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(57) ABSTRACT 

The systems and methods of the invention provide for 
improved underwater communication systems. In particular, 
the systems and methods of the invention provide for 
improved underwater optical modems including optical 
transmitters and optical receivers that allow omni-directional 
transmission and reception of optical signals underwater and 
having a range of about 100 m and allowing data rates greater 
than 1 Mbit/s. The systems and methods of the invention also 
provide for underwater communication networks having a 
plurality of optical modems communicating with each other. 
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SYSTEMS AND METHODS FOR 
UNDERWATER OPTICAL COMMUNICATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This Application is a continuation of U.S. patent 
application Ser. No. 1 1/348,726 filed on Feb. 6, 2006, the 
entire contents of which are hereby incorporated by refer 
CCC. 

BACKGROUND OF THE INVENTION 

0002 There is an increasing need for long term observa 
tion of the earth-ocean system. In particular, Scientists wish to 
monitor oceanic processes as well as improve predictive 
modeling of complex natural phenomena that vary over dis 
tance and time. Ocean observatories are being deployed at the 
seafloor and connected by cable or buoy to surface networks 
to help scientists study these oceanic processes. Scientists are 
also deploying unmanned underwater vehicles (UUV) that, 
due to their mobility, can expand the reach of the seafloor 
observatories. These UUVs typically carry sensors on-board 
and operate autonomously, carrying out pre-programmed 
missions. Certain types of UUVs are tethered by cable to the 
seafloor observatories. The tethered UUVs have a short range 
ofmotion and are limited by the length of the tether. Scientists 
are also deploying un-tethered UUVs which are controlled 
wirelessly by an acoustic communication system oran optical 
communication system. Acoustic communication systems, 
however, are limited by low bandwidth and high latency, and 
do not permit video or other high-rate data transfers. 
0003. Accordingly, there is a need for an improved under 
water communication system that allows high-bandwidth, 
bidirectional wireless communication between UUV and sea 
floor observatories or other seafloor nodes. In general, there is 
a need for a high-bandwidth, high-range underwater commu 
nication system that allows bidirectional wireless communi 
cation. 

SUMMARY OF THE INVENTION 

0004. The systems and methods described herein include 
improved underwater communication systems and improved 
methods to communicate between two or more underwater 
nodes, including unmanned underwater vehicles and seafloor 
observatories. 
0005. In one aspect, the invention provides an underwater 
communication system that includes a transmitter and 
receiver that are physically separated from each other and can 
send and receive electromagnetic radiation in the optical 
spectrum. The transmitter includes a diffuser to diffuse the 
optical radiation along many different directions to allow 
omni-directional transmission. The receiver includes a dif 
fuser to diffuse optical radiation from a plurality of different 
directions to allow omni-directional reception. In other 
aspects, the invention provides for an underwater communi 
cation system that includes multiple nodes, having transmit 
ters and receivers that are configured for high-bandwidth, 
high-range and omni-directional communication between the 
nodes. 
0006 More particularly, in one aspect, the systems and 
methods described herein include underwater communica 
tion systems. The underwater communication systems com 
prise a transmitter having a source capable of emitting elec 
tromagnetic radiation, and a diffuser capable of diffusing the 
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electromagnetic radiation. The diffuser is disposed in a posi 
tion Surrounding a portion of the source for diffusing the 
electromagnetic radiation in a plurality of directions. The 
underwater communication system may also comprise a 
receiver having a detector capable of detecting electromag 
netic radiation, such that the electromagnetic radiation can be 
received in substantially any direction. The transmitter and 
the receiver may be physically separated from each other and 
the electromagnetic radiation may include electromagnetic 
waves of wavelength in the optical spectrum between 300 nm 
and 800 nm. 

0007. In one embodiment, the transmitter may include a 
plurality of Sources and optionally, the Sources may be indi 
vidually controllable. The transmitter may also include an 
electronic circuit to drive the source. The electronic circuit 
may include at least one of an emitter coupled logic design, a 
cascode configured design, and a totem pole-type design. The 
electronic circuit may include at least one of a field effect 
transistor, and a bipolar device. Additionally and optionally, 
the transmitter may comprise an etalon to modulate the elec 
tromagnetic radiation from the Source. 
0008. In another embodiment, the receiver may comprise 
a diffuser capable of diffusing the electromagnetic radiation 
and disposed in a position Surrounding a portion of the detec 
tor. The receiver may be capable of receiving the electromag 
netic radiation along a radius of a hemispherical region. In 
certain embodiments, the receiver may include an electronic 
circuit to prevent the saturation of the detector. In such 
embodiments, the electronic circuit may include an automatic 
gain control circuit. 
0009. The diffuser may be formed from at least one of a 
discrete reflective element, a discrete refractive element and a 
high transmission scattering medium. The diffuser may be 
integrally formed with the detector. Additionally and option 
ally, the diffuser may be integrally formed with the source. 
The diffuser may also be disposed on top of the source. In 
another embodiment, the diffuser may be capable of diffusing 
the electromagnetic radiation in a plurality of directions along 
a radius of a hemispherical region. The diffuser may be 
formed from at least one of silicone and TiO. In certain 
embodiments, the source may include at least one of a light 
emitting diode, a laser diode and a photodiode and it may be 
embedded in the diffuser. The detector may be a photomulti 
plier tube including a large-aperture, hemispherical photo 
multiplier tube. 
0010. In another aspect, the systems and methods 
described herein include underwater communication systems 
comprising two or more nodes that can transmit and receive 
electromagnetic radiation. Each node may include a transmit 
terhaving a source capable of emitting electromagnetic radia 
tion, and a diffuser capable of diffusing the electromagnetic 
radiation. The diffuser may be disposed in a position Sur 
rounding a portion of the Source for diffusing the electromag 
netic radiation in a plurality of directions. Each node may also 
include a receiver having a detector capable of detecting 
electromagnetic radiation, such that the electromagnetic 
radiation can be received in Substantially any direction. In 
Such a system, two or more nodes are physically separated 
from each other and the electromagnetic radiation includes 
electromagnetic waves of wavelength in the optical spectrum 
between 300 nm and 800 nm. 

0011. In one embodiment, the power of transmission of 
the electromagnetic radiation is kept fairly constant overtime. 
Each of the two or more nodes may transmit and receive the 
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electromagnetic radiation at a rate of approximately 1 Mbps 
or higher. The two or more nodes may be separated from each 
other by a distance of approximately 100 m or higher. Addi 
tionally and optionally, at least one of the two or more nodes 
includes a mobile unit. One of the two or more nodes may also 
include a stationary unit. 
0012. In another aspect, the systems and methods 
described herein include methods of manufacturing an opti 
cal modem for an underwater optical communication system. 
The methods may include the steps of providing at least one 
Source of optical radiation and disposing the at least one 
Source within a diffuser Such that the electromagnetic radia 
tion emitted from the source is diffused in a plurality of 
different directions. The method may also include providing 
at least one detector configured to receive and detect optical 
radiation from a plurality of different directions. A portion of 
the source, the diffuser and the detector may be enclosed in a 
water impermeable enclosure Such that the optical modem 
may transmit and receive optical radiation underwater. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 The following figures depict certain illustrative 
embodiments of the invention in which like reference numer 
als refer to like elements. These depicted embodiments may 
not be drawn to scale and are to be understood as illustrative 
of the invention and not as limiting in any way. 
0014 FIG. 1 depicts a high-level block diagram of an 
optical communication system according to the invention. 
0015 FIG. 2 is a graph depicting the relationship between 
attenuation coefficient of electromagnetic radiation and 
wavelength of the electromagnetic radiation in water and 
SeaWater. 

0016 FIG. 3 is a more detailed block diagram of a trans 
mitter according to one illustrative embodiment of the inven 
tion. 
0017 FIG. 4 is a more detailed block diagram of a receiver 
according to one illustrative embodiment of the invention. 
0.018 FIG. 5 is a network architecture for an underwater 
communication system according to one illustrative embodi 
ment of the invention. 
0019 FIG. 6A-6C are charts depicting the direction of 
propagation of electromagnetic radiation from a transmitter 
according to the invention. 
0020 FIG. 7 is a graph depicting the relationship between 
the average power required to transmit electromagnetic radia 
tion in the optical spectrum and range of transmission. 
0021 FIG. 8 depicts underwater communication between 
a seafloor observatory and an unmanned underwater vehicle 
according to one implementation of the invention. 
0022 FIG.9 depicts underwater communication between 
an underwater unmanned vehicle and two seafloor observa 
tories according to one implementation of the invention. 
0023 FIG. 10 depicts a transmitter including a plurality of 
Sources and a diffuser according to one illustrative embodi 
ment of the invention. 

DETAILED DESCRIPTION OF CERTAIN 
ILLUSTRATED EMBODIMENTS 

0024. These and other aspects and embodiments of the 
systems and methods of the invention will be described more 
fully by referring to the figures provided. 
0025. The systems and methods described herein will now 
be described with reference to certain illustrative embodi 
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ments. However, the invention is not to be limited to these 
illustrated embodiments which are provided merely for the 
purpose of describing the systems and methods of the inven 
tion and are not to be understood as limiting in anyway. 
0026. As will be seen from the following description, in 
one aspect the invention provides an underwater communi 
cation system that includes a transmitter and receiver that are 
physically separated from each other and can send and 
receive electromagnetic radiation in the optical spectrum. 
The underwater communication systems include diffusers 
that diffuse the optical radiation such that the transmitter may 
send optical radiation in many different directions and the 
receiver may detect optical radiation arriving from many 
different directions. In other aspects, the systems provide for 
an underwater communication system that includes two or 
more modems, each modem having transmitters and receiv 
ers that are configured to send and receive optical radiation to 
and from many different directions. 
0027 FIG. 1 depicts a high-level block diagram of an 
optical communication system 100 comprising a transmitter 
102 and a receiver 104. The transmitter 102 and the receiver 
104 are shown to be physically separated from each other in 
a communication medium 106. Arrow 108 indicates the 
direction of information flow from the transmitter 102 to the 
receiver 104. 

0028 Transmitter 102 includes electronic and optical 
components to prepare and then wirelessly transmit an input 
signal across the communication medium 106. To prepare an 
input signal for the purposes of transmission, the transmitter 
102 receives input signals from an input device and then 
converts the format of the input signal to a format that can be 
used to transmit the information contained in the input signal 
through the communication medium 106. In one embodi 
ment, the transmitter 102 may be configured to receive input 
signals from different types of input devices. In Such an 
embodiment, the input devices may include data elements 
Such as sensors including a temperature sensor, a pressure 
sensor, a motion sensor, a light sensor, and/or a video camera. 
The input devices may also include control elements such as 
a keyboard, a mouse, a joystick, a keypad and a program on a 
computer. The transmitter 102 may be configured to convert 
the format of the input signals obtained from both data ele 
ments as well as control elements to a format that is better 
Suited for transmitting the information contained in the input 
signal over particular communication medium 106. As an 
example, if the communication medium 106 is water, then the 
format of the input signal may be converted to a format that 
the transmitter may be able to send on electromagnetic waves 
in the optical spectrum. 
0029. To wireles sly transmit a prepared input signal 
through the communication medium 106, the transmitter 102 
includes an oscillator to generate a carrier wave and a direc 
tional element to control the direction in which the informa 
tion is transmitted. The oscillator in a transmitter may be 
configured with Suitable circuitry to generate a carrier wave 
of a suitable type, intensity and frequency. The carrier wave 
typically carries the information in the input signal. In one 
embodiment, the transmitter may be configured to include an 
oscillator that is capable of generating electromagnetic waves 
(carrier waves) in the optical frequency range where the inten 
sity of the electromagnetic waves are modulated according to 
the information contained in the prepared input signal. The 
directional element in a transmitter 102 may be configured to 
control the direction in which the modulated carrier waves are 
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transmitted. Directional elements may include a diffuser to 
transmit the modulated carrier waves in a number of direc 
tions. The directional element may include collimators that 
transmit the modulated carrier waves (typically in the optical 
spectrum) in a particular desired direction based, at least in 
part, on the arrangement of the elements in the collimator. The 
modulated carrier wave is transmitted through the communi 
cation medium 106 and may be received and detected by a 
suitable receiver 104. 

0030 Receiver 104 includes electronic and electrical 
components to receive and process a modulated carrier wave 
containing information from the input signal from a transmit 
ter 102 across a communication medium 106. To receive a 
modulated carrier wave, the receiver 104 includes a direc 
tional element to control the direction from which the infor 
mation is received and a detector to detect a characteristic of 
the modulated carrier wave. Directional elements may 
include a diffuser to receive the modulated carrier waves from 
a plurality of directions. The directional element may also 
include tracking elements such as acoustic sensors such that 
the modulated carrier wave is received from a particular 
direction. The detector in a receiver 104 may be configured 
with Suitable circuitry to detect incoming modulated carrier 
waves and generate electrical signals corresponding to the 
type, intensity and frequency of the modulated carrier wave. 
In one embodiment, the receiver 104 may be configured to 
include a detector that is capable of detecting electromagnetic 
waves (carrier waves) in the optical frequency range where 
the intensity of the electromagnetic waves are modulated by a 
transmitter 102 according to the information contained in the 
signal being transmitted and received. In one implementation, 
receiver 104 includes a detector such as a photomultiplier 
tube. 

0031. To process a received modulated carrier wave, the 
receiver 104 includes circuitry to convert the format of the 
modulated carrier wave to a format that can be used to further 
analyze the information contained in the modulated carrier 
wave and then to output the processed signal to a desired 
output device. In one embodiment, the receiver 104 may be 
configured to convert the format of the modulated carrier 
wave to a format Such that the underlying carrier wave may be 
removed leaving behind the information contained in the 
original input signal sent from the transmitter 102. The 
receiver 104 may also include circuitry to further format the 
information Such that the processed signal may have a format 
that is acceptable to output devices. In one embodiment, the 
receiver 104 may be configured to output the processed signal 
to different types of output devices. In such embodiments, the 
output devices may include computers, sensors and power 
Supply units. The flow of information over the communica 
tion medium 108 is typically from the transmitter 102 to the 
receiver 104. 

0032 Arrow 108 shows that this flow of information from 
the transmitter to the receiver. While arrow 108 depicts the 
direction of information flow, it does not necessarily restrict 
the direction of propagation of the modulated carrier wave to 
any special direction. The direction of propagation of the 
modulated carrier wave may typically be controlled by the 
directional elements in the transmitter 102 and the receiver 
104. Even though, arrow 108 shows the flow of information 
from one transmitter to one receiver, it does not necessarily 
restrict information flow to only between one transmitter and 
one receiver. 
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0033. In other embodiments, the receiver 104 may receive 
transmitted signals from one or more transmitters 102. The 
transmitter 102 may also transmit to one or more receivers 
104. A more detailed discussion about the components and 
operation of the transmitter 102 and the receiver 104 is pre 
sented in FIGS. 3 and 4. 
0034. The communication medium 106 is the physical 
medium located between the transmitter and the receiver 
through which the modulated carrier waves propagate. In one 
embodiment the communication medium is water. In Such an 
embodiment, the communication medium may be more spe 
cifically one of Salt water, Sea water, mineral water, lake 
water, or clear water. In alternative embodiments, the com 
munication medium may be any liquid. In other embodi 
ments, the communication medium may be any gas. The 
communication medium 106 actually present may limit the 
selection of carrier waves. While carrier waves with a certain 
range of frequencies may be used in certain types of wireless 
communication in air and space, those carrier waves may not 
be used for wireless communication underwater. As an 
example, if the communication medium 106 is water, then the 
carrier waves may be selected to be electromagnetic in nature 
and may have a wavelength selected from a wavelength in the 
optical spectrum. The choice of carrier wave in a certain 
medium 106 is influenced by attenuating characteristics of 
the medium 106. For example, the decrease in intensity of 
electromagnetic radiation as it passes through a communica 
tion medium 106 is typically exponentially related to at least 
the attenuation coefficient and the range (e' where “c” is the 
attenuation coefficient and the “R” is the range). The attenu 
ation coefficient and the range are typically functions of 
wavelength of the electromagnetic radiation. 
0035 FIG. 2 is a graph depicting the relationship between 
the coefficient of attenuation of electromagnetic radiation in 
water and the wavelength of the electromagnetic radiation. 
The horizontal axis 202 represents the wavelength of the 
electromagnetic radiation in nm (10 m). The vertical axis 
represents the attenuation coefficient in cm shown in a 
logarithmic scale. The data points for plots 206-220 show 
experimental results for attenuation coefficients at certain 
wavelengths. 
0036 More, particularly, graph 200 shows the attenuation 
coefficient of electromagnetic radiation in clearwater as well 
as sea water. Since data points corresponding to water and sea 
water plots 206-220 in graph 200 can be approximated by a 
straight line and since the vertical axis is in logarithmic scale, 
we can say that the relationship between the attenuation coef 
ficient of electromagnetic radiation and wavelength is 
roughly exponential. The graph 200 further shows that sea 
water is generally opaque to electromagnetic radiation except 
over the optical spectrum. 
0037. The attenuation coefficient depicted in graph 200 
typically includes both absorption and scattering compo 
nents. The absorption and scattering have a strong wave 
length dependence that is typically determined by at least the 
type and number of particles found in the volume of seawater. 
However, water clarity is generally known to be high at 
deeper locations than in shallow or Surface locations and 
consequently the scattering component is Small in compari 
son with the absorption component of attenuation. 
0038. In addition to absorption and scattering, other fac 
tors may also influence the optical properties of water. In 
oceanic conditions, some other factors include Cerenkov 
radiation and bioluminescence. Cerenkov radiation is the 
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light emitted when charged particles enter a transparent 
medium at a speed greater than the speed of light in that 
medium. It is typically seen as a bluish glow around strong 
radioactive sources, such as irradiated fuel elements stored 
under water. Cerenkov radiation in Seawater includes a spa 
tially distributed Source of light throughout the ocean caused 
by the radioactive decay of K'. Bioluminescence is light 
generated by living organisms. Bioluminescence can produce 
irregular flashes of blue-green light that are typically an order 
of magnitude more intense than the Cerenkov radiation. 
0039. As noted above, the range of propagation of electro 
magnetic radiation in the optical spectrum ("light') is also 
typically a function of wavelength. In an underwater wireless 
optical communication system, similar to system 100, the 
range of the optical link between the transmitter 102 and the 
receiver 104 may also be proportional to the optical power of 
signals sent by the transmitter 102, an illuminated area that 
may be controlled by the directional element in the transmit 
ter 102, light gathering aperture of the directional element at 
the receiver 104, bit rate controlled by the modulation scheme 
used in the transmitter 102 to modulate the optical carrier 
wave and other factors related to the transmitter 102 and the 
receiver 104. In general, an underwater wireless communica 
tion system 100 may include a number of additional compo 
nents within the transmitter 102 and the receiver 104 that 
perform different functions to improve overall efficiency and 
performance of the communication link. 
0040 FIG.3 depicts a more detailed view of a transmitter 
102, connected to input devices including a data element 300 
and a control element 302. The transmitter 102 comprises a 
waterproof enclosure 304 that houses a microprocessor 306, 
an oscillator 308, a directional element 310, a memory 312 
and a power supply 314. The microprocessor 306 includes a 
data interface module 316, a protocol/buffer module 318, a 
coding module 320 and a modulating module 322. Elements 
are electrically connected to each other by interconnect bus 
324. The transmitter 102 receives an input signal containing 
information to be transmitted from input devices including 
the data element 300 and the control element 302. 

0041) Data element 300 includes sensors that typically 
acquire information from the Surrounding environment Such 
as temperature, pressure, gaseous composition, visual 
appearance. In one embodiment, a data element 300 may 
include at least one of a temperature sensor, a moisture sensor, 
a pressure sensor, a gas sensor, a light sensor and a video 
camera. In another embodiment, the data element 300 may 
include a laser induced breakdown spectrometer, Raman 
spectrometer or mass spectrometer. The data element 300 
may include other devices that collect information from the 
surrounding environment. The data element 300 typically 
generates a data signal that contains information sensed from 
the Surrounding environment. The data signal generated by 
the data element may include electrical DC or AC signals 
having characteristics representative of the information col 
lected. For example, the amplitude of a DC electrical signal 
may be representative of the temperature of the Surrounding 
environment. 

0042 Control element 302 includes devices that typically 
output a control signal. The control signal may control the 
operation of other devices. For example, the control element 
302 may include a joystick that outputs a directional control 
signal. The directional control signal may be transmitted to a 
vehicle and then the signal may control the direction of move 
ment of a vehicle. Control elements may include at least one 
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of a joystick, a keyboard, a mouse, a keypad and a steering 
wheel, or a computer program. Control element 302 may also 
include other devices that are capable of generating a control 
signal without departing from the scope of the invention. The 
control signal generated by the control element may include 
electrical DC and AC signals such that one or more charac 
teristics of the electrical signal may be representative of the 
control desired. 

0043. The transmitter 102 has a waterproof enclosure 304 
that houses the transmitter components and prevents damage 
to the internal circuitry from water. In one embodiment, the 
waterproof enclosure 304 may be formed from suitable 
waterproof or water impermeable material. In particular, the 
water proof material may be formed from fine polyester/ 
nylon blends, rubber or plastic, hydrophobic material or other 
non-porous materials and may include Suitable sealants. The 
waterproof enclosure 304 may include at least one layer of 
NEOPRENER or GORETEX(R). In other embodiments, the 
waterproof enclosure 304 may formed by coating a layer of 
waterproof material on a non-waterproof material. The water 
proof enclosure 304 may also have one or more layers of 
material that may be impermeable to other liquids and gases. 
The waterproof enclosure 304 may also have of one or more 
layers of material that may be resistant to high temperature 
and pressure (e.g., high-temperature and high pressure at 
ocean depths of greater than 300 m). In other embodiments, 
the waterproof enclosure 304 may comprise of one or more 
layers of material that may be resistant to corrosive and abra 
sive substances. In still other embodiments, the waterproof 
enclosure 304 may comprise of one or more layers of material 
that may be resistant to abuse from wildlife. In certain 
embodiments, a portion of the waterproof enclosure 304 may 
be formed from a material that allows the signal to be trans 
mitted, to pass through. As an example, for optical commu 
nication, a portion of the waterproof enclosure 304 may be 
formed from a transparent material to allow light rays to pass 
through. The waterproof enclosure 304 substantially prevents 
environmental damage to the transmitter 102 and its various 
internal components including the sensitive electronic circuit 
within the microprocessor 306. 
0044 As noted above, the microprocessor 306 includes a 
data interface module 316, a protocol/buffer module 318, a 
coding module 320 and a modulating module 322. The input 
devices send their input signals to the transmitter 102 through 
the data interface module 316. The data interface module 316 
includes circuitry to convert the input signals from the input 
devices to a format suitable for communication. The input 
signals may include signals having different formats such as 
signals formatted as packet data for Internet communication, 
and signals formatted as a serial bit stream or parallel bit 
stream. The input signals may be of differing types such as 
analog signals and digital signals. The data interface module 
316 is configured to convert analog input signals to digital 
signals which may easily be manipulated by the micropro 
cessor. The data interface module 316 may include an analog 
to-digital (A/D) converter circuit. The data interface 316 may 
also be equipped with multiplexing circuitry to allow a plu 
rality of input signals from at least one of a data element and 
a control element. In one embodiment, the data interface 316 
converts input signals to a formatted digital signal having 
serial format. In Such an embodiment, the input signal is 
formatted for wireless optical communication Such that the 
input signal is first transformed to a serial bit stream. The 
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serial bit stream may then be buffered and further processed 
by other modules in the microprocessor 306 including the 
protocol/buffer module 318. 
0045. The protocol? buffer module 318 includes circuitry 
to prioritize, order and buffer the formatted input signal. 
Typically, the formatted input signal is in digital format 
wherein the information is represented as a stream of binary 
digits 0 or 1 (bits). The stream of bits may be broken up into 
short segments known as packets. All the bits in each packet 
of bits may be processed together in short bursts of time. The 
protocol/buffer module 318 buffers the formatted input signal 
so that the bitrate, packet size, burst length and coding may be 
adjusted and matched. Buffering allows for a consistent inter 
face with fairly predictable throughput. The protocol/buffer 
module 318 also includes protocols that may be used to con 
trol data flow. As an example, the protocol/buffer module 318 
may include a protocol that can be used to control and manage 
the information being transmitted by different input devices 
Such as instruments, sensors and control devices. Such a 
protocol may allow for priority control where important data 
can be given higher priority in systems with multiple data 
streams. In addition to buffering and protocol adjustment 
capabilities, the protocol/buffer module 318 may also include 
buffer circuits that may be configured to amplify the format 
ted input signal. 
0046. The coding module 320 includes circuitry config 
ured to perform the functions of Source coding and channel 
coding. In particular, the coding module 320 performs source 
coding functions such as data compression in order to limit 
the size of the data being sent by the communication system. 
Data compression includes algorithms to reduce the number 
of bits of digital data being sent while still transmitting all or 
substantially all information contained in the bit stream. The 
coding module 320 also performs source coding functions 
Such as data encryption in order to keep the data secure. Data 
encryption includes algorithms that Scramble the digital bit 
stream Such that any unauthorized interception might pro 
duce an undecipherable sequence of bits. The coding module 
320 typically includes algorithms and circuits to compress 
and encrypt the formatted input signal. Particularly, the cod 
ing module 320 may be programmable Such that compression 
and encryption algorithms may be programmed directly onto 
it. The coding module 320 may also be configured to perform 
channel coding functions such as error correction codes to 
improve the signal-to-noise ratio and lower error rates. Chan 
nel coding is typically a methodology of encoding data that 
adds patterns of redundancy. Error correction codes are 
applied to the formatted input signal and allow an error during 
transmission to be localized and corrected by a receiver 104. 
In one embodiment, the coding module 320 may be a soft 
ware program implemented in the microprocessor 306. The 
formatted, compressed, encrypted and error-corrected input 
signal ('prepared signal) is then sent to a modulating module 
322. The signal to be modulated typically comprises packets 
of bits of data that contains information from the input signal 
in a compressed form as well as additional encryption bits and 
error-correction bits 

0047. The modulating module 322 modulates the format 
ted, compressed, encrypted and error-corrected input signal 
(“prepared signal'). Modulation is the operation performed 
on the signal to allow it to be transmitted over the communi 
cation channel 108 in the communication medium 106. In one 
example, in order to transmit a signal over an optical channel 
underwater, electromagnetic waves in the visible spectrum 
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between 300 nm and 800 nm have to be modulated with the 
information containing input signal. In Such an example, the 
modulating module 322 may be configured with a modulation 
algorithm such that the input signal may be encoded in the 
carrier signal generated by the oscillator 308. In one particu 
lar embodiment, the modulation method implemented in the 
modulating module 322 is on-off keying (“OOK'). OOK is a 
type of modulation that represents the digital input signal as 
the presence or absence of a carrier signal. In its simplest 
form, the presence of a carrier signal for a specific duration 
represents a binary one, while its absence for the same dura 
tion represents a binary Zero. Some more Sophisticated 
schemes vary these durations to convey additional informa 
tion. In another embodiment, the modulation method imple 
mented in the modulating module 322 is pulse-position 
modulation (“PPM). PPM uses a train of pulses with a fixed 
amplitude and width. PPM is a type of modulation where the 
position of each pulse, in relation to the position of a recurrent 
reference pulse, is varied by the information contained in the 
prepared signal. In PPM, while the position of the pulse may 
be modulated, the amplitude of reference pulse is generally 
maintained fairly constant and consequently the transmitted 
power is also maintained Substantially constant. Other modu 
lation methods may be implemented in the modulating mod 
ule 322 without departing from the scope of the invention. 
The modulating module 322 typically works in conjunction 
with the oscillator 308 such that scheme of operation of the 
oscillator 308 is linked to the modulation method adopted by 
the modulating module 322. 
0048. The oscillator 308 includes circuitry that can gener 
ate carrier waves of a desired wavelength and intensity. In one 
embodiment, oscillator 308 includes circuitry to generate 
electromagnetic carrier waves. In another embodiment, the 
oscillator 308 includes circuitry to generate acoustic carrier 
waves. In one embodiment, the oscillator 308 includes a light 
Source to generate electromagnetic carrier waves in the opti 
cal wavelength. In Such an embodiment, the light source 
selected will be in the blue-green region of the spectrum to 
take advantage of the low attenuation. In other embodiments, 
the light source may include an arc lamp, an incandescent 
bulb which also may be colored, filtered or painted, a lens end 
bulb, a line light, a halogen lamp, a light emitting diode 
(LED), a chip from an LED, a neon bulb, a fluorescent tube, 
a fiber optic light pipe transmitting from a remote source, a 
laser or laser diode, or any other Suitable light source. Addi 
tionally, the light sources may be a multiple colored LED, or 
a combination of multiple colored radiation Sources in order 
to provide a desired colored or white light output distribution. 
For example, a plurality of colored lights such as LEDs of 
different colors (red, blue, green) or a single LED with mul 
tiple colored chips may be employed to create white light or 
any other colored light output distribution by varying the 
intensities of each individual colored light. In one embodi 
ment, the light source includes high intensity blue LEDs such 
as those fabricated from Gallium Indium Nitride (InGaN) on 
a silicon carbide (SiC) substrate. 
0049. The oscillator 308 may also include electronic drive 
circuits to control the operation of the oscillator 308. The 
electronic drive circuits may include various configurations 
of Switching devices such as field effect transistors (FETs) 
and bipolar transistors. In particular, FETs include metal 
oxide semiconductor FETs (MOSFETs) and HEXFETTM 
manufactured by International Rectifier, El Segundo, Calif., 
U.S.A. In certain embodiments, the switching devices may be 



US 2011/0229141 A1 

configured in designs including emitter coupled logic (ECL), 
a cascode configuration, and a totem pole. The electronic 
drive circuits may also include other Switching devices con 
figured to operate at a switching frequency of about 10 MHz 
to about 200 MHz and capable of driving the oscillator 308 at 
around 500 mA. 

0050. The oscillator 308 working in conjunction with the 
modulating module 322 generates modulated carrier waves in 
the optical wavelengths such that the information contained 
in the prepared signal modulates a characteristic of the carrier 
wave. In one example, the intensity of the light source in the 
oscillator 308 is modulated according to the information in 
the prepared signal, using the OOK modulation method, to 
generate a modulated carrier wave. The modulated carrier 
wave can then be collimated with additional lenses to focus 
the transmitted beam in a particular direction. The modulated 
carrier wave can also be coupled to an etalon (e.g., Fabry 
Perot Etalon) to further modulate the characteristic of the 
transmitted beam. The direction of the modulated carrier 
signal can be adjusted by the directional element 310. 
0051. The directional element 310 includes elements that 
are used to control the direction of propagation of the modu 
lated carrier waves. Each wave may propagate in a different 
direction and the orientation of the modulated carrier waves 
as they propagate in the communication medium 106 may be 
visualized as a two- or three-dimensional wavefront. A wave 
front can be described as a two- or three-dimensional surface 
through which the modulated carrier waves pass such that the 
phase of all or Substantially all waves at any point on a given 
Surface may be the same. As an example, a wavefront may be 
a plane that corresponds to waves that are parallel to each 
other (collimated beam). In one embodiment, the directional 
element 310 includes a diffuser. Diffusers are configured to 
diffuse the modulated carrier waves in a plurality of different 
directions. In certain embodiments the diffuser may include 
at least one of a discrete reflective element, a discrete refrac 
tive element and a high transmission scattering medium. Dis 
crete reflective elements such as parabolic mirrors may reflect 
light in a plurality of different directions. Discrete refractive 
elements such as curved lenses may refract light in a plurality 
of different directions. High transmission scattering mediums 
Such as transmission gratings have uneven Surfaces so that 
they may scatter light in a plurality of directions. Diffusers 
may be configured to diffuse modulated carrier waves Such 
that the modulated carrier waves describe a hemispherical 
wavefront. Diffusers may also be configured to diffuse modu 
lated carrier waves such that the modulated carrier waves 
describe a cylindrical wavefront. Hemispherical diffusers 
typically have a wide field of view because the modulated 
carrier waves propagate in all directions along the radius of a 
hemisphere with the oscillator 308 located in the center. Dif 
fusers may include a mixture of TiO, and silicone. In other 
embodiments, the diffusers may include ground glass or 
sandblasted glass. The directional element 310 may include 
other types of diffusers as described in U.S. Pat. No. 6,071, 
302, the entire contents of which is incorporated herein by 
reference. A more detailed description of hemispherical 
propagation is provided with FIG. 6. The directional element 
310 may include a plurality of stationary optical elements 
Such as lenses and gratings. The directional element 310 may 
typically not require electrical power. However, other com 
ponents in the transmitter 102 may require electrical power 
Supply. 
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0.052 Power supply 314 typically provides the necessary 
power to run the various components in the transmitter 102. 
More particularly, the power supply 314 provides electrical 
power to operate the microprocessor 306, oscillator 308 and 
memory 312. The power supply 314 also supplies power to 
the input devices such as the data element 300 and the control 
element 302. In one embodiment, the power supply 314 may 
be configured to provide DC or AC electrical power. The 
power supply 314 may be a battery. The power supply 314 
may also be rechargeable Such that the stored energy may be 
replenished when connected to a charger. The power Supply 
314 may include circuitry to perform power converting opera 
tions such as AC to DC or DC to AC. The power supply 314 
may also include circuitry to perform power converting 
operations such as DC to DC or AC to AC. The power supply 
314 may also be configured to generate power from the tem 
perature and pressure of the Surrounding environment. In one 
embodiment, the power supply 314 may be configured to 
control the operation of the transmitter 102 such that the 
operation of the transmitter 102 may be separate from the 
operation of the input devices. In such an embodiment, the 
transmitter 102 may be operated at different times from the 
input devices. The power Supply 314 may also be configured 
to operate the microprocessor 306 and oscillator 308 separate 
from the memory 312. The memory 312 may be operated 
separately in situations where the transmitter is in a power 
save mode and the stored information in the memory 312 is 
kept from being lost. 
0053. The memory 312 typically includes a main memory 
and a read only memory. The memory 312 may also include 
mass storage components having, for example, various disk 
drives, tape drives, etc. The mass storage may include one or 
more magnetic disk or tape drives or optical disk drives, for 
storing data and instructions for use by the microprocessor 
306. The memory 312 may also include one or more drives for 
various portable media, Such as a floppy disk, a compact disc 
read only memory (CD-ROM), or an integrated circuit non 
volatile memory adapter (i.e. PC-MCIA adapter) to input and 
output data and code to and from microprocessor 306. The 
memory 312 may also include dynamic random access 
memory (DRAM) and high-speed cache memory. The 
memory 312 communicates with the microprocessor 306 to 
store vital information Such as protocol, coding and modulat 
ing algorithms. The memory 312 communicates with the 
microprocessor 306 through interconnect bus 324. 
0054 The interconnect bus 324 includes a set of wires that 
electrically connect various components within the transmit 
ter 102. In one embodiment, the interconnect bus 324 may 
also include a set of wires that electrically connect the input 
devices to the transmitter 102. In such an embodiment, the 
interconnect bus 324 may be sealed with the waterproof 
enclosure 304 such that there is no gap between the intercon 
nect bus 324 and the waterproof enclosure 304. 
0055. In operation, the data element 300 may measure 
characteristics of the Surrounding environment and generate 
and input signal in response to the value of the particular 
characteristic being measured. Control element 302 may also 
generate an input signal in response to a user or computer 
initiated control sequence. The input signal may be sent 
through interconnect bus 324 to the transmitter 102. In par 
ticular the input signal is received by the microprocessor 306 
and data interface module 316. The data interface module 316 
converts the input signal to a format Suitable for communica 
tion Such as a stream of digital data (bits). The formatted input 
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signal is sent from the data interface module 316 to the pro 
tocol/buffer module 318 through an interconnect bus 324. 
The protocol/buffer module rearranges and reformats the data 
in order to prioritize and buffer the formatted signal. Multiple 
data streams obtained from both the data element 300 and the 
control element 302 may be multiplexed and prioritized so 
that important data is processed first. The data stream may be 
sent from the protocol/buffer module 318 to the coding mod 
ule 320 through the interconnect bus 324. 
0056. The coding module 320 compresses the data stream 

to reduce the number of bits being transmitted while still 
keeping all or substantially all of the information from the 
original data stream. The coding module 320 also encrypts 
the data stream by Scrambling the bits in the data stream to 
prevent unauthorized interception of the information in the 
data stream. The coding module 320 further applies error 
correction algorithms to the data stream by adding Suitable 
error correcting bits so that the error caused by noise and 
interference in the communication medium is corrected. The 
coding module 320 sends the compressed, encrypted, error 
corrected and formatted signal ('prepared signal') through 
the interconnect bus 324 to the modulating module 322. 
0057 The modulating module 322 is connected to the 
oscillator 308 through interconnect bus 324. The modulating 
module 322 and the oscillator 308 operate together to modu 
late a carrier wave generated by the oscillator 308 with the 
prepared signal data stream using a suitable modulation algo 
rithm. In one example the transmitter is an optical transmitter 
and the oscillator 308 generates carrier waves in the optical 
wavelengths of the electromagnetic spectrum. The modulated 
optical carrier wave is then sent through Suitable stationary 
optical elements such as lenses to a directional element 310 
Such as a diffuser. The directional element propagates the 
modulated carrier waves in one or more Suitable directions. In 
one example, the diffuser propagates the modulated carrier 
waves in a plurality of directions such that the wavefront due 
to the modulated carrier waves describes a surface of a hemi 
sphere. The transmitted signal may then be received by a 
receiver 104 as described in more detail below. 
0058 FIG. 4 depicts a more detailed view of a receiver 
104. The receiver 104 comprises a waterproof enclosure 400 
that houses a directional element 402, a detector 404, a micro 
processor 406, a memory 408 and a power supply 410. The 
microprocessor 406 includes a demodulating module 412, a 
decoding module 414, a protocol/buffer module 416 and a 
device interface module 418. The receiver 104 is connected to 
output devices such as a computer 420, a data element 422, or 
aanalog element 424. Components are electrically connected 
to each other by interconnect busses 426. 
0059. The receiver 104 comprises a waterproof enclosure 
400 that houses the receiver components and prevents any 
damage to the internal circuitry from water or damaging 
substances. The waterproof enclosure 400 is formed in a 
similar manner to the waterproof enclosure 304 in FIG.3. The 
waterproofenclosure 400 substantially prevents environmen 
tal damage to the receiver 104 and its various internal com 
ponents including the sensitive electronic circuit within the 
microprocessor 406. A transmitted signal (for e.g. a modu 
lated carrier wave sent by the transmitter 102) may be 
received at the directional element 402 in the receiver 104. 

0060. The directional element 402 includes elements that 
are used to control the direction from which the transmitted 
signals are received. As noted earlier, the orientation of the 
transmitted signals as they propagate in the communication 
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medium 106 may be visualized as a two- or three-dimensional 
wavefront. A wavefront can be described as a two- or three 
dimensional Surface through which the modulated carrier 
waves pass such that the phase of all, or Substantially all, 
waves at any point on a given Surface may be the same. As an 
example, a wavefront may be a plane that corresponds to 
waves that are parallel to each other (collimated beam). In one 
embodiment, the directional element 402 includes a diffuser. 
Diffusers are configured to receive transmitted signals arriv 
ing from a plurality of different directions. Diffusers in direc 
tional element 402 may be formed in a similar manner to 
diffusers in directional element 310 of FIG. 3. In certain 
embodiments the diffuser may include at least one of a dis 
crete reflective element, a discrete refractive element and a 
high transmission scattering medium. Diffusers may be con 
figured to receive transmitted signals such that the transmitted 
signals describe a hemispherical wavefront. Hemispherical 
diffusers typically have a wide field of view because it can 
receive signals from all directions along the radius of a hemi 
sphere. The directional element 402 may include a plurality 
of stationary optical elements such as lenses and gratings. In 
certain embodiments, the directional element 402 may be 
configured to include tracking elements and actuators. The 
tracking elements such as acoustic sensors and actuators 
allow the receiver 104 to reorient itself so that it can aim and 
track signals arriving from a particular direction. The 
received signal is sent to a detector 404 
0061 The detector 404 receives the transmitted signal 
from the directional element 402 Such that the information in 
the transmitted signal may be processed by electronics in the 
receiver 104 as well as outside of the receiver 104. As an 
example, in optical communication where the transmitted 
signal is the optical wavelength range of the electromagnetic 
spectrum, the detector 404 may be configured to detect the 
optical transmitted signal and convert the signal to an electri 
cal signal so that the electronics in the microprocessor 406 
may process the information in the transmitted signal. In one 
embodiment, the detector 404 may be configured to detect 
electromagnetic waves. The detector 404 may also be config 
ured to detect electromagnetic waves in the optical spectrum. 
In such an embodiment, the detector 404 may include a pho 
tomultiplier tube (PMT). In other embodiments the detector 
404 may include at least one of a charge coupled device 
(CCD), a CMOS detector and a photodiode. PMTs typically 
provide higher sensitivity and lower noise than photodiodes. 
The spectral response of bialkali PMTs typically peak in the 
blue wavelength range with a quantum efficiency of about 
20%. Their gain is typically on the order of 107. In certain 
embodiments, the detector 404 may be formed together with 
the directional element 402. As an example, hemispherical 
PMTS Such as the HAMAMATSUR R5912 combine hemi 
spherical directional element 402 with a detector 404. The 
detector 404 sends the detected signal (typically a value of 
electrical current corresponding to the intensity of the 
received electromagnetic radiation) to a demodulating mod 
ule 416. 

0062. The demodulating module 412 includes circuitry 
that is configured to demodulate the detected signal. 
Demodulation is the operation performed on the signal to 
remove the underlying carrier wave and extract the informa 
tion that was initially used by a transmitter 102 to modulate 
the signal. As an example, in an optical communication sys 
tem where the information was initially modulated by varying 
the intensity of the carrier wave the demodulating module 412 
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includes circuitry that is configured to measure and extract the 
variations in intensity of the received signal in order to extract 
the information. The underlying carrier wave having a fixed 
intensity and a frequency in the optical spectrum is typically 
removed. In one embodiment, the demodulating module 412 
is aware of the modulation scheme used by the modulating 
module 322 in a transmitter 102. The demodulated signal may 
be sent from the demodulating module 412 to a decoding 
module 414. 

0063. The decoding module 414 includes circuitry config 
ured to perform the functions of channel decoding and Source 
decoding. In particular, the decoding module 44 may be con 
figured to perform channel decoding functions such as ana 
lyzing the error correction codes in the demodulated signal in 
order to improve the signal-to-noise ratio and lower error 
rates. The decoding module 414 localizes and removes error 
in the demodulated signal by checking the error correction 
codes added in the signal by the coding module 320 of the 
transmitter 102 in FIG. 3. In one embodiment, the decoding 
module 414 may be a Software program implemented in the 
microprocessor 406. The decoding module 414 also performs 
Source decoding functions such as data decompression to 
restore the data to its original size before being compressed by 
the coding module 320. Data decompression reinstates the 
bits of digital data so that the information contained in the 
demodulated signal may be substantially matched with the 
information in the input signal. The decoding module 414 
also performs source decoding functions such as data decryp 
tion to read encrypted data. Data decryption unscrambles the 
digital bit stream such that any scrambled bits may be restored 
and the data may be processed. The decoding module 414 
typically includes algorithms and circuits to decompress and 
decrypt the detected input signal. Particularly, the decoding 
module 414 may be programmable Such that decompression 
and decryption algorithms may be programmed directly onto 
it. The decoded signal may be sent from the decoding module 
414 to the protocol/buffer module 416. 
0064. The protocol/buffer module 416 includes circuitry 

to prioritize, order and buffer the decoded signal. The proto 
col/buffer module 416 mirrors the protocol/buffer module 
318 in the transmitter 102 of FIG. 3. The protocol/buffer 
module 416 also includes protocols that may be used to con 
trol data flow. As an example, the protocol/buffer module 416 
may include a protocol that can be used to control and manage 
the information being received from different input devices. 
Such a protocol may allow for priority control where impor 
tant data received may be given higher priority in Systems 
with multiple data streams. In addition to buffering and pro 
tocol adjustment capabilities, the protocol/buffer module 416 
may also include buffer circuits that may be configured to 
amplify the decoded signal. 
0065. The device interface module 418 includes circuitry 

to convert the decoded signals from the protocol/buffer mod 
ule 416 to a format compatible with an output device. In one 
embodiment, the device interface module 418 is configured to 
convert the digital decoded signals from a packetized format 
to a serial stream of bits better Suited for short range commu 
nication with a computer. In another embodiment, the device 
interface module 418 may also include a digital-to-analog 
(D/A) converter circuit such that the digital decoded signal 
may be converted to an analog output format. The analog 
output signal may then be used to drive a motor circuit. The 
device interface 418 may also be equipped with demultiplex 
ing circuitry to generate a plurality of output signals from at 
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least one decoded signal. At least one output signal may be 
sent from the device interface 418 to an output device such as 
a computer 420, data element 422 and motor element 424. 
0066. The computer 420 may include any computer sys 
tem having a microprocessor, a memory and a microcontrol 
ler. The computer system 420 may receive an output signal 
from the device interface 418 and execute a program to per 
form a particular function. For example in response to an 
output signal, the computer 420 may execute a program to 
control the operation of a remote vehicle. The data element 
422 may be configured in a similar manner to data element 
300 in FIG. 3. Analog elements 424 may include output 
devices that are operated by analog output signals. Analog 
elements 424 may include motors and actuators such that the 
output signal sent from the device interface 418 may be 
applied directly (or through a driver circuit) to operate the 
motor or actuator. The output devices may be powered by a 
power supply 410 that also powers the receiver 104. 
0067. The receiver 104 is further configured to include a 
memory 408 and a power supply 410. The memory 408 and 
the power supply 410 are formed and operated in a similar 
manner to memory 312 and power Supply 314, respectively, 
in FIG. 3. 
0068. The receiver 104 may also include an Automatic 
Gain Control (AGC) module that controls the received power 
of the signal so that the received power is maintained fairly 
constant for different ranges. In particular, the AGC limits the 
power of the received signal transmitted over a short distance. 
0069. In operation, the directional element 402 receives 
the transmitted signal from one or more directions. In one 
example, the directional element 402 may be a diffuser that 
receives the transmitted signal from a plurality of directions 
such that the wavefront due to the received signal describes a 
surface of a hemisphere. The detector 404 may receive the 
transmitted signal from the directional element Such that 
information in the transmitted signal may be processed by the 
receiver electronics. The detected signal is sent from the 
detector to the demodulating module 412. The demodulating 
module 412 removes the underlying carrier wave from the 
detected signal leaving behind a stream of binary digits that 
represents the information originally transmitted. The 
demodulated signal is sent from the demodulating module 
412 to the decoding module 414. The decoding module 414 
performs source and channel decoding Such that the informa 
tion in the demodulated signal is decompressed, decrypted 
and corrected for any error that may have been picked up 
during transmission. The signal is sent from the decoding 
module 414 to the protocol/buffer module 416. The protocol/ 
buffer module 416 prioritizes and buffers the data so that data 
flow may be controlled. The signals are sent from the proto 
col/buffer module 416 to the device interface module 418. 
The device interface module 418 converts the signal to a 
format suitable for output to an output device. The receiver 
104 and the transmitter 102 may be combined to communi 
cate with other receivers 104 and transmitters 102 in a com 
munication network. 

0070 FIG. 5 depicts an underwater wireless optical com 
munications network 500 (generally “network 500') includ 
ing three optical modems 504a-504c (generally "optical 
modem 504), each having a transmitter 102 and receiver 104 
such that the optical modems 504 can communicate with each 
other across an underwater communication medium 502. The 
transmitters 102 and receiver 104 in the optical modems 504 
send and receive information from each other along the direc 
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tion of the arrows 506. The optical modems are shown to be 
separated from each other by a distance 508 typically defined 
by a range for optical communication underwater. 
0071. The optical modems 504 may be able to conduct 
bidirectional communication where each optical modem 504 
can both send and receive optical signals. The optical modem 
504a may transmit signals to both optical modems 504b and 
504c. The optical modem 504a may also receive signals from 
both optical modems 504b and 504c. Similarly, optical 
modems 504b and 504c can communicate with each other as 
well as with optical modem 504a. In one embodiment, the 
optical modem 504 may be installed in a stationary unit. In 
another embodiment, the optical modem 504 may also be 
installed in a mobile unit. 

0072 The optical modem 504 may include components 
and circuitry in addition to those depicted without departing 
from the scope of the invention. For example, the optical 
modem 504 may include components such as a network inter 
face to enable it to connect to an external network. Such a 
network interface may be accomplished by linking the com 
puter 420 connected to receiver 104 with an external network. 
A network interface may also be accomplished by linking the 
input devices connected to transmitter 102 with an external 
network. 

0073. The transmitter 102 and receiver 104 in the optical 
modem 504 may configured such that some of their compo 
nents may be shared. For example, the microprocessor 306 in 
transmitter 102 and the microprocessor 406 in receiver 104 
may be combined into a single microprocessor performing 
both transmission and reception operations. As another 
example, the transmitter 102 and the receiver 104 may be 
housed under a common water proof enclosure. 
0074. In one embodiment, the transmitter 102 in the opti 
cal modem 504 may include a directional element 310 com 
prising a diffuser, an oscillator 308 comprising a PMT and a 
modulating module 322 implementing an OOK modulation 
scheme. In Such an embodiment, the diffuser may be a hemi 
spherical optical element such that the transmitter 102 sends 
optical signals in a plurality of directions described by a 
hemispherical wavefront, and the receiver 104 receives opti 
cal signals from a plurality of directions described by a hemi 
spherical wavefront. 
0075. The type and configuration of the directional ele 
ment in both the transmitter and receiver, among other things, 
can play a role in the arrangement of the optical modems 504 
in the network 500. For example, in a network of two or more 
optical modems 504, if the transmitter directional element in 
each optical modem 504 was selected to be a collimator such 
that the optical signals are transmitted in a single beam along 
a particular direction, and the receiver directional element in 
each optical modem 504 is configured to receive along a 
particular direction, then the optical modems 504 have to be 
arranged such that not only are they in each others line of 
sight, but they also have to be pointing towards each other in 
order to communicate. As another example, if the directional 
elements on the transmitter 102 and receiver 104 were 
selected to be diffusers having hemispherical optical ele 
ments, as noted earlier, then the optical modems 504 may 
have to be arranged in locations that are located in any posi 
tion in front of (on the curved side of the hemisphere) the 
hemisphere. Such directional elements permit omni-direc 
tional communication where the optical modems 504 may be 
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located in a plurality of positions in front of each other. FIGS. 
6a, 6b or 6c describe the operation of hemispherical diffusers 
used in optical modems 504. 
0076. The location of the optical modems 504 in the net 
work 500 may also be limited by the distance 508 between 
them. In one embodiment, the maximum distance 508 
between the optical modems 504 in the network500 is limited 
by the allowed range of optical communication underwater. 
As noted earlier, the range of optical communication under 
water is influenced by many factors and a more detailed 
description of the limits of the range of an optical modem 504 
with a hemispherical directional element is provided with 
FIG. 7. 

0077. In addition to the range, the throughput of the optical 
communication link 506 between optical modems 504 may 
vary depending on Some factors including the nature of the 
communication medium and factors related to the configura 
tion of the transmitter 102 and the receiver 104. 

0078 FIG. 6A shows a graph 600 that depicts the opera 
tion of the hemispherical diffuser in the optical modem 504. 
The x-axis 602, y-axis 604 and the Z-axis 606 show directions 
in a three-dimensional space. The axes 602, 604 and 606 meet 
at the origin 608. A diffuser 310 is located at the origin and is 
in communication with a transmitter and oscillator 308. The 
oscillator may be light Source used for optical communica 
tion. The direction of propagation of light from the light 
source 308 after being diffused by the diffuser 310 is shown 
by arrows 610. 
(0079. The diffuser 310 is shown to be of roughly hemi 
spherical shape. The diffuser 310 may be typically formed 
from optical elements having a hemispherical shape. The 
diffuser 310 is positioned such that the flat portion of the 
hemisphere is located on approximately the plane formed by 
the x-axis 602 and the y-axis 604 (“x-y plane') such that the 
flat portion is parallel to the x-y plane and the center of the 
hemisphere coincides with the origin 608. The light source 
308 is located just below the origin and directs light substan 
tially perpendicular to the x-y plane towards the diffuser 310 
placed on top of it. The light rays emanating from the light 
source 308 may strike the flat portion of the diffuser 310 at a 
perpendicular angle. The diffuser 310 diffuses the light rays 
in all directions above the x-y plane on the positive side of the 
Z-axis 606. The diffuser 310 and the light source 308 may be 
arranged in different configurations (such as the arrangement 
shown in FIG. 10) without departing from the scope of the 
invention. 

0080 FIG. 6B shows a Zoomed out two-dimensional top 
view 612 of the diffuser-light source arrangement of FIG. 6A. 
In particular, FIG. 6B illustrates the formation of wavefronts 
614a and 614b as the diffused light propagates. A wavefront 
can spatially be described as a surface through which the light 
waves pass Such that the phase of all or Substantially all waves 
at any point on a given Surface may be the same. In the 
illustrated embodiment of the diffuser 310, the diffused light 
waves describe a hemispherical wavefront. A hemisphere 
appears as circle when viewed from above. The circles 614a 
and 614b represent two wavefronts at different points in time. 
As the diffused light propagates from the transmitter, at a first 
time, the wavefront created by light rays describe circle 614a. 
At a later time, after the first time, the wavefront created by 
the diffused light rays describe circle 614b. The circle 614b is 
larger than 614a indicating that over time, light rays propa 
gate over a larger and larger Volume. 
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0081 FIG. 6C shows a Zoomed out two-dimensional side 
view 616 of the diffuser-light source arrangement of FIG. 6A. 
The wavefronts 614a and 614b are depicted as the diffused 
light propagates through the positive Z-axis 606 volume of 
space. As seen in FIG. 6B, FIG. 6C also illustrates that the 
circle representing wavefront 614b is larger than the circle 
representing 614a. 
0082. A similar arrangement may be duplicated in the 
receiver where a diffuser may be placed on top of a detector 
(including a PMT) to receive light from substantially any 
direction along a radius of the hemisphere. The benefit of a 
diffuser 310 is that light may be made to propagate in a 
plurality of directions and light may be received from a plu 
rality of different directions. 
I0083 FIG. 7 shows a graph 700 depicting the relationship 
between the average optical power and range for a transmitter 
with a hemispherical diffuser having diffusing characteristics 
similar to that shown in FIG. 6. The horizontal axis 702 shows 
the range in meters and the vertical axis 704 shows the optical 
transmit power in mW. The plot 706 illustrates the average 
power required for transmission versus the range for data 
rates of about 1 Mbit/s. The plot 708 illustrates the average 
power required for transmission versus the range for data 
rates of about 10 Mbit/s. 

I0084. The plots 706 and 708 illustrate that the optical 
power required for establishing an optical communication 
link underwater for different data transfer rates. At the higher 
data rates of about 10 Mbit/s, the average power required for 
transmission is higher than at lower data rates of about 1 
Mbit/s. In one embodiment, the optical power required for a 
range of 100 m at 10Mbit/s can be achieved with the use of a 
laser diode light source. The plots 706 and 708 are calculated 
from the expression for transmitted power using the OOK 
modulation method shown below: 

Where m is the detector quantum efficiency, w is the wave 
length in nm, he is the Planck's constant times the speed of 
light, Y is an optical transmission coefficient, T is the one 
way optical attenuation D, is the receiver aperture, and G is a 
factor which accounts for transmitter receiver misalignment, 
BR is the OOK bit rate, R is the range, N. is the signal 
(photoelectron counts at the photomultiplier tube) per pulse, 
0 0 are the half angles of the horizontal and Vertical trans 
mitter beam divergences. In the estimate of the plots 706 and 
708, N=13.5M, where M is the margin over and above the 
required signal level at an assumed bit error probability of 
10 for OOK. 
0085. In certain embodiments, an underwater communi 
cation network 500 can be established having a range of about 
100 m and data rates of above 1 Mbit/s. Such characteristics 
are well suited for deep-sea exploration where mobile units 
may collect information and transmit to stationary units that 
are connected to Surface networks. 

I0086 FIG. 8 depicts underwater wireless communication 
between a seafloor observatory 804 and underwater 
unmanned vehicle 802 (“UUV 802) according to one imple 
mentation of the invention. Shown in FIG. 8 is an illustration 
of the underwater wireless communication network setup 
near the ocean floor 810. A seafloor observatory 804 is teth 
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ered to the ocean floor 810 and connected by cable 812 to a 
land unit 806. A UUV 802 swims in the depths of the ocean 
808 near the ocean bed 810. The seafloor observatory 804 and 
the UUV 802 are shown to each have a transmitter 102 and a 
receiver 104. 

I0087 Seafloor observatories 804 comprising optical 
modems that have a transmitter 102 and receiver 104 may 
float on short tethers that are attached to the ocean bed 810. 
The optical modems typically floata sufficient distance above 
the seafloor to clear topography. The seafloor observatory 804 
may also include sensors and optical imaging systems to 
measure and record ocean phenomena. The measurements 
may be sent to land units 806 by cable 812. The land unit 806 
may be a computer system connected to the Internet. In Such 
an embodiment, the seafloor observatory 804 may be used to 
provide high-speed broadband Internet to the ocean bed 810. 
In one embodiment, the seafloor observatory 804 may be 
connected to a land unit 806 by a cable 812 including fiber 
optic cables. The cable 812 may be deployed using tethered, 
remotely operated vehicles (ROV). The land units 806 may be 
used to send command signals to the seafloor observatory 804 
Such that the command signal may be transmitted wirelessly 
to the UUV 802. The transmitter 102 and receiver 104 in the 
seafloor observatory 804 include hemispherical diffusers 
such that the seafloor observatory 804 may send and receive 
optical signals from a plurality of directions. 
I0088. The UUV 802 may be autonomous, un-tethered, and 
free-swimming underwater deep-sea vehicles that may be 
used to study ocean phenomena in places where manned 
operations may be difficult. For example a UUV902 may be 
used to study the regions near hydrothermal vents on the 
ocean beds. Regions near hydrothermal vents are typically 
very hot and have toxic Substances that are spewed out from 
the earth's crust. Scientists may study conditions near Such 
hydrothermal vents and other deep-sea ocean phenomena 
using the information obtained from sensors connected to 
UUV 802. The UUV 802 may be equipped with different 
types of sensors and optical imaging devices to study and 
record natural phenomena in the earth-ocean systems. The 
UUV 802 may also include high capability sensors such as 
laser induced breakdown, Raman or mass spectrometers that 
may otherwise be difficult to place autonomously due cost 
concerns and rapid evolution of seafloor features which might 
require a certain degree of mobility. The UUV 802 may be 
user controlled from the Surface through the communication 
link between the seafloor observatory 804 and the UUV 802 
equipped with transmitter 102 and receiver 104. The trans 
mitter 102 and receiver 104 in the UUV 802 also include 
hemispherical diffusers such that the seafloor observatory 
804 may send and receive optical signals from a plurality of 
directions. The communication network between the UUV 
802 and the seafloor observatory 804 may be similar to the 
optical communication network 500 of FIG. 5 where the 
range of communication can be around 100 m with data rates 
of above 1 Mbit/s. The optical modems in the UUV802 allow 
bi-directional communication with the seafloor observatory 
804. The bi-directional communication enables adaptive 
sampling of sensor data under user control. The high data 
rates of over 1 Mbit/s allow the transmission of compressed 
high-resolution video as well as allow nearly unrestricted 
motion and sensor control. The bi-directional communication 
link between the UUV 802 and the seafloor observatory 804 
may be made asymmetric Such that the throughput from the 
UUV 802 to the seafloor observatory 804 may be much higher 
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than the throughput from the seafloor observatory 804 to the 
UUV 802. As an example, in a system comprising data uplink 
(sensor data from the UUV 802 to the seafloor observatory 
804) and command downlink (command information from 
the seafloor observatory 804 to the UUV 802), the percentage 
throughput of the data uplink may be about 95%. In addition 
to high data rates, a high range of about 50 m-100 m allows for 
a wide field of motion. A UUV 802 may be able to explore 
volumes of water on the order of about 2x10 m per seafloor 
observatory or other communication unit. 
0089 FIG.9 depicts underwater wireless communication 
between two seafloor observatories 900a and 900b and an 
exploring underwater unmanned vehicle 802 (“UUV 802) 
according to one implementation of the invention. FIG. 9 
illustrates two seafloor observatories 900a and 900b tethered 
to the ocean bed 810 and connected by cable 812 to each other 
and land based units. AUUV 802 swims from a location near 
a seafloor observatory 900a towards a location near seafloor 
observatory 900b. The seafloor observatories 900a and 900b 
and the UUV 802 are equipped with optical modems 504 
0090. In particular, seafloor observatories 900a and 900b 
are located at distances greater than the allowable range of 
about 100 m. Each seafloor observatory 900a and 900b are 
similar to seafloor observatory 804 of FIG. 8. The seafloor 
observatories 900a and 900b serve as stationary nodes that 
measure and record data from different regions of the seaf 
loor. However, due to high expense of setting up seafloor 
observatories over a large area on the ocean bed 810 may be 
difficult. Seafloor observatories 900a and 900b are examples 
of seafloor observatories set up at distances larger than the 
sum of the ranges allowed by each of the observatories 900a 
and 900b. The seafloor observatories 900a and 900b may be 
able to communicate with each other through cable 810. The 
seafloor observatories 900a and 900b may be equipped to 
communicate with a UUV 802. 

0091 UUV 802 may communicate with seafloor observa 
tory 900a through optical modems 504. As the UUV 802 
swims in the ocean away from seafloor observatory 900a, it 
begins to near the edge of the allowed range of optical com 
munication between itself and seafloor observatory 900a. The 
UUV 802 may begin to receive communication from seafloor 
observatory 900b. As the UUV 802 moves away from seaf 
loor observatory 900a, it begins to near seafloor observatory 
900b. In one embodiment, when the UUV 802 is somewhere 
in between seafloor observatory 900a and 900b, it may be 
able to communicate with both seafloor observatories 900a 
and 900b. In another embodiment, the UUV 802 may be 
beyond the range of either one of the seafloor observatories 
900a or 900b and would therefore temporarily halt commu 
nications. As the UUV 802 gets closer to seafloor observatory 
900b, it communicates more with seafloor observatory 900b 
and less with seafloor observatory 900a. Such an operation in 
which as the UUV 802 is able to communicate while travers 
ing from one seafloor observatory to another expands the 
reach of the UUV 802 and allows previously unexplored 
regions of the ocean to be explored and recorded. With an 
increased range of the UUV 802, the optical modems (in 
particular, the source and diffuser combination) may be con 
figured to help reduce power consumption and improve effi 
ciency of transmission. 
0092 FIG. 10 depicts a transmitter configuration 1000 
having a plurality of sources 1004 disposed within a diffuser 
1002. In particular, the diffuser 1002 is of hemispherical 
shape having an inner curved surface 1006 and an outer 
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curved surface 1008. The sources 1004 are disposed in the 
hemispherical diffuser 1002 such that they are protruding 
from the inner curved surface 1006 towards the outer curved 
surface 1008. In one embodiment, the source 1004 includes 
light emitting diodes and the diffuser 1002 includes a lightly 
scattered TiO/Silicone dome. The diffuser 1002 may also be 
formed similar to diffuser 310 of FIG. 3. The Sources 1004 
may include sources similar to oscillator 308 of FIG. 3. Each 
of the sources 1004 may be individually controllable such that 
one or more sources 1004 may be used to emit electromag 
netic radiation. In certain implementations, the emitted elec 
tromagnetic radiation may be directed along one or more 
directions based at least in part on the operation of one or 
more sources 1004. Power consumption may be controlled by 
the operating a specific number of sources 1004 as required. 
0093. Those skilled in the art will know or be able to 
ascertain using no more than routine experimentation, many 
equivalents to the embodiments and practices described 
herein. Accordingly, it will be understood that the invention is 
not to be limited to the embodiments disclosed herein, but is 
to be understood from the following claims, which are to be 
interpreted as broadly as allowed under the law. 
What is claimed is: 
1. An underwater communication system, comprising: 
a transmitter having a source capable of emitting electro 

magnetic radiation, and a diffuser capable of diffusing 
the electromagnetic radiation and disposed in a position 
Surrounding a portion of the Source for diffusing the 
electromagnetic radiation in a plurality of directions, 
and 

a receiver having a detector capable of detecting electro 
magnetic radiation, such that the electromagnetic radia 
tion can be received in Substantially any direction; 

wherein, the transmitter and receiver are physically sepa 
rated from each other, and 

wherein, the electromagnetic radiation includes electro 
magnetic waves of wavelength in the optical spectrum 
between 300 nm and 800 nm. 

2. The system of claim 1, wherein the transmitter includes 
a plurality of Sources. 

3. The system of claim 2, wherein each of the plurality of 
sources are individually controllable. 

4. The system of claim 1, wherein the transmitter includes 
an electronic circuit to drive the Source. 

5. The system of claim 4, wherein the electronic circuit 
includes at least one of an emitter coupled logic design, a 
cascode configured design, and a totem pole-type design. 

6. The system of claim 4, wherein the electronic circuit 
includes at least one of a field effect transistor, and a bipolar 
device. 

7. The system of claim 1, wherein the transmitter com 
prises an etalon to modulate the electromagnetic radiation 
from the source. 

8. The system of claim 1, wherein the receiver comprises a 
diffuser capable of diffusing the electromagnetic radiation 
and disposed in a position Surrounding a portion of the detec 
tOr. 

9. The system of claim8, wherein the receiver is capable of 
receiving the electromagnetic radiation along a radius of a 
hemispherical region. 

10. The system of claim 1, wherein the receiver includes an 
electronic circuit to prevent the saturation of the detector. 

11. The system of claim 10, wherein the electronic circuit 
includes an automatic gain control circuit. 
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12. The system of claim 1, wherein the diffuser is formed 
from at least one of a discrete reflective element, a discrete 
refractive element and a high transmission scattering 
medium. 

13. The system of claim 1, wherein the diffuser is integrally 
formed with the detector. 

14. The system of claim 1, wherein the diffuser is integrally 
formed with the source. 

15. The system of claim 1, wherein the diffuser is disposed 
on top of the Source. 

16. The system of claim 1, wherein the diffuser is capable 
of diffusing the electromagnetic radiation in a plurality of 
directions along a radius of a hemispherical region. 

17. The system of claim 1, wherein the diffuser is formed 
from silicone, TiO2. 

18. The system of claim 1, wherein the source includes at 
least one of a light emitting diode, a laser diode, and a pho 
todiode. 

19. The system of claim 1, wherein the source is embedded 
in the diffuser. 

20. The system of claim 1, wherein the detector includes a 
photomultiplier tube. 

21. The system of claim 3, wherein the photomultiplier 
tube includes a large-aperture, hemispherical photomultiplier 
tube. 

22. An underwater communication system, comprising: 
two or more nodes that can transmit and receive electro 

magnetic radiation, each node including: 
a transmitter having a source capable of emitting elec 

tromagnetic radiation, and a diffuser capable of dif 
fusing the electromagnetic radiation and disposed in a 
position Surrounding a portion of the source for dif 
fusing the electromagnetic radiation in a plurality of 
directions, and 
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a receiver having a detector capable of detecting elec 
tromagnetic radiation, such that the electromagnetic 
radiation can be received in Substantially any direc 
tion; 

wherein, the two or more nodes are physically separated 
from each other, and 

wherein, the electromagnetic radiation includes electro 
magnetic waves of wavelength in the optical spectrum 
between 300 nm and 800 nm. 

23. The system of claim 22, wherein the power of trans 
mission of the electromagnetic radiation is kept fairly con 
stant over time. 

24. The system of claim 22, wherein each of the two or 
more nodes transmit and receive the electromagnetic radia 
tion at a rate of approximately 1 Mbps or higher. 

25. The system of claim 22, wherein the two or more nodes 
are separated from each other by a distance of approximately 
100 m or higher. 

26. A system of claim 22, wherein at least one of the two or 
more nodes includes a mobile unit. 

27. A system of claim 22, wherein at least one of the two or 
more nodes includes a stationary unit. 

28. A method of manufacturing an optical modem for an 
underwater optical communication system, comprising the 
steps of 

providing at least one source of optical radiation, 
disposing the at least one source within a diffuser Such that 

the electromagnetic radiation emitted from the source is 
diffused in a plurality of different directions, 

providing at least one detector configured to receive and 
detect optical radiation from a plurality of different 
direction, and 

enclosingaportion of the source, the diffuser and the detector 
in a water impermeable enclosure such that the optical 
modem may transmit and receive optical radiation 
underwater. 


