3 cm). This also supported the above result.

- Measurements of the power frequency spectrum of the received wavefront tilt were
made over both clear and haze paths, and limited correlation with wind velocities
was obtained.

- Based upon the scintillation levels recorded in the experiment, the turbulence levels
over the path were not significantly altered by the presence of haze.

- Observed scintillation levels based upon angle of arrival fluctuations measured in
the horizontal and vertical directions show that asymmetric turbulence conditions
exist and correlated well with wind direction.

It has been demonstrated that the OCULT system is a capable means of effecting
attenuations, scintillation, angular brightness function, and angle-of-arrival spectrum
measurements of coherent propagation for correlation with the meteorological
characteristics of marine environments.

ELOS

While OCULT addresses the very critical requirement of wideband, nearly all-weather
communication, the range limitation of the horizon severely limits some applications. The
ELOS (Extended Line-of-Sight) optical communications system utilizes optical aerosol
scatter in the marine boundary layer to provide over-the-horizon ranges of 30 to 300
miles.(6) A detailed, comprehensive analysis of ELOS propagation has been completed
addressing the following:(7) relative contributions from single and multiple scattering (as a
function of range), wavelength dependence, vertical exponential decrease in aerosol
concentration with altitude, effects of refraction, multipath time spread, etc. A plot of



theoretically predicted communications range versus meteorological visibility for various
wind velocities is given in Figure 3. Nominal systems parameters are indicated on the plot.
A typical condition of visibility 20 km, wind velocity 5 m/s, and relative humidity of 80%
indicates a voice communications range of 148 km (2400 BPS), and a teletype range of
187 km (75 BPS).

Figure 3.  Communication’s range as a function
of meteorological visibility using

the single scatter model.

To verify the propagation model, the characteristics of the scattering channel must be
measured. The following describes a summary of experimental results from two over-the-
horizon propagation links.(8) The path loss (received power divided by transmitted power)
was measured at 5145 D with a 1-watt CW argon laser and at 1.06 microns and 5320 D
with a pulsed frequency doubled Q-switched Nd:YAG laser. In the latter, both
wavelengths traversed identical propagation paths and were detected by a bi-wavelength
receiver.

The initial scattering channel selected was a 40 mile path with almost all of it over the
ocean. The transmitter was at NOSC in Point Loma. The receiver was on the beach at the 



Marine Base at Camp Pendleton. The geometric horizon was 25 miles from the transmitter
for the CW experiments, and was 1 2 miles for the pulsed.

The experimental results for the 40 mile link can be summarized as follows:

- For visibilities greater than ~10 miles, the path loss was nominally -100 dB
- Apparent angular source size was very small (<0.25E)
- When atmospheric ducting occurred, approximately 100 times more optical energy

was received and severe scintillations were observed (> 10 dB)
- Without ducting, almost no amplitude fluctuations were observed (<10%) due to

scattering volume aperture averaging
- Path loss at 1.06µ was ~20 dB less than at 0.53µ
- The single scatter model appears to be in better agreement with the experimental

data than the multiply scatter model, though this is not conclusive
- No evidence of pulse dispersion of the 20 ns pulse was observed at either 1.06µ or

0.53µ
- No enhancement of received signal with increased elevation angle was observed
- Electrical signal to noise ratios >90 dB have been measured at 1.06µ (day)
- The scattered beam is very sharply peaked in the forward direction (nominally

-20 dB at 10 mrad off-axis in azimuth) and falls off more rapidly in azimuth than
elevation.(9, 10,11)

Pulsed measurements at a range of 80 miles from NOSC to San Clemente Island at
1.06µ have also been made with the following results:

- Apparent angular source size was ~1E
- Significant pulse stretching was not observed
- Electrical signal to noise ratios of 35 dB were measured
- Signals fell off more slowly with angle at 80 miles than at 40 miles in both azimuth

and elevation
- Single scatter theory appears to hold.

Satellite to Subsurface Optical Communications

It has long been recognized that the so-called “blue-green window” for optical
propagation through sea water offers a potential for direct communications between
satellites and submerged receivers at significant depths.(12) This recognition has spurred
continuing efforts to develop a technology base in blue-green propagation and devices.
Recently, this technology base was used to evaluate the feasibility of a satellite-to-
subsurface optical communication system.(13) In this study effort, it was assumed that a
laser transmitter would be spaceborne and would broadcast to a large area of the ocean.



Note Figure 4. However, this study made it imminently clear that there were still major
deficiencies in the blue-green technology base. In particular, in order to reduce the
technical risk for such a system to satisfactory levels, the device technology would have to
produce significantly better optical filters for solar background rejection and much more
efficient lasers; and the propagation technology would have to resolve major uncertainties
in the transmission of pulsed energy through clouds and the uncertainties in the values of
ocean optical transmission properties. Given that these problems could be resolved, a
highly important communication capability could be realized.

Figure 4.  Satellite to subsurface optical
communications geometry.

 The transport of optical energy through clouds, the air-sea interface, and underwater
provides the channel for satellite to subsurface optical communications links. (14,15) This
multiple optical scatter channel is simplified by assuming semi-infinite plane-wave
illumination; i.e., the spots on the ocean are large, many miles in diameter. While good,
experimentally verified models exist for subsurface propagation, cloud propagation models
are not so well in hand. One reason for this is the nature of the propagation medium itself.
For sea water the albedo of single scattering ranges between typical values of 0.25 and
0.6. This results in significant absorption of multiple scattered rays that propagate extra
path lengths. This results in an exponential irradiance dependence with depth that is
approximately given by only the absorption coefficient. The small correction being due to
the additional path length the rays travel when multiply scattered and is albedo dependent.
Likewise, multipath time spread is generally negligible due to absorption of long path rays.



On the other hand multiple scattering within a cloud is generally characterized by an
albedo very close to one: almost no absorption occurs in the clouds. Energy is merely
redistributed with losses observed at a receiver being attributed to light leaking out of the
clouds. Since these multiple scattering effects are highly geometry dependent, the case of
concern is primarily that of semi-plane wave illumination of cloud tops – where the spot
size is much greater than the cloud thickness. This case is one in which we have a great
deal of natural experience, as it relates to solar transmission through clouds. Clearly even
when optically thick clouds are present in the intervening path the solar irradiance
reduction seldom exceeds 20 dB. In general, however, the characterization of the
propagation effects of pulsed blue/green beams in a satellite-to-subsurface communications
channel will be in terms of the time dependent radiance measured at a distance below the
scattering medium. Therefore, to fully understand the degradation of clouds in this channel,
more needs to be known than just irradiance transmission. Thus the technical uncertainties
in clouds are primarily propagation “theory” related, whereas uncertainties in the water are
due to a lack of quantification of parameters of the water mass, (e.g., absorption
coefficient, scattering coefficient, mean square scattering angle, variations with depth,
etc.).

Of particular interest in characterizing the channel degradation effects of clouds are the
following:

- Characterization of total optical transmission and spatial spreading for finite beam
diameters

- Characterization of the propagation transition regimes: direct beam to multiple
forward scatter to diffusive multiple scatter

- Multipath time spread and geometrical time delays
- Effects of inhomogeneous clouds and nonuniform boundaries
- Characterization of side losses in clouds of finite lateral extent
- Effects of Rayleigh scattering above the clouds: i.e., blue sky contributions
- Angle of incidence behavior (very geometry dependent)
- Characterization of angular spreading of the energy exiting the cloud (e.g., this will

effect the air-sea interface coupling, etc.)

It is fortunate that many of these channel degradation effects can be measured using
solar illumination for the prime geometry of interest. The sun provides a reasonable
approximately to a point source (0.5E) and a good approximation to a semi-infinite plane-
wave. This enables one to measure most amplitude related propagation effects simply;
e.g., total transmission, angle of incidence behavior, etc. It is the temporal and spreading
behavior of the blue/ green beam exiting the cloud that is the most difficult to characterize.



Optimum communication system performance depends upon the amount and form of
the received signal. For example, a small number of photons confined to a relatively short
time span is much more desirable under background-limited operation than if the same
amount of light is spread over a larger time interval. Thus, because of the severe
degradation incurred by an optical beam traversing a particulate random medium, the
quantification of multipath time spread, angular, and spatial spread is of primary
importance towards the realization of satellite-to-subsurface optical communications.

Currently, there are several analytical and Monte Carlo based treatments which discuss
all or part of this subject in some detail.(16,17) Unfortunately, the amount of experimental
work in this area is not so extensive.(18)

NOSC has obtained the first quantitative experimental verification and developed a
general analytical model for the region of moderate to high fog density.(19,20) Good
agreement was found between experiment and theory.

Experimental field sites were established for propagation measurements on either a
0.96 km or a 2.4 km path length. The equipment was assembled and the techniques
developed to obtain the following measurements in coastal fog using a frequency doubled
Nd:YAG laser and two receivers (a narrow FOV and variable FOV receiver):

- Propagation path loss and time spread as a function of field of view (half angle):
2<FOV <16E

- Simultaneous integrated optical thickness of the propagation path
- Angular brightness function of the apparent scattering source.

The first measurements through fog have identified three distinct regions for energy
transport. Note Figure 5.

I.  Small number of scattering lengths in the path (O < J < 13). Here, the direct,
unscattered beam dominates with exponential path loss decay of 4.34 dB/J and no
temporal or angular spreading.

II.  Medium number of scattering lengths (13 <J < 32). Multiple scattering is strongly
peaked in the forward direction. This energy exhibits small spatial, angular, and temporal
spreading and is the main contributor to the received signal. This component also decays
exponentially but at a much slower rate of 2 dB/J. Pulse dispersion is less than 150 ns and
the energy is confined to within 2E.



Figure 5.  The three regions of energy transport.

III.  Very large number of scattering lengths (J > 32). The direct and forward scatter
beam has decayed to the point where the diffusion type multiple scattered radiation is the
dominant energy received. This component does not decay exponentially but results in a
large spatial, angular, and temporal spreading. This accounts for the good solar irradiance
transmission through clouds.

Clearly many technical uncertainties remain in the quantification of the channel
characteristics for a satellite-to-subsurface optical communications link. These are
presently being addressed.
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